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Abstract The quintessential example of evolutionary convergence is that between
the shark, ichthyosaur, and dolphin. Although not closely related, the three exemplar
taxa have independently evolved adaptations in morphology, physiology, and
behavior that result in concomitant levels of performance that meet the requirements
associated with operating in a dense, viscous, and thermally conductive marine
environment. These apex marine predators display a remarkable amount of homo-
plasy. All three taxa have developed streamlined fusiform bodies to reduce drag
when swimming. The position, type, and morphology of the control surfaces (i.e.,
fins, flippers, flukes) are similar for the convergent taxa. The control surfaces have
different internal support structures, but function similarly to generate lift forces for
stability and maneuverability. The main departure in control surface design among
the three taxa is that dolphins lack pelvic fins. For dolphins, the loss of pelvic
appendages is directly related to the possession of horizontally oriented caudal
flukes, which perform double duty as a propulsive device and posterior stabilizer
for trim control. The flukes of dolphins and caudal fins of ichthyosaurs and sharks
have a lunate shape that function as an oscillating wing to generate high efficiency,
lift-based thrust for high-speed swimming. The three convergent taxa are homeo-
thermic, with a body temperature above that of the water in which they live. The
advantages of an elevated body temperature are the attainment of higher maximum
swimming speeds, longer and faster sustained swimming speeds, improved diges-
tion, brain heating, and enhanced visual acuity. The convergence of the shark,
ichthyosaur, and dolphin with respect to morphology, physiology, and locomotor
performance reflects similar selective pressures imposed by the physical fluid envi-
ronment that have dictated the independent evolutionary trajectories of these high-
performance marine predators.
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15.1 Introduction

In terms of evolution, similarity is expressed in two different ways, resulting in
homology (evolutionary similarity) and analogy (functional similarity). Homology
results from similarity due to common descent and is expressed as derived traits
within monophyletic groups that share common inheritance and phylogeny (Haas &
Simpson, 1946; Chang & Kim, 1996; Wake et al., 2011). Homology is used to
generate phylogenies to show the degree of relatedness among organisms or trace
evolutionary pathways back through deep time. Analogy reflects similarity of
function between different structures (Haas & Simpson, 1946). When analogy is
combined with homoplasy, there is not only similarity in function but also similarity
in appearance arrived at from multiple independent origins. Both analogy and
homoplasy point to natural selection as the driver of the separate evolution of similar
structures among lineages, but homology need not imply the operation of selective
mechanisms (Gould, 2002).

Darwin (1859) considered analogy to be associated with “adaptive characters”
that were beneficial to the individual that had been subjected to selection, but to be
“valueless to the systematist.” Much of evolutionary theory was driven by Darwin’s
idea of common descent traced through homologous characters, putting it at odds
with the perceived importance and utility of analogous features, particularly where
homoplasy was involved (Wake, 1991; Brooks, 1996). Homoplasy was viewed as
false homology (Wake, 1991). Analogy and homoplasy were considered barriers to a
full comprehension of evolutionary trajectories. However, homologous features and
shared genetic attributes provide only an understanding of the historical connections
among organisms and their adaptations but cannot be employed to address why
particular adaptations have evolved. Analogy and homoplasy provide clues about
factors leading to the origin of particular adaptations and their association with the
ecology of the organisms under consideration.

The combination of similar functions (analogy) and designs (homoplasy)
resulting from the independent evolution of unrelated lineages leads to convergence
(Haas & Simpson, 1946; Wake, 1991; Wake et al., 2011; Stayton, 2015). In this
case, convergence manifests as analogy and homoplasy without homology, and thus
stems from different developmental-structural origins (Powell, 2007). The incorpo-
ration of shape and function differentiates convergence from mimicry (Haas &
Simpson, 1946). Convergence differs from parallelism in that the latter entails
analogy, homoplasy, and homology that depend upon the same developmental
genetic mechanisms (Wake et al., 2011). Both convergence and parallelism yield
similarity as a result of common selective pressures imposed by the interaction of
organisms with their biotic and abiotic environments. Convergence and parallelism
permit testing of adaptive hypotheses (Larson & Losos, 1996; Stayton, 2015).
Comparative studies have used the concepts of convergence and parallelism to
elucidate the mechanisms and constraints that underpin directed phylogenetic
changes (Wake et al., 2011). The characters that evolve from unrelated or distantly
related groups demonstrate similar adaptive solutions to common selective pressures
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imposed by similar relatively stable environmental constraints. Convergence is one
of the most powerful lines of evidence for how and why natural selection drives form
toward particular functional adaptations that are specific to similar ecological cir-
cumstances in varied localities in unrelated groups of organisms (Patterson, 1988;
Wake, 1991).

It is not uncommon for multiple evolutionary pathways in unrelated groups to
arrive independently at a common solution to an environmental challenge. Conver-
gence not only demonstrates that there is more than one pathway to the same end
point, but also demonstrates the power of natural selection to arrive at a favorable
solution from a variety of starting points (Fish & Beneski, 2014). The organisms
associated with any such evolutionary pathway are subject to the same physical laws
of nature whether at the molecular, microscopic, or macroscopic level. The laws of
motion and thermodynamics, in conjunction with the ecological niche and the
available genetic variation within a lineage, constrain phylogenetic trajectories to a
particular area of morphospace.

There are myriad ways of negotiating movement on or under land, in air, and
through water. Locomotion in each of these environments imposes a specific set of
selective pressures that influence the morphological and physiological evolution of
animals to be able to operate with a positive energy budget. The majority of the
surface of the earth is covered in expansive seas that harbor the majority of animal
phyla. The physical properties of the aqueous medium place intense selective
pressures on animals that attempt to move in it with speed based upon a high-
energy economy. Design space is highly constrained in the aquatic realm.

To understand how and why convergence is driven to a similar endpoint, this
chapter focuses on a textbook case associated with morphological and functional
similarity in three highly derived types of aquatic vertebrates. Comparison of the
shark, ichthyosaur, and dolphin body form represents a prominent example of the
expression of convergent evolution (Fig. 15.1; Howell, 1930; Irving, 1966;
Hildebrand, 1995; Liem et al., 2001; Thewissen & Nummela, 2008; Wicander &
Monroe, 2012; Kardong, 2019). The three groups exhibit similarities in shape,
physiology, and mechanics despite their phylogenetic separation (Fig. 15.2). This
textbook example demonstrates how similar functional requirements have been met
by different clades that have sharply focused on a nearly identical solution to the
same environmental challenges. Such convergence, with its resulting analogy and
homoplasy, is associated with similar environmental selection pressures imposed on
these aquatic predators, enabling them to operate in the open ocean as fast, efficient
swimmers that exploit similar trophic opportunities (Gans, 1974; Fish, 1996;
Motani, 2000; Bernal et al., 2001a; Donley et al., 2004; Kelley & Motani, 2015;
Fischer et al., 2016; Lingham-Soliar, 2016). If aquatic vertebrates are adapted to
swim in a manner that minimizes energy expenditure, there should be distinct
hydrodynamic advantages to morphological designs and propulsive modes
employed by the most derived species in each group. Analysis of swimming
mechanics and energetics may thus elucidate physical and biological constraints
that may have influenced the convergence of these aquatic animals.
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Fig. 15.1 Early illustration e i T e 1
from Howell (1930)
showing convergence in
morphology of a shark,
ichthyosaur, and dolphin for
a fully aquatic life as fast-
swimming predators.

Figure from Howell, A. B.,
Aquatic Mammals: Their
Adaptations to Life in
Water, 1930. Courtesy of
Charles C. Thomas,
Publisher, Ltd, Springfield,
llinois

15.2 Physical Characteristics of Water That Affect
Swimming Performance

To understand the limitations on locomoting through an aquatic medium that would
lead to in convergence, a brief examination of the physical characteristics of water is
required. The morphology and locomotor performance of animals in water are
dictated by its physical properties (Daniel & Webb, 1987; Webb, 1988). The most
pertinent of these physical properties with respect to movement in the aquatic
environment, are density and viscosity (Webb, 1975; Daniel & Webb, 1987).
Density is the mass per unit volume, whereas viscosity is the resistance to deforma-
tion (flow) by the fluid, when there is relative motion between different points in the
fluid (Webb, 1975). Density affects inertial and pressure forces within a fluid,
whereas viscosity is produced by friction within the fluid due to its “stickiness”
resulting from cohesive forces between the water molecules and adhesion between
the water and any solid surface (Webb, 1988; Denny, 1993). Pure water is 770 to
890 times denser than air at the same temperature, and at least 50 times more viscous.
Thus, the resistance against moving through water is greater than that for air. Density
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Fig. 15.2 Phylogenetic relationships of the morphologically convergent shark, ichthyosaur, and
dolphin

and the pressure that it exerts is directed perpendicular to the surface of a submerged
body, whereas viscosity is directed tangential to the surface of a submerged body.
As opposed to a solid, water as a fluid yields when pushed against (Lindsey,
1978). The distortion of the fluid can occur as a swimmer’s body changes the
direction and magnitude of the flow, known as vorticity, as it swims through
stationary water, as moving water flows around a stationary body, or as the fluid is
acted on due to the propulsive movement of the body and/or appendages. The
increase in vorticity transfers the kinetic energy of the swimmer’s movement to
the water. Energy is lost to eddy formation and frictional forces in the water. As a
consequence of the density and viscosity of water, movement through water imposes
severe limitations on speed and energetic performance for swimming animals.
Water covers roughly 70% of the Earth’s surface. Despite this enormous
two-dimensional area, the oceans, seas, lakes and rivers have a third dimension of
depth. As the density of water is related directly to its mass, water is affected by
gravity so that the pressure experienced in a water column increases with depth. In
seawater, the pressure increases by one atmosphere at sea level (760 mm of mercury,
14.7 pounds per square inch, 101 kPa) with every 10 meters of depth. Many of the
tissues and total body composition of marine animals are close to the density of
seawater, so they are not compressed with increased depth of submergence (Aleyev,
1977). However, air-filled spaces (e.g., swim bladder, lungs, sinuses, fur, feathers)
are compressible (Brawn, 1962; Lovvorn et al., 1999; Fish et al., 2002; Moore et al.,
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2011). This compression with depth reduces the volume of the air-filled spaces and
consequently increases the animal’s density and reduces its hydrostatic positive
buoyancy (Kooyman, 1973; Ridgway & Howard, 1979; Moore et al., 2011).

Despite the limitations imposed on aquatic animals by the physical environment,
there are advantages to moving in water. Aquatic locomotion can be the most
economical form of transport (Tucker, 1970, 1975; Schmidt-Nielsen, 1972). As
the density of the body tissues is close to that of water, a swimmer can be near
neutrally buoyant, thereby negating the effect of gravity. In addition, both the near
neutral buoyancy and viscosity of the water reduces sinking rates when air-filled
spaces are compressed. Indeed, even with a loss of positive buoyancy, animals do
not “sink like a stone” (Williams et al., 2000; Williams, 2001; Mitani et al., 2010).
Unlike terrestrial and flying animals, swimmers do not have to expend energy to
support the body against gravity during locomotion (Rayner, 1986; Withers, 1992).
The power required for swimming is determined by speed and stress developed in
muscles, but the effect of gravity is reduced (Pennycuick, 1992). This has allowed
aquatic animals to attain huge sizes, ranging up to the 150-ton blue whale
(Balaenoptera musculus) that are far beyond the size attainable by the largest
terrestrial and flying animals (McClain et al., 2015; Goldbogen et al., 2019).

The near density match between marine animals and water that reduces the effect
of gravity affects the energetics of swimming. Swimming fishes have a lower cost of
transport (COT) compared to animals that fly and run (Tucker, 1975). COT is
defined as the metabolic energy required to transport a unit mass a unit distance
and is calculated by dividing the mass-specific metabolic rate by the swimming
velocity (Fish, 1992). COT is inversely proportional to the efficiency of energy
expenditure (Tucker, 1970). COT represents the energetic cost by which the meta-
bolic power input is converted to thrust production (Tucker, 1970, 1975; Schmidt-
Nielsen, 1972; Williams, 1987; Fish, 1992). The minimum COT is the most efficient
and is considered to occur at the velocity which the animal can cover the greatest
distance for the smallest energy cost.

Endothermic and homeothermic animals, which can include marine mammals
and some species of tuna and lamnid (mackerel) shark, have elevated costs of
transport compared to similarly sized ectothermic fishes (Williams, 1999; Fish,
2000; Watanabe et al., 2015). Williams (1999) asserted that the maintenance costs
of endothermic tuna and aquatic mammals are higher than those of similarly-sized
ectotherms due to the costs of the maintenance of an elevated body temperature and a
high basal metabolism. When maintenance costs were omitted, yielding a net cost of
transport, the endothermic swimmers were found to have similar locomotor costs,
with the minimum COT, to ecothermic fishes. The maintenance costs of marine
mammals are 22—77% of the gross COT (Williams, 1999; Fish, 2000). The similarity
of locomotor cost of endothermic swimmers and ectothermic fishes, which have the
lowest costs of transport among vertebrates, indicates that these endothermic swim-
mers have reached an optimum in terms of energetic performance (Williams, 1999).
Swimming is also relatively economical because propulsive forces are easy to
generate in water (Rayner, 1985, 1986).
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As endothermy can affect swimming energetics, the thermal conductance and
high heat capacity of water is an important physical property that challenges the
retention of heat generated by the animal to maintain homeothermy. Water is about
23 times more thermally conductive than air (Denny, 1993). Thus, heat is transferred
from an endotherm to the aquatic environment faster than in air, and this is
exacerbated for endothermic aquatic animals that maintain an elevated homeother-
mic body temperature because the thermal gradient is increased. Furthermore,
movement through water increases heat transfer by convective exchange. Heat
transfer can be reduced with a body geometry that minimizes surface area, where
exchange takes place, and the employment of specialized circulatory systems and
insulative blubber.

15.3 Convergent Design
15.3.1 Body Streamlining

Design is acknowledged to have a major impact on the ecological performance of
organisms (Liem, 1990). The similarity of body design to that of a shark is displayed
by ichthyosaurs and cetaceans (Fig. 15.2). Sharks are one of the oldest vertebrate
lineages to have become apex predators in the aquatic realm (Sternes & Shimada,
2020). Ichthyosaurs and dolphins have converged upon analogous biological roles to
those of highly derived sharks. Ichthyosaurs lived in the oceans for 245 million
years, whereas modern dolphins and whales first evolved around 34 million years
ago (Motani, 2000; Thewissen et al., 2009). The similarity of the two tetrapods to
sharks developed after their terrestrial ancestors returned to the sea (Howell, 1930;
Motani, 2000; Thewissen & Bajpai, 2001; Caldwell, 2002; Gingerich, 2015). Such
convergence is associated with constraints imposed on these swimmers by the
physical environment and the similar biological roles that they fulfill. As apex
predators, selection favored morphological, physiological, and behavioral adapta-
tions for swimming performance that maximized speed and efficiency (Daniel &
Webb, 1987; Blake, 1991; Fish, 1992; Motani, 2000; Donley et al., 2004; Lingham-
Soliar, 2016). The evolution of highly derived convergent morphologies and swim-
ming modes represents the culmination of a sequence of transitional stages displayed
by chondrichthyans, reptiles, and mammals (Howell, 1930; Massare, 1988;
Gingerich et al., 1990; Fish, 1992; Lingham-Soliar & Reif, 1998; Motani, 2000;
Buchholtz, 2001a; Thewissen & Bajpai, 2001; Donley et al., 2004; Sternes &
Shimada, 2020).

The most strikingly analogous features of the convergent shark, ichthyosaur, and
dolphin are the shapes of their bodies and appendages (Fig. 15.2). Specifically, the
highly derived group of sharks that can be considered the template for the conver-
gent design are those in the family Lamnidae. Lamnid sharks include the great white
shark (Carcharodon carcharias), mako shark (Isurus oxyrinchus), porbeagle shark
(Lamna nasus), and salmon shark (Lamna ditropis). The most derived ichthyosaurs
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Fig. 15.3 Fusiform body shape of a common dolphin (Delphinus delphis). The white line indicates
the position of the maximum thickness, called the shoulder position

are members of the clade Thunnosauria exemplified by the families Ichthyosauridae
(e.g., Ichthyosaurus sp.), Ophthalmosauridae (e.g., Ophthalmosaurus icenicus),
Stenopterygiidae (e.g., Stenopterygius sp.), and Temnodontosauridae (e.g.,
Temnodontosaurus sp.). The family of cetaceans that exemplifies convergence
with lamnid sharks and ichthyosaurs is the Delphinidae (oceanic dolphins), which
comprises about 32 species, including the ubiquitous bottlenose dolphin (Tursiops
truncatus), common dolphin (Delphinus delphis), white-sided dolphins
(Lagenorhynchus sp.), spotted dolphins (Stenella sp.), and the notorious Kkiller
whale (Orcinus orca). For the remainder of this discussion, unless otherwise spec-
ified, the highly derived exemplar species listed above are referred to broadly as
sharks, ichthyosaurs, and dolphins.

Lamnid sharks, thunnosaurian ichthyosaurs and delphinids all exhibit similarities
in body shape and appendage form that represent adaptations for optimizing swim-
ming performance, maximizing energy efficiency, enhancing swimming speed, and
maintaining stability in the open ocean. Overall body shape is the major determinant
of resistance (i.e., drag) to movement through a fluid (Fish & Rohr, 1999: Gutarra
et al., 2019). The body of the focal groups is streamlined and has smooth contours.
Their streamlined bodies exhibit a fusiform shape similar to that of engineered high-
performance hydrofoils (Hertel, 1966; Webb, 1975; Vogel, 1994; Fish, 1996, 2018).
The fusiform shape resembles an elongate teardrop with a rounded leading edge that
extends posteriorly to a maximum thickness and a gradually tapering tail (Fig. 15.3).
This shape is accentuated by the anterior position of the bulk of the locomotor
muscles (Pabst, 1990, 2000; Bernal et al., 2001a; Shadwick, 2005).

Streamlining minimizes the total drag on a body and reduces energy expenditure
when swimming (Webb, 1975; Fish & Hui, 1991; Vogel, 1994; Fish et al., 2008;
Gutarra et al., 2019). For a fully submerged, streamlined body, the total drag has two
components: frictional or viscous drag and pressure or form drag (Webb, 1975; Fish,
1993a, b; Vogel, 1994). The frictional drag is due to the viscosity of the fluid, giving
rise to tangential forces resulting from skin friction. Because the water immediately
attached to the surface of a body does not move relative to the body (no slip
condition; velocity = 0), a thin layer of water (boundary layer) encompasses a
velocity gradient from the body surface to the free stream velocity outside of the
boundary layer (i.e., outer flow). The velocity gradient generates shear (frictional)
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forces that consume kinetic energy from the movement of the body and transfers it to
the water. The frictional drag is proportional to the wetted surface area of the body.
The pressure drag component results from the distortion of the flow outside the
boundary layer (i.e., deviation of the trajectory of the streamlines) and is dependent
on pressure distribution as the body deflects the water. The pressure acts perpendic-
ularly to the body surface.

The relationship between the pressure in a fluid and its velocity is expressed by
the Bernoulli equation (Webb, 1975):

¥ pU + pgh + P = constant

where p is the density of the fluid, U is the velocity of the fluid along a streamline
(i.e., line tangent to the direction of flow at every point in a flow field; Fox et al.,
2009), g is the acceleration due to gravity, h is the depth of the streamline, and P is
the reference pressure. The first term is the dynamic pressure of the moving fluid,
and the second term is the static pressure of the mass of fluid above the streamline.
For streamlines of the same depth, the total pressure within the fluid is determined by
the first term. The equation thus indicates that the pressure of the fluid is inversely
proportional to the U, so a high velocity gives a low pressure and vice versa.

The pressure is highest at the rostrum or leading edge, where the flow stagnates.
As the flow moves around the rostrum it accelerates and reaches a high velocity at
the maximum thickness of the body. By Bernoulli’s principle, the pressure at the
rostrum is high because the velocity of the flow is zero, but as the velocity increases
downstream, the pressure is reduced. This forebody region, therefore, has a favor-
able pressure gradient (i.e., water flow from high to low pressure). Downstream of
the maximum thickness the flow starts to decelerate and pressure increases, but not
to the extent displayed at the rostrum. This region has an adverse pressure gradient
(i.e., water must move against an increasing pressure) and the boundary layer flow
around the body must have enough energy to continue to remain alongside the body
before separating into the wake. Separation of the boundary layer occurring at the
trailing edge of the body will produce a narrow wake. If there is insufficient energy
and momentum in the boundary layer flow, the increased pressure in the aft of the
body will decelerate the flow. This reduction in flow velocity can lead to instabilities
and flow reversal. Reversals in the form of eddies and vortices can interact within the
boundary layer and cause it to prematurely detach from the body and interact with
the outer flow. Such premature separation further increases the kinetic energy losses
and associated drag on the body, which is manifested as a broad wake.

The flow within both the boundary layer and outer flow can be laminar, turbulent,
or transitional (Webb, 1975). The type of flow is dependent on the Reynolds number
(Re), which is the ratio of inertial to viscous forces in the fluid. Re is calculated as the
product of the flow velocity, characteristic length, and density of the fluid divided by
the viscosity. Typically, the flow will be laminar at Re < 5 x 10, turbulent at Re > 5
X 106, and transitional between these values (Webb, 1975; Fish, 1993a, b; Vogel,
1994). The shark, ichthyosaur, and dolphin swimming at cruising speeds will be in
the turbulent regime with Re above 10°. In a laminar flow, the virtual streamlines
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Fig. 15.4 Relationship of
drag and Fineness ratio
(black line) based on von
Mises (1945). The dashed
line shows the optimal
Fineness ratio to be 4.5 for
minimal drag based on
airship design. The gray box
illustrates the limits of
Fineness ratio of 3—7 where
drag increases by 10% from

: Drag Coefficient
the optimal value

per Volume

Fineness Ratio

within the flow are parallel and orderly; whereas, in turbulent conditions, the flow is
disordered and chaotic. There is increased momentum transfer and shear stresses in a
turbulent flow. The ordered structure of laminar flow consumes less energy and has a
lower drag than turbulent flow. However, laminar flow in the boundary layer is more
susceptible to premature separation, with a concomitant increase in the pressure
drag. A turbulent flow will energize and maintain attachment of the boundary layer
and minimize the pressure drag at the expense of a slight increase in the frictional
drag. Large animals swimming at high speeds, therefore, have a lower total drag with
a turbulent boundary layer when compared to laminar conditions.

An indicator of the degree of streamlining is the fineness ratio (FR). FR is the ratio
of the body length to the maximum diameter. An FR value of 1.0 would have a
circular profile. The FR value of 4.5 is considered to induce the least drag and surface
area for the maximum volume (Fig. 15.4; von Mises, 1945; Hertel, 1966; Webb,
1975; Ahlborn et al., 2009), although only a 10% increase in drag is realized in the
range of FR of 3 to 7. The value of 4.5 was based on airship designs. Another study
that examined the relationship of FR and drag on axisymmetrical torpedoes indicated
that the optimal FR was 7 (Gertler, 1950). Depending on the contours of the body,
animals should then have minimal drag in the FR range of 4.5 to 7.

FR for lamnid sharks, ichthyosaurs, and dolphins overlaps substantially
(Fig. 15.5). FR for lamnid sharks is concentrated around the value of 4.5. However,
FR for ichthyosaurs and dolphins has a large range spanning values between 4.5 and
7 (Fig. 15.5). Data for ichthyosaurs from Massare (1988) were based on a length that
was measured from the anterior edge of the orbit on the skull to the tip of the terminal
caudal vertebra. Inclusion of the elongate rostrum in the total length of ichthyosaurs
would have skewed the data to higher values of FR. The data for the sharks and
dolphins used the fork or notch length, respectively, which was measured as the
length from the tip of the rostrum to the notch in the caudal fin or flukes. Despite the
differences in measurement, the distribution of FR values for the three convergent
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Fig. 15.5 Fineness ratio 10
distribution for lamnid
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groups falls largely within the optimal range (4.5-7), indicating a low drag body
form.

FR is a crude indicator of streamlining of the body because it does not provide
information on changes in body contour. Body shapes can be compared to standard-
ized two-dimensional airfoils that are classified by the United States National
Advisory Committee for Aeronautics (NACA) (Abbott & von Doenhoff, 1959;
Fish & Rohr, 1999). More recent data on engineered foil sections are available
through Airfoil Tools (airfoiltools.com). The advantage of such comparisons is that
the specific hydrodynamic characteristics have been measured for the foil sections.
For example, a dolphin body has been compared to a NACA 66-018 foil (Hertel,
1966) and a killer whale (Orcinus orca) has a streamlined body shape similar to a
NACA 66-026 (Pershin, 1983). Both these foil sections are designated as low drag
laminar profiles (Fish & Rohr, 1999). However, the choice of foil design to represent
body shape is subjective and overly simplistic in not accounting for body contours
that do not match the idealized foil shape (Weber et al., 2009a; Fish, 2015). In
addition, the animal’s body is three-dimensional with attached appendages that are
not accounted for in the two-dimensional foil design.

Another important parameter related to streamlining is the position of maximum
thickness or shoulder position (SP) relative to the body length (BL). SP influences
the hydrodynamic performance associated with lift and drag for a fusiform body
profile (von Mises, 1945; Hoerner, 1965). SP can be associated with the point of
transition from laminar to turbulent flow and boundary layer separation (Fish et al.,
2008). A rearward displacement of SP allows for the maintenance of laminar flow
over a larger portion of the body. However, a placement of SP too far aft on the body
will trade off low drag laminar flow for the premature separation of the boundary
layer and development of turbulence when not closely oriented to the oncoming
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flow, such as when maneuvering (Walters, 1962; Lang, 1963; Webb, 1975; Vogel,
1981). Hertel (1966) assigned a generic shark with a FR of 5.56 an SP of 0.44
BL. Kabasakal and Kabasakal (2013) measured an SP of 0.42 BL on a shortfin mako
(Isurus oxyrinchus). SP for dolphins is 0.34-0.45 BL.

SP data have not been collected for ichthyosaurs. Massare (1988) modeled the
bodies of ichthyosaurs and other Mesozoic aquatic reptiles as streamlined prolate
spheroids and measured BL as the distance from the anterior edge of the orbit to the
tip of the tail, which would complicate any SP measurement because BL includes the
caudal fin and excludes the elongate rostrum. From Fig. 4 (Massare, 1988), based on
the ichthyosaur Ophthalmosaurus (after Andrews, 1910), an SP of 0.31 BL is
calculated. However, if the rostrum is included into BL, then the SP is 0.26 BL. If
BL is measured at the angle in the tail, where the caudal fin may have originated,
then SP is 0.31 BL. If the rostrum and caudal fin are excluded, then SP is 0.38
BL. This latter value is within the range of SP found in dolphins and close to the
value for lamnid sharks, indicating convergence on a hydrodynamically-optimized
shape.

Although the general body is fusiform for lamnid sharks, ichthyosaurs and
delphinids, the rostrum is elongate in ichthyosaurs and to a lesser extent in some
delphinids. The long, narrow rostrum is probably present to serve as a means of
housing a battery of numerous teeth that enable feeding on small prey (e.g., fish,
squid), despite potentially conflicting with the fusiform profile. However, the elon-
gated rostrum of ichthyosaurs and some delphinids may act to reduce drag (Aleyev,
1977; Bandyopadhyay, 1989; Videler, 1993). The rostrum can potentially affect the
pressure distribution over the forebody. The intersection of the rostrum and more
posterior region of the head is marked by a concave region that facilitates transition
from laminar to turbulent flow in the boundary layer (Aleyev, 1977). The turbulized
boundary layer is less likely to separate and the pressure drag can be minimized over
the aft of the body. In addition, the presence of an elongate rostrum reduces the
pressure on the forebody, resulting in a reduction of the pressure differential over the
body (Bandyopadhyay, 1989; Videler, 1993; Nesteruk, 2020).

15.3.2 Control Surfaces and Fin Shape

Aside from the analogous fusiform body shape exhibited by all three of the conver-
gent taxa, it is the appendages, with their shape, position, and function that truly
cement the idea of morphological convergence (Fish, 2004). The appendages are all
considered to be highly streamlined (Fig. 15.6; Lang, 1966; Carey et al., 1971; Fish
& Rohr, 1999; Motani, 2000). The fins, flippers, and flukes all function similarly as
control surfaces. Control surfaces first evolved in aquatic organisms in association
with their role in moderating stability and maneuvering (Nursall, 1962; Radinsky,
1987).

Control surfaces are structures that allow for adjustments to, and management of,
the attitude of a body in a fluid (Fish & Lauder, 2017). When suspended within the
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Fig. 15.6 Streamlining of body and control surfaces of a dolphin. Images of cross-sections of
flipper, dorsal fin, and flukes were obtained from CT scans

water column, animals can move freely about three orthogonally arranged axes that
intersect at the center of mass (CM) (Fig. 15.7). CM is the point where the weight of
the animal is considered to be concentrated and acts as the ‘balance point’. Move-
ment about CM permits translation and rotation that give six degrees of freedom.
The degrees of freedom of the translational movements are surge (anterior-
posterior), heave (vertical displacement), and slip (lateral displacement), whereas
rotation about the axes is termed roll for the longitudinal axis, pitch for the lateral
axis, and yaw for the vertical axis (Fig. 15.7; Webb, 2004, 2006). Control about the
roll axis governs lateral stability, about the yaw axis governs directional stability,
and about the pitch axis imparts longitudinal stability. Longitudinal stability (i.e.,
horizontal orientation) is associated with ‘trim’, which relates to fore and aft balance.
Trim is determined by the alignment of the centers of mass and buoyancy in the
vertical axis, and the longitudinal axis of the horizontally oriented body (Burcher &
Rydill, 1994).

Governance of each degree of freedom by various combinations of control
surfaces maintains stability that combats internal and external perturbations (Fish
& Lauder, 2017). Perturbations are forces and torques that cause undesired changes
in attitude and trajectory (Webb, 2006). Internal perturbations are related to self-
generated motions of the animal and changes in body density (e.g., muscle contrac-
tion, gas distribution). External perturbations are a function of forces impinging on
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Fig. 15.7 The six degrees of freedom that specify movements of a free body. For the three
orthogonal orientation axes running through the center of mass (black circle), there are three
translational movements (Slip, Heave, Surge) and corresponding rotational movements (Pitch,
Yaw, Roll)

the animal from the environment (e.g., waves, currents, vortices shed from structures
in flow, interactions with other animals). The highly streamlined bodies of the shark,
ichthyosaur, and dolphin should be unstable and necessitate the addition of control
surfaces for stability (Triantafyllou, 2017; Fish & Lauder, 2017). The position, size,
and geometry of the control surfaces help to maintain stability and suppress insta-
bilities by generating forces that counter perturbations (Harris, 1936; Aleyev, 1977;
Weihs, 1993; Bandyopadhyay et al., 1997; Fish, 2002, 2004; Fish & Lauder, 2017).
Alternatively, when deployed asymmetrically these same stabilizing structures can
initiate instabilities to assist maneuvering. It is this duality of function that makes
control surfaces so important in the locomotor performance and is expressed in the
similar design and position of the various appendages in the three convergent taxa.

Like the rudder and dive planes of a submarine (Burcher & Rydill, 1994; Gabler,
2000), the appendages have evolved into hydrofoils (i.e., wing-like planing surfaces)
that hydrodynamically generate lift from the animal’s movement dedicated to the
control of stability and maneuverability (Harris, 1936, 1938; Lang, 1966; Fish &
Shannahan, 2000; Fish, 2002, 2004; Webb, 2004, 2006; Cooper et al., 2008; Weber
et al., 2009b, 2014; Fish & Lauder, 2017). The lift force can be vectored in a
particular direction for stabilization or to generate instability for maneuvering. The
lift force created by the control surface is a function of the surface area of its
planform (i.e., shape) and Aspect Ratio (AR = fin span®/planform area), where
span is defined as the linear distance from base to tip of the control surface. Well-
performing hydrofoils maximize the lift to drag ratio (L/D) (von Mises, 1945; Webb,
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1975; Vogel, 1994; Weber et al., 2009b, 2014). Increased lift can be fostered by
cambering (i.e., asymmetry between dorsal and ventral surfaces of a hydrofoil).

The control surfaces are modifications of the paired appendages (including the
pectoral and pelvic limbs), the median dorsal fin, and the caudal fin or flukes (Harris,
1936, 1938; Riess, 1986; Fish, 2004; Lingham-Soliar, 2004; Fish & Lauder, 2017).
Each of these control surfaces has an elongate teardrop design in cross-section
(Lang, 1966; Fish, 2002). As with the fusiform body, the cross-sectional profile
maintains low drag and reduces the energy lost by moving through the dense aquatic
medium (Lang, 1966; Fish et al., 2007).

Although the caudal fin or flukes have a propulsive function (see below), these
caudal extensions can do double duty as control surfaces. The caudal fins of the
shark and ichthyosaur can be used as a rudder to stabilize the body in the yaw axis or
to generate torques to effect a turn (Harris, 1936; Webb, 1975; Fish & Lauder, 2017);
whereas, the horizontal orientation of the dolphin flukes permits control of pitch and
the compressed peduncle can be laterally flexed to induce yawing motions (Fish,
2002).

All three of the convergent taxa possess pectoral appendages and caudal and
dorsal “fins”. Pelvic fins are present in both the shark and ichthyosaur, but not the
dolphin. Another prominent difference is the orientation of the caudal fin. Both the
shark and ichthyosaur have a vertically oriented caudal fin that can be displaced
laterally, but the caudal flukes of the dolphin are oriented in the horizontal plane and
move dorsoventrally. The dolphin’s dorsoventral propulsive movements are a legacy
of the change in posture to an up-right stance of mammals from a sprawling stance
and an associated reorientation of the axial muscles (Fish, 2001). Another difference
is that the shark has additional median fins, with a second, smaller dorsal fin and a
ventrally located anal fin.

The paired (pectoral, pelvic) fins and the dorsal and anal fins of the shark are
generally thin in cross-section. Flattened cartilaginous basal elements are situated at
the base of the fin and numerous smaller radial cartilages extend distally from the
basals. The majority of fin area is supported by a fan-like array of collagenous
ceratotrichia (Kemp, 1977), which cannot be actively bent. However, it was pro-
posed that an increase in the hydrostatic pressure within the body could be trans-
ferred through the cross-helical collagen fibers surrounding the body and into the
dorsal fin of the white shark (Carcharodon carcharias) to stiffen the fin (Wainwright
et al., 1978; Lingham-Soliar, 2005a). Pectoral and pelvic fin movements are some-
what limited in sharks (Harris, 1936, 1938; Wilga & Lauder, 2000, 2001; Fish &
Shannahan, 2000).

The fore and hind limbs of ancestral tetrapods have been adapted for use in water
as flippers in the aquatic tetrapods. These limbs enclose a bony skeleton homologous
with the bones of terrestrial tetrapods (Williston, 1914; Howell, 1930; Caldwell,
2002; Fish, 2004; Cooper et al., 2007; Kelley & Pyenson, 2015; Massare & Lomax,
2019). Flippers represent modifications of the pectoral and pelvic limbs. There is
limited mobility of the elements within these appendages. In particular, the digits are
not separated, resulting in a loss of independent movement within the flippers.
Flippers are used to control stability and maneuverability. Movement of the flippers
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Fig. 15.8 Foreflipper design of tetrapods. (a) Pectoral flipper of the striped dolphin, Stenella, (b)
pectoral flipper of the killer whale, Orcinus, and (c) pectoral flipper of the ichthyosaur,
Stenopterygius (courtesy of Judy Massare)

is confined to the shoulder and hip joints (Williston, 1914; Howell, 1930; Felts,
1966; Fish, 2004; Cooper et al., 2007, 2008). The number of phalanges in each digit
of the flipper is variable among species. Hyperphalangy is the condition found in
cetaceans and ichthyosaurs in which the maximum number of phalanges in the digits
often greatly exceeds the number in the ancestral state (Williston, 1914; Howell,
1930; Riess, 1986; McGowan, 1991; Fish & Battle, 1995; Caldwell, 2002; Cooper
et al., 2007; Maxwell, 2012; Massare & Lomax, 2019). Polydactyly (i.e., extra
digits) also occurs in some aquatic tetrapods (Fedak & Hall, 2004).

The effectiveness of the various control surfaces is dependent on their shape and
AR. High AR indicates a long narrow control surface associated with high lift
generation, whereas low AR indicates a broad surface area with a short span. High
AR hydrofoils are characteristic of relatively fast swimmers and have a high lift to
drag ratio (L/D). Highly effective fins maximize L/D (Webb, 1975; Weihs, 1989).
The AR for the pectoral fins of lamnid sharks is about 3.0 (Hoffman et al., 2020).
Dolphins, such as Delphinus, Lagenorhynchus, Stenella, and Tursiops, have pectoral
flippers with a pointed tip and a range of AR of 3.5-6.3 (Fig. 15.8a), whereas
Orcinus, with rounded flippers, has a lower AR of 1.9-2.9 (Fig. 15.8b; Fish unpubl.
Data; Fish et al., 1988). Ichthyosaur specimens of Ichthyosaurus and Stenopterygius
had pectoral flippers with AR of 4.5-6.0, within the range of dolphins with flippers of
a similar planform (Fig. 15.8c¢).

It is curious that, unlike the shark and ichthyosaur, dolphins lack pelvic or hind
flippers. Indeed, all modern cetacean and sirenian (manatee and dugong) species lack
external hind flippers despite their quadrupedal ancestors having had hind legs
(Gingerich et al., 1990, 1994, 2001, 2015; Thewissen & Fish, 1997; Domning,
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2000, 2001; Bejder & Hall, 2002; Thewissen et al., 2007, 2009; Uhen, 2010; Diaz-
Berenguer et al., 2018, 2019; Lambert et al., 2019). Internally the pelvis and hind
limbs of cetaceans have become vestigial structures (Adam, 2009). The loss of the
external hind limbs in modern species is associated with the absence of the genet-
ically controlled signaling cascade for formation of the hind limb (Thewissen et al.,
2006; Thewissen, 2018). However, hind limb buds do develop for a brief period
before reabsorption in embryonic cetaceans, and occasionally atavistic rudimentary
hind limbs appear in modern whales and dolphins (Struthers, 1893; Andrews, 1921;
Ohsumi, 1965; Hall, 1984; Bejder & Hall, 2002; Thewissen et al., 2006; Thewissen,
2018). This atavism indicates that the genes controlling hind limb formation have
not been entirely lost. The loss of the hind limbs, along with other morphological
changes, in the transition from terrestrial to fully aquatic habits, has been heralded as
one of the best characterized examples of macroevolution (Thewissen & Bajpai,
2001; Gingerich, 2015; Huelsmann et al., 2019).

Why were the hind limbs lost in cetaceans and not sharks and ichthyosaurs? As
control surfaces, the possession of hind flippers in cetaceans would be redundant. A
submarine has control surfaces with dive planes anterior to the center of mass either
near the bow or on the conning tower and posteriorly in combination with the rudder.
Submarines adjust their trim hydrostatically through buoyancy control with the
ballast tanks or hydrodynamically with lift generated by the dive planes (Burcher
& Rydill, 1994; Fish & Lauder, 2017). The fore and aft position of the two sets of
dive planes balances the vessel to keep it in trim. The shark and ichthyosaur both
move their caudal fins laterally for propulsion; therefore, to maintain trim, rely upon
their pelvic fins/flippers, located posteriorly, working in concert with the anterior
pectoral fins (Harris, 1936, 1938; Standen, 2008). However, cetaceans and sirenians
have horizontally oriented flukes that act as a control surface at the posterior end of
the animal in concert with the anterior pectoral flippers to maintain trim, while the
flukes also are used for propulsion (Fish, 2002; Kojeszewski & Fish, 2007). Like the
feathers of an arrow, the flukes located far posterior to the CM can generate large
directionally-correcting torques because of their long lever arms (Harris, 1936;
Wegner, 1991; Webb et al., 1996; Fish, 2002, 2004; Fish & Lauder, 2017). Thus,
the posteriorly located flukes, in concert with the anterior pectoral flippers, can
perform trim control, so that extra sets of horizontally-oriented control surface
such as pelvic flippers are redundant.

In addition to the caudal flukes performing the task of trim control, loss of the
pelvic flippers would be of benefit in reducing drag on cetaceans (Bejder & Hall,
2002). Possession of hind flippers with their additional surface area and concomitant
increased drag would effectively limit swimming speed and increase energetic costs
for locomotion. Possession of hind flippers would, therefore, be hydrodynamically
disadvantageous. The lack of pelvic limbs in cetaceans is related to the orientation of
the propulsive oscillatory movement of the spine. Dorsoventral movement of the
spine is a legacy of the ancestral terrestrial mammals. These mammals stood on erect
limbs and reorganized the axial muscles for dorsoventral bending of the spine from
the reptilian lateral bending condition (Howell, 1930; Fish, 2001). The ichthyosaurs’
reptilian ancestors retained the ancestral muscle architecture associated with the
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sprawling posture and employed lateral bending (undulation). Primitive ichthyo-
saurs had a more anguilliform swimming mode that was fostered by lateral undula-
tions (Motani et al., 1996; Buchholtz, 2001a). This committed the ichthyosaurs to
lateral oscillations of the tail, as performed by sharks. Because the tail beat laterally,
there was need for posteriorly located pelvic fin control surfaces for trim control.
Buchholtz (2001a), however, contended that Stenopterygius quadriscissus and
Ophthalmosaurus icenicus, with small hind limbs, were in the process of reduction
or loss of these trim stabilizers.

Irrespective of the paired appendages with their skeletal braces, other control
surfaces lack internal skeletal support, such as the dorsal fin, flukes, and peduncle
keels. In the shark, ichthyosaur, and dolphin, these features are reinforced by dense
arrays of collagen fibers (Felts, 1966; Lingham-Soliar, 2001; Lingham-Soliar &
Plodowski, 2007). The keels of the peduncle of dolphins are composed of blubber
that contains structural collagenous and elastin fibers (Hamilton et al., 2004), which
act as tensile stays. Collagen fibers with high tensile strength are found in the flukes
of cetaceans (Sun et al., 2010a, b; Gough et al., 2018), and are arranged in a dense
array of chordwise-oriented thin crossing fibers composing the inner core layer
sandwiched between two layers of spanwise-oriented thick fibers composing the
outer ligamentous layers (Felts, 1966; Sun et al., 2010a, b, 2011; Gough et al., 2018).
This sandwich composite beam provides rigidity while allowing some bending (Sun
et al., 2010b).

The presence of a relatively stiff, non-mobile triangular dorsal fin is a strong
indicator of convergence upon a similar lifestyle of the three taxa (Lingham-Soliar &
Plodowski, 2007). AR for the dorsal fins is generally less than 2. In all cases, the
dorsal fin has an anterior insertion that is near the maximum diameter of the animals
and coincides with the longitudinal position of CM (Fig. 15.7; Fish, 2002). The
dorsal fin functions to resist roll and yaw (Fish, 2002; Lingham-Soliar, 2005a;
Lingham-Soliar & Plodowski, 2007). Its position near CM allows the dorsal fin to
perform as an anti-slip device to maintain the trajectory of rapid, small radius turns
(Fish, 2002). The wing-like profile of the dorsal fin could also aid in generating lift
that is oriented toward the center of rotation to supply the centripetal force for
maneuvering.

Based on Fig. 1 of Lingham-Soliar (2016), comparison of the profiles of a great
white shark (Carcharodon carcharias) and ichthyosaur (Stenopterygius
quadriscissus SMF 457; Senckenberg Museum, Germany) permits the sweep of
the dorsal fin to be measured. The sweep is measured as the angle between the line
perpendicular to the longitudinal axis of the body and the one-quarter chord position
on the fin (Fish & Rohr, 1999). The sweep was 30.0° and 31.3° for the ichthyosaur
and shark, respectively. These values are within the range of sweep angles
(29.7-57.5°) of the dorsal fins of dolphins (Fish unpubl. data).

The caudal fins/flukes of the three convergent taxa, the shark, ichthyosaur and
dolphin, are extensions from the tail. The caudal fins/flukes are similar in their
general planform shape (Fig. 15.9). These caudal extremities are relatively stiff,
with a high AR lunate planform shape with tapering tips (Williston, 1914; Lighthill,
1969, 1970; Riess, 1986; Webb, 1975; Fish et al., 1988; Massare, 1988; Fish,
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Fig. 15.9 Images of a shark (top), ichthyosaur (middle), and dolphin (bottom) showing the high
aspect ratio, wing-like caudal fin and narrow peduncle. Shark image courtesy of Rodney Fox

1998a, b; Lingham-Soliar, 2005b, 2016; Lingham-Soliar & Plodowski, 2007). The
cross-sectional profiles of these caudal fins/flukes have a streamlined fusiform shape
similar to that of engineered hydrofoils, although the fossil remains of ichthyosaurs
do not allow for an exact determination of the three-dimensional geometry of the
caudal fin (Lang, 1966; Fish et al., 2007; Crofts et al., 2019).

The caudal fins and flukes are used primarily for propulsion (Fig. 15.9). They act
as an oscillating wing or hydrofoil to generate a lift-based thrust (see below). The
caudal fins and flukes are connected to the body by a narrow peduncle that can be
flexed in the direction of oscillation. This ‘narrow necking’, along with keels
oriented in the plane of oscillation, reduces the resistance of the peduncle to
reciprocating propulsive oscillations (Lighthill, 1969, 1970; Zhang et al., 2020). In
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addition, the narrow peduncle, in concert with the large inertial mass in the anterior
region of the body of the swimmer, will minimize kinetic energy losses due to recoil
in the anterior body and reduce drag (Lighthill, 1969; Webb, 1975; Sfakiotakis et al.,
1999; Ben-Zvi & Shadwick, 2013).

The caudal fins and flukes largely differ in their composition. The vertebral
column extends into the dorsal lobe of the caudal fin of sharks, into the ventral
lobe of the caudal fin of ichthyosaurs, and between the two caudal flukes of dolphins
(Howell, 1930; Fish, 1998b; Fish et al., 2006; Crofts et al., 2019). For the shark, the
blades of the caudal fin are supported by collagenous ceratotrichia (Kemp, 1977;
Crofts et al., 2019). The caudal fin and flukes of the ichthyosaur and dolphin,
respectively, are supported by compact arrays of collagen fibers (Felts, 1966;
Lingham-Soliar, 2005b, 2016; Lingham-Soliar & Plodowski, 2007; Gough et al.,
2018).

The flukes of dolphins are symmetrical and have a range of AR of 3.4-5.5. The
sweep on the caudal flukes ranges from 25.0° to 41.3° (Fish unpubl. data; Fish et al.,
1988). Based on the representative species mentioned above (Lingham-Soliar,
2016), AR for the caudal fins is 3.8 for the shark and 4.2 for the ichthyosaur. The
dorsal (hypercaudal) lobe of the caudal fin and ventral (hypocaudal) lobe are
asymmetrical for the shark and ichthyosaur. Comparatively, the planar area of the
hypercaudal lobe is 34% greater than the hypocaudal lobe of the shark, whereas the
planar area of the hypocaudal lobe is only 5% greater than the hypercaudal lobe for
the ichthyosaur. The increased size of the respective lobes appears to be associated
with the bending direction of the vertebral column.

The asymmetries of the caudal fins of the shark and ichthyosaur will affect the
pitching moments of the animals. The heterocercal tail of the shark will induce an
upward pitch at the tail and a corresponding downward pitch of the head (Harris,
1936; Alexander, 1965). The pectoral fins situated anterior of CM would then be
used to generate a restoring lift force to maintain trim of the body (Harris, 1936; Fish
& Shannahan, 2000). The caudal fin of the ichthyosaur is a reversed heterocercal or
hypocercal tail, which would induce an opposite rotation of the body compared to
that of the shark. Taylor (1987) considered that because of a near neutral buoyancy
of the ichthyosaur, the hypocercal fin would induce an upward oriented thrust vector
through the center of balance and negate any pitching, as indicated by the model by
Thomson and Simanek (1977). However, Wilga and Lauder (2004), and Flammang
etal. (2011) used digital particle image velocimetry of a swimming shark and found
a strong posteroventrally directed jet flow from the motion of the heterocercal tail.
This direct evidence validated the assertions of Harris (1936) and Alexander (1965),
while falsifying the hypothesis of Thomson and Simanek (1977). This result would
indicate an upward pitch of the heterocercal tail of the shark and conversely a
downward pitch of the hypocercal tail for the ichthyosaur. As an obligate
air-breather, downward pitch of the tail and upward pitching of the head would be
advantageous for the ichthyosaur to facilitate surfacing for breathing, in contrast to
the gill-breathing shark (Taylor, 1987; McGowan, 1992; Crofts et al., 2019).
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15.3.3 Integument

The integument, or skin, is the one part of the body that is intimate contact with the
environment and can function to enhance locomotion (Garten & Fish, 2020). The
magnitude of the frictional drag component is a function of the texture of the skin.
The interaction of the surface of the body and appendages with the flow of water
determines the development of the shear forces in the boundary layer.

Sharks have a rough skin, which appears counter-intuitive to the maintenance of
an orderly, low-drag flow. Fast swimming sharks have scales that have flat crowns
and sharp ridges oriented longitudinally, with rounded valleys between them
(Pershin et al., 1976; Reif, 1978, 1985; Reif & Dinkelacker, 1982; Lang et al.,
2008; Oeffner & Lauder, 2012). This scale morphology can potentially provide a
7-8% drag reduction by acting as riblets (Reidy, 1987; Walsh, 1990). Riblets are
streamwise microgrooves that reduce drag by acting as small fences to break up
spanwise vortices and reduce the surface shear stress and associated loss of
momentum.

Small ridges, like riblets, on the epidermis of dolphins have been hypothesized to
stabilize longitudinal vortices (Yurchenko & Babenko, 1980), but the geometry of
the ridges, with rounded edges, does not suggest an effective analogy with riblets
(Fish & Hui, 1991). The skin of cetaceans is generally described as being smooth
(Shoemaker & Ridgway, 1991). Wainwright et al. (2019) validated that the skin is
smooth, particularly when compared to other pelagic swimmers. It was shown that
the size of the ridges on the body of cetaceans is small, or even absent, on skin of the
control surfaces of most species.

Ridges were found on the fossilized skin of an ichthyosaur, although these ridges
were interpreted to be due to post-mortem wrinkling (Delair, 1966; Lingham-Soliar,
1999). The skin exhibited orthogonally-oriented fibers arranged in dense
pre-stressed layers (Lingham-Soliar, 1999). This arrangement was inferred to be
for the prevention of wrinkling of the skin and bulging of the muscles in the living
animal. Fibrous skin would maintain a smooth hydrodynamic surface (Lingham-
Soliar, 1999, 2001). A layer of subdermal collagen fibers occurs in the body and tail
of sharks, ichthyosaurs, and dolphins, which could be used for the transfer of muscle
forces for swimming (Wainwright et al., 1978; Lingham-Soliar, 1999; Lingham-
Soliar & Wesley-Smith, 2008; Flammang, 2010; Crofts et al., 2019).

15.4 Swimming Performance

15.4.1 Swimming Speed

The three convergent taxa are all marine predators and are considered to be capable
of rapid and sustained swimming (Massare, 1988; Fish & Rohr, 1999; Buchholtz,
2001b). Lamnid sharks and oceanic dolphins undergo seasonal migrations
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maintaining a steady swimming speed over days (Miyazaki et al., 1974; Bonfil et al.,
2005; Weng et al., 2007, 2008; Taylor et al., 2016). Satellite tag data for white sharks
(Carcharodon carcharias) and salmon sharks (Lamna ditropis) indicate migratory
speeds of 0.8 to 1.5 m/s (Weng et al., 2007, 2008; Bonfil et al., 2010). Dolphins
routinely swim for prolonged periods at speeds of 0.4 to 3.7 m/s (Fish & Rohr,
1999). Based on the metabolically measured cost of transport, Williams et al. (1993)
and Yazdi et al. (1999) each estimated that the optimal swimming speed for
bottlenose dolphins (Tursiops truncatus) was 2.1 and 2.5 m/s, respectively. The
optimal speed would coincide with the minimum cost of transport, which would
have the highest efficiency.

Estimates of routine swimming speeds for ichthyosaurs were calculated by
Massare (1988) and Motani (2002a, b). Both investigators used models based on
metabolically and hydrodynamically derived energetics. Massare (1988) calculated
speeds for ichthyosaurs ranging from 1.82 to 3.06 m/s. Initially, Motani (2002a)
used a set of hydrodynamic equations to calculate the optimal swimming speed (the
speed at which the energy consumption required to move a unit length is minimal)
for Stenopterygius. Optimal swimming speed would correlate with the minimum
cost of transport. The estimated optimal speeds ranged from 1.2 to 1.7 m/s. Motani
(2002b) modified his model and calculated optimal swimming speeds based on the
basal metabolic rates for each of three conditions (reptiles, tuna-leatherback turtle,
and cetaceans-pinnipeds). His results produced speed ranges of 0.55 to 0.78 m/s
(reptiles), 1.2 to 1.6 m/s (tuna-leatherback turtle), and 2.2 to 2.5 m/s (cetaceans-
pinnipeds). Motani (2002b) considered the reptilian condition was probably not
feasible, and he argued ichthyosaurs would have had a higher metabolism and an
elevated body temperature due to their large body size. A cruising speed of at least
1 m/s would have been similar to the swimming performance of the blue marlin
(Makaira nigricans) and yellowfin tuna (Thunnus albacares) that have a similar diet
to Stenopterygius (Motani, 2002b).

While optimal swimming speed can be estimated to provide an indication of long-
duration routine swimming speeds for activities such as cruising, searching, and
migrating, burst swimming speeds cannot be predicted. Burst swimming represents
an unsteady behavior of short-duration. High-speed swimming is most commonly
associated with pursuit of prey and escape from predators (Webb, 1975). It is
unknown what the maximum burst swimming speed was for ichthyosaurs, although
given the similar morphology and swimming mode (see below), it can be assumed to
be comparable to that attained by lamnid sharks and delphinid dolphins. Shortfin
mako shark (Isurus oxyrinchus) is capable of a maximum speed of 19.44 m/s (Diez
et al., 2015). Burst speeds for dolphins have been reported to range from 5.6 m/s up
to 15.0 m/s (Fish & Rohr, 1999).
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15.4.2 Swimming Mode

The shark, ichthyosaur, and dolphin share a thunniform (i.e., from Thunnus, the
generic name for several species of tuna) bauplan with a stiff, streamlined fusiform
body, lunate tail, dorsal fin, and extremely narrow necking of the peduncle
(Lighthill, 1969; Webb, 1975; Lindsey, 1978; Motani, 2005; Shadwick, 2005;
Lingham-Soliar, 2016; Gutarra et al., 2019). Aside from these morphological sim-
ilarities, the designation of being thunniform (tuna-like) swimmers indicates similar
kinematic patterns for highly efficient aquatic propulsion (Aleyev, 1977; Fish et al.,
1988; Lindsey, 1978; Webb, 1975; Motani, 2005). Although there is no direct
evidence for the swimming kinematics of ichthyosaurs, the morphological similar-
ities with lamnid sharks and dolphins strongly indicate that these modern analogues
can be used as a proxy for the swimming mode of the extinct taxon, particularly for
highly  derived ichthyosaurs (e.g., Ichthyosaurus,  Ophthalmosaurus,
Stenopterygius).

Thunniform swimming of the extant convergent species, as well as tuna, encom-
passes undulatory motions of one-half to one full wavelength within the body.
Transmission of the undulations to the caudal-most portion of the body produces
an oscillatory motion (Fierstine & Walters, 1968; Lighthill, 1969; Lindsey, 1978;
Smits, 2019). Significant propulsive movements are confined to the peduncle and
caudal fin (Webb, 1975; Lindsey, 1978; Fish, 1998a). However, the peak-to-peak
amplitude (A) at the caudal fin is typically about 20% of body length during routine
swimming (Webb, 1975), but can be greater than 30% of body length, particularly
during rapid accelerations (Fierstine & Walters, 1968; Skrovan et al., 1999; Fish
et al., 2014). The peak-to-peak amplitude of the caudal fin remains relatively
constant over a range of swimming speeds. This constancy of the oscillatory
amplitude at 20% of body length is tied to minimization of the energy required to
swim (Saadat et al., 2017).

As the stroke amplitude remains constant, swimming speed (U) increases directly
with the frequency of oscillations (f) of the tail (Fish, 1996; Rohr & Fish, 2004;
Smits, 2019). Maximum propulsive efficiency is related to the non-dimensional
Strouhal number, which combines the three kinematic parameters in the equation:

St=fA/U.

The Strouhal number is a gauge of the effectiveness of flapping locomotion by
indicating the distance a swimmer moves with each tail stroke (Saadat et al., 2017).
The Strouhal number predicts that the maximum spatial amplification and optimal
creation of thrust-producing jet vortices lies within a narrow range of 0.2-0.4
(Triantafyllou et al., 1993; Triantafyllou & Triantafyllou, 1995; Streitlien &
Triantafyllou, 1998). The Strouhal numbers for thunniform swimmers occur within
the optimal range and coincide with the maximal propulsive efficiency between 0.76
and 0.98 (Webb, 1975; Triantafyllou & Triantafyllou, 1995; Fish, 1998a; Rohr &
Fish, 2004; Fish & Lauder, 2006).
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Fig. 15.10 Path of oscillating dolphin flukes through a stroke cycle. The tips of the flukes move
along a sinusoidal path. Sequential fluke positions along the path are illustrated as straight lines. The
box on the left shows the relationship between the tangent to the path of the flukes with the angle of
attack, o, and the incident angle, a*. Angle of attack is the angle between the tangent of the fluke’s
path and the axis of the fluke’s chord; pitch angle is the angle between the fluke axis and the
translational movement of the animal. The box on the right shows the relationship between the
major forces produced by the motion of the fluke. D is the drag, L is the lift, and T is the thrust
resolved from L (from Fish, 1993b)

When swimming, the tip of the caudal fin traces out a sinusoidal trajectory for
thunniform swimmers (Fig. 15.10). The thunniform tails of the shark and ichthyo-
saur are heaved (flexed) laterally at the peduncle (Shadwick, 2005), whereas the
dolphin flukes are dorsoventrally heaved (Fish & Rohr, 1999). In addition, the base
of the caudal fin is pitched so that the angle of inclination (i.e., angle of fin relative to
longitudinal movement of swimmer) is maintained at a defined angle throughout the
stroke cycle. Without this pitching motion, the fin would sweep through the stroke
with a continuously changing angle of inclination. The combination of heave and
pitch causes the trailing edge of the caudal fin to lag behind its leading edge,
allowing the fin to slice through the water (Van Buren et al., 2020). The addition
of heave to a pitching motion can dramatically increase the thrust and propulsive
efficiency of an oscillating wing-like hydrofoil. Flexion at the peduncle and base of
the caudal fin emulates a double-jointed system, which allows the angle of inclina-
tion (o*; Fig. 15.10) of the caudal fin to be adjusted throughout the stroke cycle,
maintaining nearly continuous maximum thrust (Parry, 1949; Fierstine & Walters,
1968; Lindsey, 1978; Reif & Weishampel, 1986; Fish et al., 1988).

The thunniform namesake tuna possesses the double-jointed system, with joints
at the bases of the anterior end of the peduncle and caudal fin. These two flexion
points are separated by a few stiff, laterally keeled vertebrae, which act as pulleys for
the tendons connecting with the large anterior muscle mass (Fierstine & Walters,
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1968). Despite having keels on the peduncle (Lingham-Soliar & Reif, 1998; Bernal
et al., 2001a; Hamilton et al., 2004), the lack of keels on the vertebrae and numbers
of vertebrae in the peduncle of the three convergent taxa do not preclude an
analogous double-jointed system with the tuna. Instead, the larger number of
vertebrae with anteroposteriorly short centra in the peduncle permits increased
flexibility for heaving motions (McGowan, 1992; Buchholtz, 2001a, 2001b, 2007
Lingham-Soliar, 2001; Buchholtz & Schur, 2004; Buchholtz et al., 2005; Kim et al.,
2013). Flexural pitching of the caudal fin can be actuated by the insertions of long
tendons from the anterior musculature (Fierstine & Walters, 1968; Pabst, 1990,
1996; Lingham-Soliar & Reif, 1998; Lingham-Soliar, 2001; Shadwick & Gemballa,
2005; Adams & Fish, 2019). Furthermore to prevent “bowstringing” of the tendons
(i.e., lifting away from the joint), fibrous connective tissue in the skin would act like
a retinaculum (Fierstine & Walters, 1968; Lingham-Soliar & Reif, 1998; Pabst,
2000). Maximum flexion occurs near the base of the flukes of dolphins at a vertebra
known as the “ball vertebra” (Watson & Fordyce, 1993; Tsai, 1998; Fish et al.,
2006). This vertebra has convex (rounded) anterior and posterior faces and differs
from the flat (acoelous) faces of the other vertebrae. The ability to rotate the flukes
about a pitching axis at the ball vertebra allows for control of the angle of the flukes
when swimming (Long Jr. et al., 1997; Fish, 1998b). The abrupt dorsal or ventral
tailbend of the vertebral column of the shark and ichthyosaur, respectively, indicate
this position to be the flexion point for the pitch of the caudal fin.

Aquatic propulsion employing the thunniform mode results from the transfer of
momentum from the animal to the water (Webb, 1988). The rate of momentum
exchange between the propulsor and the water determines the amount of thrust
generated (Daniel et al., 1992). Thrust is produced exclusively by the stiff, high-
AR, lunate tail, which acts like an oscillating hydrofoil or wing (Williston, 1914;
Lighthill, 1969; Riess, 1986; Webb, 1975; Fish et al., 1988; Massare, 1988; Fish &
Hui, 1991; McGowan, 1992; Fish, 1998a, b; Lingham-Soliar, 2004; Shadwick,
2005). The momentum imparted to the water by the oscillating hydrofoil takes the
form of a wake with two alternating rows of thrust-type vortices and a posteriorly
directed jet stream (Weihs, 1972; Triantafyllou et al., 2000; Fish et al., 2014, 2018;
Smits, 2019).

Thrust and efficiency are maximized by the use of lift (circulation)-based oscil-
lating hydrofoils (Lighthill, 1969; Webb, 1975; Sfakiotakis et al., 1999; Fish &
Lauder, 2006). Lift-based oscillatory swimming is associated with the radiation into
pelagic habitats where steady swimming is required (Webb & de Buffrénil, 1990).
Lift is generated as for an airplane wing, and results from differential flow between
the surfaces of the hydrofoil (i.e., Bernoulli effect) because the foil is canted at an
angle of attack (a; i.e., incident angle to on-coming flow). The heaving and pitching
motions of the caudal fins of the thunniform swimmers are responsible for changes
of angle of inclination and angle of attack throughout the stroke cycle (Fig. 15.10).
As the caudal fin moves along a sinusoidal path through the water, the incident flow
encountered by the fin is a combination of the forward movement of the swimmer
and the heaving motion of the tail, where the pitch of the fin relative to its path is the
angle of attack (Fig. 15.10). Lift is directed perpendicular to the pathway traversed
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by the caudal fin and can be resolved into an anteriorly directed thrust vector
(Lighthill, 1969; Weihs & Webb, 1983; Fish, 1993b). Thrust is derived from a
combination of the horizontal component of the lift force and leading-edge suction
(Ahmadi & Widnall, 1986). Thrust derived from lift increases directly with increases
in angle of attack. To maximize lift, the propulsor is maintained at an angle of attack
(<30°) throughout the stroke cycle (Fish et al., 1988; Fish, 1993b). However, low
angles of attack increase efficiency while reducing the probability of stalling (i.e.,
dramatic loss of lift) and decreased thrust production (Chopra, 1976; Van Buren
et al., 2020). By restricting bending to the peduncle and base of the caudal fin, this
permits rotational motion to maintain a positive angle of attack of the caudal fin to
the oncoming flow (Webb, 1975). Thrust is thus generated continuously throughout
a stroke cycle.

Some drag is produced by the oscillating fin as a result of skin friction and drag
due to lift (i.e., induced drag). The induced drag is small compared to the lift. A high
L/D ratio is a function of the high AR of the caudal fin (Bose & Lien, 1989; Liu &
Bose, 1993; Fish, 1998a, b). Induced drag is also limited by sweepback of the caudal
fin. Sweepback is the angle made by the leading edge with respect to the longitudinal
axis of the body. Minimal induced drag is fostered by a swept wing planform with a
triangular shape (Kiichermann, 1953; Ashenberg & Weihs, 1984).

A tapered wing with sweepback or crescent design can reduce the induced drag
by 8.8% compared with a wing with an elliptical planform (van Dam, 1987). The
combination of low sweep with high AR allows for high efficiency rapid swimming
(Azuma, 1983). Sweep angles of 30° and 40° produce more thrust than a 50° swept
fin during the mid-stroke for the caudal fin, but as the fin reverses direction during
the oscillation, the 50° sweep produces more thrust (Matta et al., 2019). However, a
fin exceeding about 30° of sweep leads to a reduction in efficiency and large sweeps
generate less lift (Chopra & Kambe, 1977; Matta et al., 2019). The sweep angle of
the symmetrical caudal flukes of delphinids ranges from 4.4° to 41.3° and AR ranges
from 3.0 to 5.5 (Fish, unpubl. data). Based on Fig. 1 from Lingham-Soliar (2016),
the sweep angle for the hypercaudal and hypocaudal lobes of the caudal fin with AR
of 3.8 of a great white shark (Carcharodon carcharias) is 37.8° and 51.0°, respec-
tively. The sweep angle for the hypercaudal and hypocaudal lobes of the caudal fin
with AR of 4.2 of the ichthyosaur (Stenopterygius quadriscissus SMF 457) is 33.0°
and 50.9°, respectively.

The relationship between sweep and AR also indicates a structural limitation to
the strength and stiffness of the propulsor (van Dam, 1987; Bose et al., 1990). The
ability to sustain certain loads without breaking is considered a major constraint on
increasing span and AR (Daniel, 1988).
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15.5 Porpoising

Highly derived aquatic animals should avoid swimming close to the surface of the
water. At the surface, kinetic energy from the motion of the animal is transferred as
potential energy to the vertical displacement of water in the formation of waves
(Denny, 1993; Vogel, 1994). This transfer increases the resistance on the swimming
animals as wave drag. The additional drag on the body can be as much as five times
the frictional drag on a fully submerged body (Hertel, 1966). The maximum
increased drag occurs when the longitudinal axis of the body is at a depth of half a
body diameter. Movement at or near the surface can thus substantially increase the
energy expended and limit the speed of swimming (Hertel, 1966; Fish, 1996). For
example, sea otters swimming submerged have an oxygen consumption 41% lower
than when surface swimming and a maximum swimming speed when submerged
that is 74% faster than at the surface (Williams, 1989). When towed at the surface,
the drag on harbor seals (Phoca vitulina) was 2.5 times greater than when submerged
at the identical velocity (Williams & Kooyman, 1985). Elimination of wave drag
occurs at a submergence depth of >3 times the body diameter (Hertel, 1966),
although wave drag was essentially zero below a depth of only two body diameters
for a dolphin (Lagenorhynchus) at a high swimming speed (6.1-9.1 m/s) (Lang &
Daybell, 1963). Thus, the locomotor strategy of submerged swimming can result in
increased efficiency by the removal of wave drag.

For the shark, gas exchange via the gills means that it can remain submerged
indefinitely and thus avoid wave drag, but the ichthyosaur and dolphin are obligate
air-breathers and must return to the surface to ventilate the lungs. These aquatic
tetrapods can utilize a strategy of swimming below the water surface for prolonged
periods. The dolphin, like other marine mammals (cetaceans, pinnipeds), is adapted
to extend periods of submergence because of its enhanced oxygen storage capacity
resulting from increased blood volume and elevated levels of myoglobin in the
muscles (Ridgway & Johnston, 1966; Kooyman, 1989; Elsner & Meiselman,
1995; Noren et al., 2002). Furthermore, the dolphin can use its oxygen reserves
sparingly by reducing its metabolism utilizing diving bradycardia, peripheral vaso-
constriction, and, if necessary, shifting to an anaerobic metabolism (Scholander,
1940; Kooyman, 1989; Williams et al., 1991, 2015). To prevent increased energy
cost when coming to the surface to breathe, these animals limit such times and
quickly ventilate the lungs before submerging. Dolphins can ventilate 90% of their
lung volume in about 0.3 s (Irving et al., 1941; Ridgway et al., 1969; Kooyman &
Cornell, 1981; Hui, 1989).

A variation on the strategy to limit increased drag at the water surface and prolong
ventilation time is accomplished by porpoising (Hui, 1987, 1989; Williams, 1987;
Fish & Hui, 1991). Porpoising consists of repetitive high-speed motions of rhythmic,
long, ballistic jumps alternating with periods of submerged swimming close to the
surface (Au et al., 1988; Fish & Hui, 1991; Weihs, 2002). Porpoising is conducted
by fast swimmers, including dolphins, penguins, and pinnipeds. The energy required
for leaping at low swimming speeds is greater than the energy expended in
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swimming just below the surface of the water. Porpoising becomes energetically
efficient when the energy required to swim a given distance just below the water
surface increases with swimming speed faster than the energy to leap that distance
(Au & Weihs, 1980; Au et al., 1988; Blake, 1983). Above a critical speed, known as
the crossover speed, where the energies of submerged swimming and leaping
converge, there is an energetic advantage to swimming by porpoising. For dolphins,
various models have indicated a crossover speed of at least 3.9 m/s for porpoising
(Fish & Rohr, 1999).

Although energy could be conserved by porpoising, data on porpoising animals
contradict the assertions of the models. The models have assumed an emergence
angle of 45° to maximize the distance traveled through the air. Gordon (1980)
indicated that to maintain forward speed an emergence angle of 30° would be
desirable as a compromise between maximum distance and maximum forward
speed of a leap. In reality, the emergence angle of the leaps is approximately 39°,
with wide variation (Hui, 1989; Weihs, 2002), which lies between the optimal
predicted angles. Also bringing into question the energy savings of porpoising are
data indicating that the distances covered in the air are interspersed with swimming
bouts of about twice the length of the leap. The assumptions of energy savings by
porpoising predict that dolphins would spend more time leaping than swimming at
speeds greater than crossover speed (Au et al., 1988).

Video data of free-ranging dolphins indicate a graded transition from minimal
blowhole exposure at the surface at low swimming speeds to quasi-leaps, in which
the dolphin is never completely out of the water at any instant, at medium swimming
speeds, and complete porpoising leaps at the highest swimming speeds (Hui, 1989).
These observations are consistent with maintaining a minimum blowhole exposure
time for respiratory inhalation as swimming speed increases. Consequently,
porpoising behavior may be energy conserving only in the sense that it is energet-
ically the cheapest way to breathe, not energetically the cheapest way to swim (Fish
& Hui, 1991).

The position of the external nares of ichthyosaurs might have made porpoising a
more effective means of breathing while swimming. Unlike dolphins, ichthyosaurs
had external nares situated at the end of the rostrum, anterior to the eyes, necessi-
tating that the rostrum be lifted above the water surface to breathe. Although there is
no direct evidence for porpoising, ichthyosaurs were envisioned to swim at high
enough speeds to enable leaping out of the water and porpoising due to the
convergence of design and swimming mode with dolphins. The artist Heinrich
Harder (1858-1935) produced a rendering of a group of ichthyosaurs porpoising
(Fig. 15.11). Similarly, a color plate in the book Prehistoric Animals by Augusta and
Burian (1957) depicted a school of Stenopterygius porpoising like modern dolphins.
Massare’s (1988) and Motani’s (2002a, b) calculated swimming speeds for ichthyo-
saurs were too low to allow porpoising, but their estimates were only for cruising
speeds. Cowen (1996) considered that moderately-sized ichthyosaurs could swim at
high enough speeds to porpoise, providing the necessary time to breathe while
conserving energy. His assertion was even accompanied by a limerick,
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Fig. 15.11 Illustration of porpoising ichthyosaurs by Heinrich Harder (1858-1935) from “Tiere
der Urwelt” (Animals of the Prehistoric World) created in 1916. The work is in the United States
Public Domain

Fast swimming air breathers are rare
Some ichthyosaurs did it with flair
They swam up in a leap
(It’s energetically cheap)
And they took a deep breath in mid-air.

Although not known to porpoise, lamnid sharks and some other species of sharks
have been observed to make spectacular leaps out of the water (Campana et al.,
2005; Schwartz, 2013). Unlike porpoising, such leaping behaviors of sharks are not
associated with energy conservation. The white shark will perform a “Polaris
breach” to ambush pinnipeds and seabirds from beneath and launch the shark and
prey completely out of the water (Martin et al., 2005; Hammerschlag et al., 2012).
These vertical leaps require sufficient power to deliver the high escape velocity
required to propel the whole body into the air.

15.6 Thermoregulation

As highly active predators, the three taxa have converged on physiological mecha-
nisms to increase locomotor performance. The lamnid shark, ichthyosaur, and
dolphin all are considered to be homeothermic (i.e., maintenance of constant body
temperature) with a body temperature that is elevated above that of the environmen-
tal temperature. Muscles generally perform better at the elevated stable body
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temperatures of homeotherms compared to the lower body temperatures that is
typical of poikilotherms (i.e., body temperature that is the same as the ambient
temperature) (Irschick & Higham, 2016). Elevated body temperatures allow for
higher maximum swimming speeds, longer and faster sustained swimming speeds,
operation in cold water, migratory habits, enhanced digestion and assimilation rates,
brain heating, and enhanced visual acuity (Block & Carey, 1985; Wolf et al., 1988;
Bernal et al., 2001a, b; Watanabe et al., 2015).

The dolphin, as a mammal, is an endothermic homeotherm (Castellini & Mellish,
2016). Endothermic animals have an elevated metabolism that generates sufficient
internal heat for homeothermy. The excess heat is derived from endogenous bio-
chemical, energy-liberating reactions dedicated to the maintenance of vital functions
along with increased muscular work. The body temperature of marine mammals,
including dolphins, can be up to 35—40 °C above the temperature of polar waters and
even 10 °C higher than tropical waters (Berta et al., 2006). The core body is insulated
by the dolphin’s large body size, vascular counter-current thermal exchangers,
hypodermal layer of blubber, and low surface-to-volume ratios (Berta et al., 2006;
Favilla & Costa, 2020). The FR near the optimal value of 4.5 (see above) maximizes
the body volume and minimizes surface area for drag reduction while limiting heat
loss (Fish, 1993a; Berta et al., 2006; Gutarra et al., 2019).

The body temperature mirrors the ambient water temperature in most fishes,
which are ectothermic poikilotherms. Ectothermy refers to a metabolism that is
determined by the external ambient temperature. The lack of any insulating mech-
anism to retain body heat means that any excess heat generated endogenously or
from muscle contractions when swimming is rapidly transferred conductively and
convectively to the water across the body surface area and from the blood through
the gills (Bernal et al., 2001a, 2012). Lamnid sharks do not have any specific
thermogenic tissues but are capable of maintaining an elevated body temperature
(Bernal et al., 2001b). Sharks expend mechanical and metabolic energy to generate
the propulsive power for swimming. Excess heat devoted to homeothermy in the
shark is a by-product of the contraction of aerobic red muscle (RM) resulting from
constant activation during swimming (Carey et al., 1971). To swim at high speeds,
particularly in cold water, requires high muscle power outputs that are fostered by an
elevated stable body temperature (Irschick & Higham, 2016).

Like some scombrid fishes (e.g., tuna), lamnid sharks possess a vascular arrange-
ment, known as the rete mirabile, that acts to circumvent heat loss from the body
(Carey, 1973; Carey et al., 1971, 1985). The rete is an array of small arteries and
veins in juxtaposition that acts as a countercurrent heat exchanger. The rete acts to
return heat back to the muscle. All lamnid sharks have retia for heat exchange to
support RM endothermy and support maintenance of a body temperature above
ambient (Carey & Teal, 1969a; Carey et al., 1985). Mako and porbeagle sharks
maintain body temperature 7—10 °C above ambient (Carey & Teal, 1969a), although
Bernal et al. (2001b) found only a 0.3-3.0 °C difference in RM temperature for the
mako shark compared to the ambient water temperature. Carey et al. (1982) reported
that the muscle temperature of the white shark was 5 °C warmer than the ambient
water temperature. An increase of muscle temperature of about 5 °C would provide a
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three-fold increase in overall speed (Irschick & Higham, 2016). McCosker (1987)
and Goldman (1997) measured the stomach temperature as a proxy for core body
temperature and found it to be 7.4 °C to 14.3 °C above the water temperature for the
white shark. Such temperature differentials indicate that lamnid sharks can inhabit
cold water and still be active predators that forage for fast and agile prey (Goldman,
1997).

While temperature measurements and anatomical studies of the circulatory spe-
cializations can be performed on the extant shark and dolphin to determine their
thermoregulatory capabilities, comparative analysis is not directly possible for the
extinct ichthyosaur. The inability to take direct temperature and metabolic measure-
ments has made the arguments about homeothermy versus poikilothermy and
endothermy versus ectothermy for ichthyosaurs controversial (Motani, 2010).
Given the phylogenetic relationship of ichthyosaurs with reptiles the null hypothesis
would be that ichthyosaurs were ectothermic poikilotherms. However, the conver-
gence of body plan with the shark and dolphin indicates a large, fast-swimming,
highly active ocean predator that would have at least been homeothermic. The
analogous ecology of ichthyosaurs, lamnid sharks and oceanic dolphins and the
paleoclimatic distribution of ichthyosaurs showing them to have inhabited cold
marine waters would indicate adaptations associated with homeothermy (Bernard
et al., 2010). Whether this homeothermy was derived endogenously, as in the
dolphin, or from RM endothermy, as in the lamnid shark, is subject to debate
(Bernard et al., 2010; Motani, 2010).

Based on the bone histology of highly derived ichthyosaurs, de Buffrénil and
Mazin (1990) considered that their pattern of bone remodeling was associated with
rapid postnatal growth, as indicated in the skeleton of medium and large mammals.
Remodeling of the cortical bone was found to be characterized by greater bone
reabsorption than bone reconstruction, resulting in a relative loss of bone mass.
Similar to remodeling of bone in the dolphin (Delphinus delphis), the compact
cortical bone is secondarily reconstructed through ontogeny into cancellous bone
(de Buffrénil & Schoevaert, 1988; de Buffrénil & Mazin, 1990). The pattern of bone
growth and remodeling was argued to be associated with high endothermic metab-
olism, incipient endothermy, or gigantothermic metabolism (de Buffrénil & Mazin,
1990). Gigantothermy is defined as the maintenance of a constant high body
temperature due to thermal inertia accompanying large body size (Houssaye,
2013) and would indicate homeothermy but not necessarily endothermy.

Evidence for homeothermy in ichthyosaurs was supported by Bernard et al.
(2010). When comparing the oxygen isotope (8'*0) compositions of teeth of
ichthyosaurs with coexisting fish (i.e., same sedimentary bed). Their results indi-
cated that the body temperature of ichthyosaurs did not vary significantly with
seawater temperature, even when the water temperature was as low as 12 °C. The
body temperature of ichthyosaurs was considered to be as high as 35 °C. This high
body temperature supported the idea that ichthyosaurs had some kind of endo-
thermy. RM endothermy, if not a mammal-like endogenous metabolism, would
have been sufficient for homeothermy if there was a large body size (i.e.,
gigantothermy) and heat conservation mechanisms (e.g., specialized circulatory
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patterns, blubber) (Motani, 2010). Based on hydrodynamically-derived estimates of
optimal swimming speeds, Motani (2002a, b) estimated that the basal metabolic rate
of Stenopterygius was between reptilian and mammalian levels (Motani, 2005).
Gigantothermy associated with homeothermy is observed in the leatherback sea
turtle (Dermochelys coriacea), and also tunas, which have specialized retia for
temperature control and RM-generated endothermy (Carey & Teal, 1969b; Carey
et al., 1971, 1984; Carey, 1973; Neill et al., 1974; Dizon & Brill, 1979; Paladino
etal., 1990; Holland et al., 1992; Lutcavage et al., 1992; Dewar et al., 1994; Holland
& Sibert, 1994; Bostrom & Jones, 2007; Casey et al., 2014). Tunas also possess a
thick layer of adipose tissue just under the skin, which has been inferred to reduce
conductive heat transfer (Carey et al., 1984). Similarly, ichthyosaurs had a layer of
adipose tissue under the skin like the blubber layer of dolphins that would help retain
body heat for homeothermy (Lindgren et al., 2018; Delsett et al., 2022).

15.7 Conclusions

As evolution is a probabilistic rather than random process that can be directed by
similar selection pressures, there is a high probability that multiple lines of divergent
taxa will arrive at common solutions to shared environmental challenges and
converge on a distinct morphology. The physical nature of the aquatic environment
places huge restrictions on the design and functioning of organisms that originally
evolved to inhabit a particular niche space. Occupying the same niche space in the
aquatic realm could only have occurred in independent clades at separate times or
locations. Despite different phylogenies, the iconic example of lamnid sharks, post-
Triassic ichthyosaurs, and oceanic dolphins all converged on a homoplasious design
in concert with analogous kinematic and physiological mechanisms. The shape of
the body and appendages when measured according to fineness ratio, shoulder
position, and aspect ratio indicate that all three taxa evolved designs that are optimal
for minimizing drag when swimming. This thunniform design, in concert with the
use of caudal fin/fluke as an oscillating hydrofoil, allowed these swimmers to
efficiently generate thrust for high-speed cruising.

The evolutionary trajectories for each of the three convergent taxa, with their
distinct body plans and physiologies, originated for the sharks in the Paleozoic,
ichthyosaurs in the Mesozoic, and dolphins in the Cenozoic. The temporal separa-
tion allowed each group to develop into highly mobile, fast swimming, epipelagic,
apex predators, but the interaction with the physical environment dictated and
constrained their eventual convergence. This convergence was not an exact dupli-
cation because each taxon independently derived its morphological design, con-
struction, and physiology within the constraints imposed by their divergent
phylogenetic trajectories. The necessity for high swimming speed with minimal
energy expenditure in a dense, viscous, thermally conductive environment
demanded a fusiform body shape, common stabilizing control surfaces, homeo-
thermy, and a lift-based thunniform type of propulsion.
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Other animals exhibit convergent designs and adaptations for high-speed swim-
ming performance. Swordfish, sailfish, marlin, tuna and squid are among the fastest
swimmers in the ocean which possess fusiform bodies with fineness ratios in the
optimal region (Aleyev, 1977; Fish, 2020). The massive great whales (e.g., blue
whale, fin whale, sperm whale) are not bulky, but possess highly streamlined bodies
(Fish, 1993a). Likewise, other marine mammals like phocid seals, otariid sea lions,
and even the slow swimming manatee have converged on the optimal body design
(Webb, 1975; Aleyev, 1977; Fish et al., 1988; Fish, 1993a; Kojeszewski & Fish,
2007). Fast swimmers have adapted their caudal propulsor as a rigid lunate fin or
flukes to generate lift-based thrust that functions with a high propulsive efficiency
(Lighthill, 1969; Webb, 1975; Lindsey, 1978; Fish, 1993a, 1996, 1998a; Fish et al.,
2021). The convergence on lift-based propulsion using wing-like structures occurs in
sea lions, which use oscillations of their foreflippers for propulsion (Feldkamp,
1987). The speed and power generated by the flippers provides sea lions with the
capability to porpoise (Leahy et al., 2021). Such cases of analogy and homoplasy
associated with morphologies and mechanics reflective of adaptation to the marine
environment give even greater primacy to the convergence of the shark, ichthyosaur,
and dolphin as the quintessential example for understanding the relationship
between physics and the environment in directing evolutionary change.
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