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Functional Anatomy of 
Support and Locomotion

PRÉCIS

Having studied the structure and evolution of the skeletal and muscular systems, we now can address the functional interrelationships between the individual skeletal units and the muscles that act on them. We will examine the functional anatomy of support and locomotion in this chapter and that of feeding mechanisms in Chapter 16. In a book of this scope, we cannot analyze all of the supporting mechanisms that have evolved among vertebrates nor all of their many patterns of locomotion. The ones we have selected are representative of most vertebrates, and they will illustrate the types of understanding of vertebrate structure that derive from functional analyses.
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Now that you are acquainted with the structure and evolution of the skeletal and muscular systems, we can examine the functional interrelations between them. The individual bones, ligaments, and muscles form interrelated functional units that support the body and are responsible for the locomotion of the animal and the movements of most of its parts. By analyzing these units, we can learn much about the configuration of the musculoskeletal system and the way it works. We will examine the functional anatomy of support and locomotion in this chapter by considering how the problems and solutions differ in the aquatic, terrestrial, and aerial environments. Many aspects of support and locomotion have been reviewed in a symposium organized by Long and Koob (2000).

Support and Locomotion 
in the Aquatic Environment

Squid and some other aquatic animals swim by ejecting jets of water, but most aquatic craniates swim by undulating or oscillating some parts of the body. Nearly all vertebrates can swim to some extent, 
and many are excellent swimmers. Swimming, of course, is the sole or primary pattern of locomotion in fishes and larval amphibians. They are primary swimmers. Terrestrial vertebrates that have returned to the water are secondary swimmers. They have readapted to an aquatic mode of life but still retain at least traces of their terrestrial ancestry. Even whales, which cannot survive on land, surface to breathe air.

Most primary swimmers are also undulatory swimmers, for they propel themselves by lateral undulations that travel down the trunk and tail or, in a few cases, along fins that have long attachments to the body (Fig. 11-1). A few secondary swimmers, such as salamanders and crocodiles, also propel themselves with lateral undulations of a flattened tail. But most secondary swimmers, and a few fishes, are oscillatory swimmers that propel themselves primarily with oscillations or paddle-like movements of their tail (the flukes of whales) or paired appendages. Undulations of the trunk help in some species. Surfperches and many reef fishes swim by oscillating their pectoral fins, a pattern termed labriform swimming. (See Drucker and Jensen, 1996, for an analysis of labriform swimming in a surfperch.) Frogs and ducks swim by oscillatory thrusts of their hind legs and large webbed feet; sea turtles use elongated pectoral flippers; penguins use paddle-like wings; and beavers use large, paddle-like, webbed hind feet. We will analyze undulatory swimming in fishes as an example of an aquatic pattern of locomotion and examine the morphological features associated with this pattern.

Problems of Support and Movement 
in Water

Swimming animals must first of all support themselves in the water. Support in water or air is governed by a principle discovered by the famous Greek mathematician and physicist, Archimedes (d. 212 bc). According to Archimedes’ principle, an object in a fluid (water or air) displaces a weight of fluid equal to its own weight, and the displaced fluid exerts an upward force on the object. Because water is a dense medium compared with air, the upward force exerted on an object in water is substantial and provides considerable buoyancy. Buoyancy is the major force supporting a fish, but flesh is slightly denser than water (density 5 mass/volume) so the weight of a fish (mass  gravitational acceleration) is slightly greater than the buoyancy force. A swimming fish, therefore, must produce a lift force that overcomes the downward pull of gravity not compensated for by the buoyancy of the water.

Although water offers considerable support for an animal, it also offers more resistance to moving through it than air. The body of a fish must be firm enough to push through the dense water, and a fish must overcome frictional and other forces, collectively called drag, that tend to hold it back. It also must be able to maintain stability and to maneuver.

We have seen (Chapter 8) that the design of the vertebral column of fishes helps meet some of these problems. The strong disk-shaped or spool-shaped vertebral centra form a compression strut that resists the compression forces generated as the animal pushes through the water. The vertebral centra also prevent the body from shortening when longitudinal muscle fibers contract and generate the propulsive forces that overcome drag. The vertebral column, or parts of it, must be able to bend laterally during swimming. All or many of the joints between vertebrae allow for lateral bending. Because of the buoyancy of the water, vertical bending forces are negligible and need not be resisted. Only a few fishes with specialized patterns of swimming have zygapophyses.

Drag

Drag forces are substantial, and the design of many aspects of fish structure reduces them. Two major types of drag forces resist the forward motion of a fish: (1) frictional drag and (2) pressure drag. Frictional drag (Fig. 11-2A) is the force exerted on the surface of a fish due to the viscosity of the water. A thin boundary layer of water surrounds a moving fish. The innermost part of this layer is carried along at nearly the same speed as the fish, but peripheral parts of the boundary layer move increasingly slowly, finally equaling the speed of the surrounding water. Shear forces within the boundary layer are responsible for frictional drag. Frictional drag is lowest when the surface area of the fish is minimized relative to its mass, the fish is swimming slowly, and the water flows smoothly across its surface (i.e., the flow is laminar). When a fish of the same mass and shape swims more rapidly, the boundary layer increases in thickness, and the increased undulations of the trunk and tail disrupt the smooth flow of water (Fig. 11-2B). The boundary layer tends to separate from the surface, especially posteriorly, and this produces eddies. The thicker boundary layer and the turbulent flow and resulting eddies increase a type of drag known as pressure drag (see subsequent discussion). In general, a smooth surface tends to reduce frictional drag, but sometimes a small turbulence in the inner part of the boundary layer, such as those caused by ridges on the scales, prevents the separation of the layer and the formation of larger eddies. The layer of mucus that covers most fishes further reduces frictional drag, for it reduces the viscosity of the water in the boundary layer.

Pressure drag results from differences in water pressure between the front and rear of the fish. Water is displaced as the fish moves forward and then separates behind the fish, forming eddies and a wake (Fig. 11-2B). The pressure gradient, with high pressure at the head and a reduced pressure over the posterior part of the body, tends to hold the fish back. Pressure drag depends on body shape. A sphere moving through water would have a very high pressure drag but a low frictional drag because its surface area is small relative to its mass. A long, slender body of the same mass would have a low pressure drag but a high frictional drag because its surface is much larger. An optimal compromise between these shapes is a teardrop-shaped object having a maximum diameter about one third of the way back from the front. Optimal diameter is equal to about one-fifth the length of the object. Fishes that swim rapidly have such a streamlined or fusiform shape.

Propulsion in Water: Swimming

Most fishes swim by generating propulsive forces by undulations or bends of the body that move caudad along the trunk and tail. As the undulations travel back, they thrust laterally and caudally against the water. Undulatory swimming may be transient or periodic. Many reef fishes, freshwater sunfishes, and bass are examples of transient swimmers. They lie quietly in the water much of the time but can accelerate rapidly as they dart forward and turn to escape predators or attack elusive prey. Body shape need not be highly streamlined but must be adapted for acceleration and maneuvering. The body often is short, with a short turning radius, and is quite high from dorsal to ventral. The height presents a large surface area for thrust against the water. Many pelagic fishes, such as tunas and many sharks, are examples of periodic swimmers. These fishes can develop sudden bursts of speed but also are adapted for slower cruising, often for long periods of time. Body shape is longer and more streamlined than in transient swimmers.

The amount of body that undulates varies considerably among species of periodic swimmers. Most of the trunk and tail move back and forth in eels and other long-bodied anguilliform swimmers (Fig. 11-1). The amount of the trunk and tail that undulates shifts caudad in other fishes in a continuum from undulations of the caudal half of the body, as seen in jacks (carangiform swimming), to propulsive movements limited to little more than the tail, as occurs in tunas and some oceanic sharks (thunniform swimming). Boxfishes have a rigid, inflexible trunk and move only their tail (ostraciform swimming). Considerable lateral bending occurs throughout the vertebral column of anguilliform and carangiform swimmers, but most bending occurs near the tail base in thunniform swimmers. The vertebrae in this region are diplospondylous (Chapter 8). Centra are more numerous (two per body segment), which increases flexibility. The joints between them are very flexible. Tunas have zygapophyses that restrict movement in more cranial vertebrae.

Thunniform swimmers are the most rapid fishes, and tunas can reach speeds of 75 km/h. These fishes are highly streamlined, and drag is further reduced by limiting movements to the caudal region of the body. The sickle-shaped tail can move back and forth rapidly, and its effectiveness is increased by being very high so it extends above and below the wake of the fish.

In a trout, which has a pattern of swimming intermediate between anguilliform and carangiform, waves of contraction begin near the anterior end of the trunk and sweep down the body, first on one side and then on the other (Fig. 11-3). The push of a bend of the body obliquely backward against the water accelerates a certain mass of water. Because of its inertia, the water generates on the fish an opposite reaction force, the magnitude of which is the product of the mass of water moved and its acceleration. This reaction force can be resolved into forward and lateral components or thrusts. The left and right lateral components cancel each other to some extent but also tend to rotate the fish about its center of gravity; that is, as the tail moves to the right, the front of the body would be expected to swing to the left. This happens only to a limited extent. The gradual tapering of the body toward the caudal end, especially at the narrow tail base, reduces the lateral force. Moreover, the shape of the fish offers great resistance to sideways movements because the heavy front part of the body has more inertia than do the tapering trunk and tail.

The forward components of the reaction forces from all regions of the body combine and propel the fish. The wave of contraction moves caudally along the body at a speed greater than the forward movement of the fish. As a result, the next posterior region of the body to exert a thrust will push on a mass of water already accelerated by the previous region of the body; thus, its effect is magnified. The reaction of the water becomes greater as the waves of contraction travel caudally because of this summation effect and because the waves increase in amplitude. As they increase in amplitude, the waves push more directly in line with the overall direction of movement of the fish, so the forward components of the reaction of the water increase progressively. Because the caudal parts of the body and the tail move from side to side to a greater extent than do the anterior regions, and the tail has a particularly broad, flat surface, the mass of water moved and its acceleration are accordingly greater. We have described a representative pattern of thrust generation, but considerable variation occurs among fishes (Altringham and Ellerby, 1999).

Undulatory movements of the body and tail produce vortices in the water that are shed from the tip of the tail (Fig. 11-2B). In a dorsal view of a swimming fish, the vortices appear as a pair of columns of counterclockwise and clockwise whorls, but they are actually rings connected above and below the wake. A jet-like flow of water passes caudad through the vortices. Studies are being made by many investigators to determine the information that the vortices can provide on the energetics of swimming (Triantafyllou and Triantafyllou, 1995; Muller et al., 1997).

Role of Myomeres in Swimming

The segmented myomeres of fishes are well suited to generate undulatory waves of the trunk and tail. Because the vertebral column prevents the body from shortening, contraction of several myomeres on one side pulls the myosepta together and causes a curvature. The zigzag folds of the myomeres and their overlapping, conelike extensions (Fig. 11-4A and C), which become more pronounced near the tail, presumably allow one myomere to exert an influence over a greater body length than would otherwise be the case. The longer folds toward the tail, and tendon-like extensions from the apices of the cones into the tail, cause caudal undulations of increased amplitude and force. The overlap of myomeres ensures a smooth generation of force and flow of undulations. At a given transverse level of the body, several overlapping myo-meres may be in different stages of contraction. Contraction of the surface myomere at one level may be reaching maximum force, while the conelike extension to this level of a more anterior myomere is beginning to relax, and the extension to this level of the myomere behind it is just starting to generate force.

In many fishes, the superficial fibers of the myo-meres insert into dense connective tissue that forms an exotendon, which takes a helical course along the trunk and tail and is bound firmly to the skin. This is why it is difficult to skin a fish without disrupting the myomeres. The exotendon helps maintain a streamlined body shape; transfers forces to the tail; and, like all tendons, can store energy. As a curvature passes down one side of the body, the exotendon on the opposite (convex) side is stretched to a slight extent and stores energy. This energy is released and assists bending when a wave of contraction passes down the previously convex side.

The direction of the muscle fibers is not alike in all parts of a myomere. Those near the center of the side of the body have a longitudinal orientation and are longer than the obliquely oriented fibers near the mid-dorsal and midventral lines (Fig. 11-4B). Reasons for this are not well understood but may contribute to a uniform strain distribution within the muscles. Muscle fibers lie at varying distance from the plane of bending, which is the sagittal plane of the body. Those fibers near the skeletogenous horizontal septum on the trunk lie farther from the sagittal plane and may have to shorten more than fibers near the mid-dorsal and midventral lines. The obliquely oriented fibers near the mid-dorsal and midventral lines shorten less and may contract nearly isometrically.

Van Leeuwen (1999) has developed a quantitative model to predict the shape and architecture of myo-meres in teleosts. His model also shows that ribs and the support of the skin prevent extensive muscular deformation that do not contribute to bending. Dorsal and ventral (anal) fins are located such that unfavorable mechanical interactions with trunk muscle contractions are avoided.

The physiological properties of muscle fibers in the myomeres are not all alike. The most lateral fibers are slow-oxidative (red) fibers (Fig. 11-4B and C), which are active during cruising or maintaining position in a current. When a burst of speed is needed, the more dorsal, ventral, and deeper fast-glycolytic (white) fibers are used. Fishes with these two types of muscle fibers have a two-geared system. Some species, including carp, have pink fibers with intermediate properties that are located between the white and red ones; these fishes have three gears.

Many investigators currently are studying the dynamic properties of the swimming musculature. (See Long, 1998; Shadwick et al., 1998; and Wardle et al., 1995, for historical summaries and examples of this type of research in functional anatomy.) Much work remains to be done, but it is becoming clear that swimming is very efficient, partly because of the release and storage of elastic strain energy. As traveling undulatory waves move down the body of a fish, muscle fibers pass through cycles of shortening (on the concave side of a bend) and lengthening (on the convex side of a bend). These cycles are slightly out of phase with the cycles of muscle stimulation because muscle fibers are stimulated and their internal contractile mechanisms initiated while the fibers are still in their lengthening phase, which means that serial elastic elements within or surrounding the muscle fibers are being stretched (strained), and elastic strain energy is stored. This energy is released during the shortening phase of the muscle fibers. Muscle-fiber contraction also stiffens the body. Increased body stiffness increases the speed at which undulatory waves travel down the body and minimize the metabolic cost of bending the body.

Buoyancy

In addition to generating a propulsive thrust sufficient to overcome drag and move forward, a fish must float at an appropriate depth in the water and remain on an even keel as it swims. As we explained earlier in this chapter, flesh is denser than is water, so the pull of gravity, despite the buoyancy effect of the water, causes a fish to sink slowly unless other factors are present to offset the density of the fish. The density of chondrichthyans is reduced by three factors: (1) a skeleton of cartilage is less dense than one of heavily calcified bone, (2) most chondrichthyans store lipid in their liver as an energy reserve (lipid is much less dense than is glycogen, which is the energy store found in the liver of most vertebrates), and (3) the body fluids of marine chondrichthyans contain considerable urea and tri-methylamine oxide (TMAO). Although excreted by most vertebrates, chondrichthyans retain considerable urea as part of their unique osmoregulatory mechanism (Chapter 20), and TMAO appears to counter some of the adverse effects of urea on enzyme actions. Both urea and TMAO are less dense than are other solutes, so they also have a substantial buoyancy effect (Withers et al., 1994). The combination of these features helps chondrichthyans approach neutral buoyancy where the forces of gravity and buoyancy are equal. The forces may be equal in some pelagic sharks, but many sharks are still denser than water and can be seen lying on the bottom when not swimming.

Hydrodynamic forces derived from body shape and the actions of certain fins overcome the remaining tendency of sharks to sink and keep them afloat. Sharks, in common with many early fishes, have heterocercal tails, in which the upper lobe of the caudal fin is longer than the ventral lobe (Fig. 11-5A and B). The upper lobe also is stiffened by an extension of the vertebral axis. Undulations of the trunk and tail provide the forward thrust that propels the animal as they do in other fishes, but beyond this, investigators have assumed that the tail also keeps the shark afloat. A long-held classic hypothesis proposed that the lateral movements of the tail during swimming also generate an upward lift force. As the tail moves laterally, the smaller and more flexible lower lobe lags the stiffer upper lobe. The tail becomes inclined at an angle to the horizontal plane, so it pushes downward and laterally against the water (Fig. 11-5A, right side). The reaction of this force can be resolved into a vertical lift component and a lateral drag component. The lift generated by the tail produces a turning moment about the fish’s center of gravity that tends to push the head down, but this is balanced by an opposite turning moment generated by the planing effect of the large pectoral fins placed low on the body. The flat ventral surface of the head contributes to the planing effect. Because the moment arm of tail lift to the center of gravity is longer than that for pectoral fin lift, the lift from the tail must be smaller than that from the pectoral fins and head.

Thomson (1990) and Thomson and Simanek (1977) questioned the classic hypothesis by analyzing slow-
motion moving pictures of the swimming movements of many sharks. They found that the lower lobe of the fin often did not lag the upper lobe but often preceded it (Fig. 11-5B, right side). The tail, therefore, had a negligible lift effect much of the time. They proposed that the shape of the tail, with its stiff upper lobe, would generate a slightly downward and forward thrust through the center of gravity (Fig. 11-5B, line b). The shark could maintain or change its position in the water easily by using the flexible lower lobe of the fin as a “trimming device.” The thrust of the tail could be redirected to pass slightly above the center of gravity (Fig. 11-5B, line a), in which case the head would be pushed down, or slightly below the center of balance (line c), in which case the head would be pushed up.

Ferry and Lauder (1996) have reexamined the action of the heterocercal tail, making three-dimensional kinematic analyses of tail actions in leopard sharks (Triakis semifasciata). They also used dye-stream visualizations of water movements. Their investigations support the classic hypothesis, at least for leopard sharks. Many sharks have similar shaped tails, but considerable variation exists in the size of the two lobes of the heterocercal tail among sharks.

Sarcopterygians and early actinopterygians have a lunglike sac of air in their body cavity. During the course of actinopterygian evolution, the lungs are transformed into a hydrostatic swim bladder, which is located in the body cavity just ventral to the vertebral axis (Fig. 11-6). A sac of air in the body, whether it be lungs or a swim bladder, makes these fishes less dense so they float more easily than did early, heavy-bodied fishes that tended to sink. Teleosts can regulate the amount of gas in the swim bladder (Chapter 18), which gives them the ability to attain neutral buoyancy and float at any level in the water, with little muscular effort.

Fishes with a swim bladder need not have the mechanisms we see in sharks for buoyancy control. Bone replaces much or all of the cartilage in the skeleton, lipids and other weight-reducing molecules need not be accumulated in certain tissues, and the pectoral and caudal fins need not act to generate lift. The pectoral fins of teleosts are smaller and located more dorsally, a position better suited to their role in maneuvering. As we have discussed (Chapter 8), the asymmetrical heterocercal tail becomes symmetrical externally. The caudal fin rays attach to a sharply uptilted tip of the vertebral axis (the urostyle). The axis of rotation of the caudal fin is vertical and is capable of generating a symmetrical thrust. But as Lauder (1989) has pointed out, we cannot assume that the homocercal tail always generates a symmetrical thrust. The evolution of the homocercal tail has been accompanied by the evolution of a complex intrinsic caudal fin musculature not present in the heterocercal tail. These muscles probably modulate caudal fin function in connection with different modes of swimming (e.g., slow cruising, fast starts, and changes in depth), but their actions have not been studied.

Stability

A swimming fish is subject to various displacement forces that must be countered if the fish is to remain on an even keel. The action of the tail, as we have seen, tends to cause the head to move from side to side, a motion called yaw. The head and median fins counter this. The large and relatively heavy head has considerable inertia and so does not move easily from side to side, and the surface area of the median fins resists lateral movement of the body. Any tendencies for the fish to rotate about its longitudinal axis (roll) or for its head to move up and down in the vertical plane (pitch) also are countered by the position and movements of the median and paired fins. Apart from these generalized functions of fins, little is known about the ways the fins actually function in fishes with different body shapes and in different types of swimming and maneuvers. These questions now are being investigated (Focus 11-1).

Support and Locomotion 
in the Terrestrial Environment

Support on Land

Vertebral Support  When vertebrates moved from water to land, supporting body weight became a major problem because air is not a dense medium and affords little lift. Amphibians, reptiles, and most mammals rest lying on the ground in a sheltered location (Fig. 
11-7A), but even under these circumstances, the vertebral column, girdles, and ribs must be capable of preventing body weight from collapsing the lungs and other internal organs. When terrestrial vertebrates walk, they raise their trunks off the ground. Amphibians and most reptiles raise themselves only a short distance (Fig. 10-7B) because their humerus and femur project nearly laterally and move back and forth close to the horizontal plane. Mammals carry their trunks well off the ground, for their legs have rotated close to the trunk (Fig. 11-7C). Their humerus and femur move close to the vertical plane. The hind legs of bipedal dinosaurs and birds also have rotated under the trunk and move in the vertical plane (Fig. 11-7D).

The vertebral column of terrestrial vertebrates is not a compression strut as it is in fishes, but a beam that supports all parts of the body against gravitational forces and transfers weight to the girdles and appendages. Vertical bending of the column must be resisted in amphibians and most reptiles because they carry their trunks close to the ground. But lateral bending must occur because lateral undulations of the trunk and tail still play a role in the locomotion of most species. Vertical bending need not be resisted so much in mammals because they carry their bodies well off the ground. Indeed, vertical bending often participates in the locomotion of many mammals (see Fig. 11-26).

The vertebral column of terrestrial vertebrates is very strong, as we have discussed in Chapter 8. Except for early tetrapods, which spent a great deal of time in the water, and paedomorphic salamanders, the notochord has largely been replaced by solid, well-ossified, and unified centra. Intervertebral disks between successive centra often contain a remnant of the notochord known as the nucleus pulposus. Thick, circular layers of connective tissue fibers (Fig. 11-8) surround this. Intervertebral disks allow the vertebral column to bend, act as shock absorbers, and distribute forces evenly over the surface of adjacent centra. If, for example, the vertebral column bent dorsally, the dorsal edge of an intervertebral disk would be compressed, but this force would be distributed through the semifluid disk to all parts of the surface of adjacent centra. The neural arches are fused to the centra, and those of successive vertebrae are linked by zygapophyses. Depending on the plane of their articular surfaces, zygapophyses restrict bending in some directions (often in the vertical plane) but allow it in other directions.

Strong ligaments (Fig. 11-8) link the vertebrae. Longitudinal ligaments extend across the dorsal and ventral surfaces of the centra, the tops of the neural spines, and through the neural arch. Diagonal interspinal ligaments extend between the neural spines, and the zygapophyses form synovial joints encapsulated by articular capsules. Epaxial muscles link individual vertebrae (interspinalis) or cross several vertebral segments (multifidi, spinalis, erector spinae). The vertebral column and associated ligaments and muscles form a firm but flexible complex.

Many early anatomists tried to analyze the structure of the vertebral axis of terrestrial vertebrates by applying the biomechanical principles of bridge construction. The vertebral axis resembles a bridge in some ways, but the spine is not a static support system. It is a dynamic structure that must support the head and body in many positions, receive the thrust of the legs during locomotion, and often participate during locomotion. A Dutch anatomist, Slijper (1946), compared the trunk skeleton to an elastic bow. The arched trunk skeleton of many mammals resembles an archer’s bow (Fig. 11-9A). The vertebral centra are comparable to the wood in the bow. They are supporting elements that are under compression. The distribution of the bone trabeculae within them follows the longitudinal stress lines, and the joints between them permit the bow to bend. The bow is flexed by a “bowstring” composed of the sternum and ventral trunk muscles, such as the rectus abdominis. The string is connected to the bow anteriorly by the short, stout anterior ribs, which are stabilized by the scalenus muscle and posteriorly by the pelvic girdle. Subvertebral muscles (psoas and quadratus in mammals) form another partial bowstring. The curvature of the bow can change under the action of various trunk muscles as the animal changes positions and moves, but it cannot sag and permit the trunk to collapse as long as the bowstring is under tension. The trunk skeleton of amphibians and reptiles is flat, as it is in swayback mammals, such as a horse. This arrangement is more comparable to a violin bow, but the principles are the same (Fig. 11-9B). The head of mammals is raised, and the cervical vertebrae form another archer’s bow that curves in the opposite direction from the trunk bow (Fig. 11-9A). Dorsal cervical muscles and nuchal ligaments form the string of the cervical bow.

The neural spines of the vertebrae are lever arms that transmit a force (the pull of muscles on them) to a center of rotation, or fulcrum, located between the centra (Fig. 11-9A). Cervical muscles, such as the splenius, acting through the neural spines of the anterior thoracic vertebrae, rotate the neck upward and support the head. Gravity acts to pull the head and neck downward. Here is another example of two sets of turning moments (Chapter 5). The neural spines of the cervical and anterior thoracic vertebrae are the lever arms for the in-force that raises the head, and they are oriented nearly perpendicular to the lines of actions of muscles acting on them. When several muscles act on the same spines from different directions, the direction of the spines must be the resultant of all of the forces (Fig. 11-10A). Because the splenius and similarly oriented muscles are the major ones acting on the anterior thoracic neural spines, the spines tend to incline slightly caudad.

An increase in the length of the neural spines increases the length of the lever arms and increases their mechanical advantage. Recall (Chapter 5) that a turning moment is the product of the muscle force and the length of its lever arm (Fig. 11-10B and C). Long neural spines of thoracic vertebrae enable the splenius and similar muscles to support a much heavier head. The splenius and its lever arm constitute an in-
moment. The out-moment in this case is the product of the out-force (i.e., the downward pull of gravity from the center of mass of the head and neck) and the out-lever arm (i.e., the perpendicular distance from the line of action of gravity to the fulcrum at the base of the neck). No physical lever is present here. Because in-moments and out-moments must balance when the system is in equilibrium, it is not surprising that quadruped mammals with heavy heads have exceptionally long neural spines on their anterior thoracic vertebrae (Fig. 11-9B).

Ungulates with large heads that they must lower when they browse or graze also have particularly prominent nuchal ligaments (Fig. 11-9B). The ligaments are stretched by the weight of the head when the head is lowered, and the energy that stretched the ligaments is stored as elastic energy. When the animal raises its head, most of the stored elastic energy is released and helps raise the head. Muscle action is still needed, but far less than would otherwise be the case.

Muscle pull on the neural spines is primarily in the sagittal plane or close to it. The situation is analogous to a carpenter’s joist, which must resist bending in only one plane and the strength of which is increased by increasing the depth of the joist (Chapter 5). Sagittal forces on the neural spines can be resisted by increasing their width in the sagittal plane. Because lateral forces are not strong, the spines are blade shaped and not thick from side to side.

In addition to the support and movements of the head, many other supporting functions and movements occur along the vertebral column. The complex interaction of many moments appears to explain the regional variation that we find in the length, direction of inclination, and width of the neural spines. For example, the head can be supported by anterior thoracic vertebrae only if they, in turn, are supported by other back muscles, such as the longissimus dorsi, that arise from the lumbar vertebrae (Fig. 11-9A). The line of action of the longissimus dorsi in many mammals necessitates that the neural spines of the lumbar vertebrae incline anteriorly. Caudally directed neural spines near the front of the thoracic region and cranially directed spines in the lumbar region characterize many, but not all, quadruped mammals. This condition is referred to as anticliny.
Limb Support  When a terrestrial vertebrate is standing or moving, not only the vertebral column but also the legs must support body weight. Weight is transferred to the pelvic girdle and limb by way of one or more sacral vertebrae and ribs. The number of vertebrae and ribs involved, and the degree to which they are fused together, correlates with the forces they must transfer. Mammals have more sacral vertebrae than do amphibians and reptiles. Weight is transferred to the pectoral girdle and appendage not by bony connections but by a muscular sling extending between the trunk skeleton and the girdle and appendage (Fig. 
11-11). Although the rhomboideus and pectoralis muscles participate to some extent, the major component of the sling in mammals is the serratus ventralis muscle. Because this muscle extends between the distal ends of the bony ribs and the dorsal border of the scapula, the ribs are under compression stress when they are transferring body weight. Bone is well adapted to meet this stress. The costal cartilages, which extend from the ribs to the sternum, need not resist compression, but they must be sufficiently flexible to allow the ribs to move during respiration. Cartilage is the ideal material for this purpose.

In order to support the body, the legs must be drawn under the body by muscle action. Because the legs are not solid pillars but jointed struts, the continued contraction of muscles crossing the joints is needed to stabilize the moments around the joints and prevent the animal from collapsing, even when it is standing still. The amount of muscular energy needed to stabilize joints and hold up an animal is reduced in some mammal species by several factors. To the extent that the segments of the limbs can be aligned vertically, one directly above another, the moments at the joints are reduced. Weight is transferred directly through bones to the ground. Some dinosaurs, elephants, and other heavy terrestrial vertebrates tend to have pillar-like limbs of this type (Fig. 5-25). The tibia of humans also can be brought directly under the femur when standing. The configuration of joint surfaces and ligaments around joints restricts motion in certain directions. The olecranon of the ulna and calcaneus in the ankle form lever arms for muscle attachment, but they also prevent hyperextension at these joints. The cruciate and other ligaments behind the knee joint prevent hyperextension at this joint (Fig. 11-12). Muscle action is not needed to prevent joints of these types from bending backward.

Horses and some other ungulates have one or more passive stay mechanisms that hold limb joints in an extended position with minimal muscular effort, thereby enabling them to stand even when asleep. The way in which the knee (stifle) and ankle (hock) joints of a horse are stabilized is an example (Fig. 11-13). The superficial digital flexor muscle has become almost entirely tendinous and forms a strong cord that extends from near the distal end of the femur to the calcaneus, where it is firmly attached, and then onto the caudal surface of the phalanges. The superficial digital flexor cord forms one side of a parallelogram, the other side of which is formed by the tibia. The distal end of the femur and the talus–calcaneus form the two ends of the parallelogram. As in any parallelogram, none of the angles at the corners can change without all others simultaneously changing. When the animal is resting, a muscle slip can pull the patella above a small crest on the medial side of the femoral trochanter. It is held in this position by strong patellar ligaments extending to the tibial crest. The patella resting above the crest locks the angles of the parallelogram. No change can occur until other muscles pull the patella away from the crest and into the patellar groove.

Walking and Running

Adaptations for Walking  Although vertebrates move on the land in many ways (snakes slither, frogs jump, and many species burrow), walking was certainly the ancestral pattern of terrestrial locomotion. Walking probably began in the water before vertebrates ventured onto land (Chapter 9). The choanate fish ancestors of terrestrial vertebrates (Fig. 3-15) swam through the water and probably bottom vegetation by lateral undulations of their trunk and tail, but these fishes also had sturdy, lobate paired fins. These fins probably were used as paddles and occasionally to thrust against the bottom. By advancing and retracting the paired fins, undulations of the trunk and tail would thrust the fins against the bottom. Because the buoyancy of the water supported the fish, the paired fins need not have a supportive function. The number of paired fins in contact with the bottom at any time did not matter.

As fish began to emerge upon the land, the constraints of terrestrial life necessitated considerable changes in their appendicular apparatus. The paired fins evolved into jointed limbs capable of the more complex movements needed to move on the land. Lateral undulations of the trunk and tail continued to help advance and retract the limbs (Fig. 8-11A), but a more powerful and complex appendicular musculature became increasingly important in limb movements.

The limbs and girdles strengthened and became capable of supporting the entire weight of the body and of maintaining stability when the animal is walking. Maximum stability is attained when all four feet are placed on the ground, but an animal cannot move unless one or more feet are off the ground and advanced for the next foot placement. We discuss the many sequences of limb movements later in this chapter. Brief periods of instability occur in any sequence when the body is supported by an unbalanced combination of feet upon the ground; for example, one front foot and the contralateral hind foot, or even a single foot. During such periods, the trunk is subjected to torsion forces (Fig. 8-11B), which are met by strengthening the vertebral axis (i.e., the evolution of zygapophyses, Chapter 8), and by the contraction of the oblique layers of the abdominal musculature (Chapter 10).

Limb Actions in the Step Cycle of Amphibians and Reptiles  A few terms must be understood to analyze walking. A walking vertebrate advances by a succession of steps. First, one foot is placed on the ground and develops a thrust that accelerates the body and moves it forward (the propulsive phase of a step cycle). Then this foot is removed from the ground and advanced in preparation for the next foot placement (the swing phase). The length of a step is the distance that the trunk is advanced during the propulsive phase of a step cycle. Each leg goes through a step cycle, and one cycling of all the legs constitutes one stride. That is, the length of a stride is measured from the first placement of one foot on the ground (often the left hind foot is taken as the reference foot) to the next placement of that same foot. A stride for a quadruped is composed of four step cycles, one for each leg. Throughout a stride, the oscillations of the limbs must be carefully coordinated to provide adequate thrust1 and speed but maintain adequate stability. Moreover, movements and thrusts of the limbs must be accomplished as efficiently as possible so the cost in energy expenditure can be sustained if the animal is traveling far or can be made up soon if the animal must spurt for a short distance.

Of course, not all contemporary amphibians and reptiles walk in the same way. The pattern seen in many lizards is representative and probably is close to that used by ancestral tetrapods. As we have noted, amphibians and most reptiles carry their bodies close to the ground because the limbs are splayed to the side. Brinkman (1981) made a cineradiographic study of hind limb movements in the iguana (Iguana), and Jenkins and Goslow (1983) made a similar study of forelimb and girdle movements in the savannah monitor lizard (Varanus exanthematicus). The upper limb segment (humerus or femur) moves back and forth close to the horizontal plane (Figs. 11-14 and 11-15). The humerus and femur are carried slightly above the horizontal plane when the upper limb is protracted during the swing phase of the step and slightly below this plane when the limb is retracted during the propulsive phase. The lower limb segment (antebrachium or crus) extends downward at nearly a right angle to the distal end of the humerus or femur and moves close to the vertical plane.

When a foot is placed on the ground at the beginning of the propulsive phase, the upper limb is protracted and the lower limb extended (Figs. 11-14 and 11-15). Extension of the antebrachium is more pronounced than that of the crus. The hand or foot points forward and often slightly laterally. A propulsive thrust is developed by several actions. The actions of appendicular muscles retract the humerus or femur, and, because the foot maintains its position on the ground, this draws the body forward. The humerus or femur also rotates about its longitudinal axis, which rotates the lower leg in the manner of a crank (Fig. 11-16). While the humerus or femur is being retracted and rotated, the antebrachium or crus flexes as the distal end of the upper limb advances over the point of foot placement, and then the antebrachium or crus extends and helps push the body forward (Figs. 11-14 and 11-15).

The hand continues to point forward throughout the propulsive phase because the radius rotates on the humerus and ulna as the limb is drawn caudad. These are difficult motions to describe, but they can be visualized if you place your arm in the position assumed by an amphibian or reptile when the hand is first placed on the ground, and advance the body while maintaining the position of the hand on the ground. The situation is somewhat different in the hind leg because only a hinge action can occur at the knee joint. Rotation occurs in the ankle, primarily at the mesotarsal joint. The hind foot is directed forward at the beginning of the propulsive phase, but as the femur is drawn posteriorly and the body advances, the foot rotates laterally and points laterally or posteriorly at the end of the propulsive phase (Fig. 11-15). In both the hand and foot, duration of toe contact with the ground is maximized by digits that increase in length from the most medial or first one, to the fourth finger. The length of the fifth digit decreases abruptly. Plantar flexion of the hand or foot adds a final component to the thrust of the limb.

Swimming-like sinusoidal curvatures of the trunk and tail occur in most amphibians and reptiles (Fig. 8-11A). In addition to helping advance and retract the limbs, these motions also rotate the girdles slightly (Figs. 11-14B and 11-15), which helps advance and retract the limbs and adds to step length. An extra increment is added to the length of the step of the front leg in lizards by a translational movement of the coracoid plate on the sternum (Fig. 11-14B). As the limb is retracted, the girdle also slides caudad on the sternum for a distance equal to about one fourth of the length of the coracoid plate.

The swing phase of a step is a simple recovery. The antebrachium or crus flexes as the hand or foot is removed from the ground. The humerus or femur is protracted, and the forelimb is extended.

All of these movements require a powerful ventral or adductor musculature to draw the humerus or femur ventrally to a slight extent and thus raise and keep the body off the ground. Strong forelimb muscles also are needed to bend the antebrachium or crus and maintain it in a nearly vertical position. As we have seen (Chapter 9), the ventral parts of the girdles are greatly expanded and provide the needed surface for the origins of the adductor musculature. Large tuberosities, trochanters, and muscular ridges on the humerus and femur provide for their insertions. You can appreciate the muscular force needed by crawling with your arms splayed to the side rather than under your body.

Limb Actions in the Step Cycle of Mammals  The limbs of mammals are no longer in the primitive splayed position but have rotated far enough under the body so the humerus or femur moves fore and aft closer to the vertical plane. The stance, or distance between the placement of left and right feet, is narrower than in amphibians and reptiles, which places the limbs closer to the projection of the body’s center of gravity and provides better support with less muscular effort. Limbs situated more or less under the body swing through longer arcs, which adds to step and stride length with no or little extra expenditure of energy.

The degree to which the limbs are beneath the body varies among mammal species. In running, or cursorial (L., cursor 5 a runner), species such as ungulates and carnivores, the limbs are well under the body and all parts of the limb move in the same parasagittal plane. But in many mammals, they are not quite so far under. Jenkins (1971) and Jenkins and Weijs (1979) studied limb movements in the opossum (Didelphis virginiana) by cineradiography. The elbow joint, which is directed posteriorly, lies slightly lateral to the shoulder joint at the beginning of the propulsive phase (Fig. 11-17A). The knee is directed forward and slightly laterally (Fig. 11-18A). In all species, both the hand and the foot are directed forward, or nearly so, throughout the propulsive phase. Toe length is more equal. As the propulsive phase continues, the humerus or femur is retracted, drawing the body forward. The forelimb flexes and the feet dorsiflex as the shoulder or hip advances over the point of placement of the feet on the ground. The forelimbs extend and feet plantar flex near the end of the propulsive phase.

The scapula also rotates during the propulsive phase, so at the end of the phase, the scapula is oriented more vertically than at the beginning and the glenoid fossa has moved caudally and ventrally (Fig. 11-17B). These movements add to step length. Although the hips are firmly articulated with the vertebral column, a small lateral movement of the vertebral column causes the hips to swivel slightly (Fig. 11-18A).

Muscle Recruitment in a Step Cycle  Many electromyographic studies have been made during locomotion in humans and quadrupeds. Jenkins and Weijs (1979) studied muscle activity during a step cycle in a mammal (the opossum, Didelphis virginiana); Jenkins and Goslow (1983), in a reptile (the lizard Varanus exanthematicus); and Dial et al. (1991), during flight in birds (the starling, Sturnus vulgaris). Dial et al. also compared the sequence of actions of shoulder and brachial muscles in all three species during a step cycle. The general nature of their conclusions can be seen by examining the activity of a selection of the muscles that they studied (Table 11-1).

As might be expected, more muscles are active, and active for longer periods, during the power-generating propulsive phase of a step cycle (or downstroke of a bird’s wing) than in the recovery swing phase (or upstroke of a bird’s wing).

Limb movements involve integrated actions of many muscles. Although most of the muscles participate in propulsion, the duration of their activity, and the period of the cycle when they are active, differ. The action of the mammalian triceps (Didelphis), for example, begins and ends earlier than that of the mammalian biceps (Canis).

Homologous muscles tend to be utilized in similar actions across a wide range of taxa: reptile, mammal, and bird. The evolution of appendicular muscles has tended to be conservative, but some changes occur. The subscapularis in reptiles (Varanus), although participating in limb movement, is a small muscle and does not play a prominent role. With the changed limb posture of mammals (Didelphis), the subscapularis expands considerably and plays a prominent role in propulsion.

Many of the propulsive muscles show electrical activity near the end of the recovery swing phase, before they begin to participate in propulsion. This phenomenon requires further study. Possibly the muscles are simply checking the forward movement of the limb and preparing for propulsion, but some of them likely are doing negative work, that is, beginning to generate a force while still being stretched by their antagonists. This would stretch the elastic components in the muscles and store elastic energy, which would be recovered in the propulsive phase. Muscles involved in limb movements differ not only in periods of activity but also in the mixture of fiber types that they contain (Focus 11-2).

Gaits  Walking is a relatively slow gait, but individual tetrapods can increase their speed by increasing stride length, that is, the distance traveled in each stride. A longer stride enables a tetrapod to travel a greater distance in a given period of time. Increasing stride length is accomplished by changes in gait, that is, the particular combination of feet that are on and off the ground during a stride. Gaits used by tetrapods depend on many variables, including limb posture and length, degree of stability or maneuverability needed, energetic costs, and speed. Gaits faster than a walk involve increased periods of instability. Because amphibians and most reptiles move close to the ground, they must have gaits that provide good stability so their bellies do not drag.

Turtles usually use a gait that is particularly stable (Fig. 11-19). If the left hind foot is taken as the lead foot, the sequence of limb advancements and foot placements is left hind, left front, right hind, and right front foot. Each foot is on the ground for a relatively long time (about 0.75 of stride duration for a slowly walking turtle). This time, which is the same for each foot, is called the duty factor. Limb movement can be expressed in quantitative terms by stating the duty factor and the relative phase of the feet (Fig. 11-19B). The first foot to be placed (left hind) is given a relative phase of 0.00 because this is the beginning of the stride. The placement of the next (left front), which occurs slightly over one third of the stride interval, has a phase of 0.35. The next one (right hind) is placed at the middle of the stride and has a phase of 0.50. The placement of the last foot (right front) follows the right hind in a lag that is the same as that between the first two feet, so it has a phase of 0.85. This particular gait is called a lateral-sequence, diagonal-couplet gait. In such a gait, the placement of one foot (left hind) is followed by the placement of the ipsilateral foot (left front), hence the term “lateral sequence.” The contralateral diagonal feet (left front and right hind or right front and left hind) are in closer phase in their movements and placements than any other pair of feet, hence the term “diagonal couplet.”

During most of the stride, either four or three feet (Fig. 11-19A) support the body, so the center of gravity falls within successive triangles of supporting feet. These triangles are quite wide from left to right because the splayed limb posture gives the animal a wide stance. The gait and wide stance provide the high degree of stability that these low-slung animals need. When the bases of the triangles of support shift between the sides of the body, there are brief periods when the body is supported by four feet (two overlapping triangles) or by two feet (a hind foot and its contralateral front foot). The latter is unstable, and some pitching and rolling occur as the center of gravity crosses the diagonal between supporting feet, but these periods are so brief that the animal does not drag on the ground.

Because mammals carry their limbs more nearly under the body than do amphibians and reptiles, they have less stability. Mammals have a narrower stance and narrower triangles of support, and their center of gravity is higher off the ground. Stability, however, is not as critical as for amphibians and reptiles. Mammals can rise and fall within each stride to a greater extent without dragging on the ground. Only an overall dynamic stability is necessary, as in riding a bicycle. This allows mammals to reduce duty factors more and have fewer feet on the ground at one time, and it gives them more gait options. Decreased stability also increases maneuverability; mammals can change directions more rapidly.

When moving slowly, many mammals use the lateral-sequence, diagonal-couplet walk seen in amphibians and reptiles. Duty factors are lower, however, so the body is supported during part of the stride only by two feet on the same side of the body (Fig. 11-20A). This is a potentially unstable situation and could not be used by low-slung amphibians and reptiles. The same gait can be used at a moderate run when the duty factor for each foot falls below 0.50. Periods when the animal is supported by two feet, or even one, increase in length.

Most mammals shift to other gaits when they begin to run. A few long-legged mammals, such as giraffes and camels, change to a pace (called a rack in horses) when speed increases (Fig. 11-20B). Legs on the same side of the body move together in nearly complete phase, and 0.50 out of phase with the legs on the other side of the body. In a running pace, two brief flight periods occur in each stride when the body has sufficient momentum that it is carried forward with no feet on the ground. These occur when the supporting feet shift from one side of the body to the other.

Horses can be trained to pace, but their natural gait at higher speeds is a trot (Fig. 11-20C). A contralateral pair of diagonal feet (left front and right hind feet, or right front and left hind feet) move nearly in unison and 0.50 out of phase with the other set. Again, if the trot is fast, two brief flight periods occur within each stride during the shift from one set of supporting feet to the other. Some reptiles can use a walking trot that does not involve any flight periods.

Walks, paces, and trots are described as symmetrical gaits because the left and right hind feet, or the left and right front feet, move 0.50 out of phase and are evenly spaced in time. At still higher speeds, most mammals shift to asymmetrical gaits, in which the movements of the two hind or two front feet are more nearly in phase. The two hind feet, or the two front feet, tend to thrust at the same time or close to it. A gallop, of which there are several types, is one example. In the fast gallop of some ungulates and carnivores (Fig. 11-20D), a powerful thrust is initiated by one hind leg (Fig. 11-20D, first frame), continued by both, and finally by the other hind leg (Fig. 11-20D, third frame). As the hind legs thrust and leave the ground, first one and then the other front leg thrusts and leaves the ground. There are brief periods when both hind feet are off the ground when the animal is supported by a single front leg (Fig. 11-20D, fifth and seventh frames). Both front legs complete their thrust and leave the ground before either hind leg is replaced, so there is a brief flight period when all feet are off the ground (Fig. 11-20D, eighth frame). The low duty factors and flight period greatly increase stride length in a fast gallop, about 7 m for a racehorse.

The half-bound is a gallop-like gait used by rabbits, squirrels, weasels, and some other small mammals (Fig. 11-20E). It differs from the fast gallop primarily in that the thrust of the two hind feet is in very close phase and often simultaneous. At the start of the half-bound, the animal elevates the front of the body, bringing the front legs off the ground, and gives a powerful thrust with both hind legs (Fig. 11-20E, first frame). There is a brief flight period, when the hind legs leave the ground before either front leg has reached it (Fig. 11-20E, second frame). First one and then the other front leg reaches the ground and gives a brief thrust before either hind leg has reached the ground, so there is a second flight period (Fig. 
11-20E, sixth frame). In some species (e.g., squirrels), the hind legs are so long and the back arches so much that the hind feet are placed on the ground in advance of the front feet, which have just left the ground. In each half-bound, the footprint of the hind foot lies anterior to that of the front feet!

Stride Length and Stride Frequency  As we have discussed, increasing stride length enables a tetrapod to travel a greater distance in a given period of time. The feet in fast gaits have lower duty factors. They are off the ground for longer periods, during which they are carried forward by the feet on the ground for a greater distance before being placed again. Indeed, as we have seen, all feet may be off the ground briefly during some fast gaits. A second way an individual can increase speed is to increase stride frequency, that is, to oscillate the limbs faster, which results in an increased number of strides in a given period. The overall velocity with which a tetrapod travels is the product of stride length and stride frequency. Because stability is so important, low-slung amphibians and reptiles increase speed primarily by increasing stride frequency within a walk, although some can trot at moderate rates. Mammals, for which stability is not so critical, increase speed first by increasing stride frequency but soon shift to gaits that increase stride length. Increasing stride length is less expensive in terms of energy consumed than is increasing stride frequency (Focus 11-3).

Evolutionary Adaptations for Patterns 
of Limb Action

Limbs as Lever Systems  An individual mammal can change speed by changing stride length and stride rate, but mammal limbs also are adapted to the ways in which the limbs are used. The limbs and the muscles that act on them are first-order and second-order lever systems (Chapter 5). In the course of evolution, the length of limb segments, and the length and location of bony processes to which muscles attach, have been subject to selection pressures. In moles and armadillos, which use their front limbs for digging, the limb is adapted to maximize the force delivered at the end of a limb, whereas running ungulates have limbs adapted to maximize the speed or velocity with which the distal end of the limb moves (Fig. 11-21). For purposes of this comparison, we will treat the entire limb from the fulcrum at the shoulder joint to the ground as a single second-order lever that is retracted by muscles (e.g.,  the latissimus dorsi) that extend from the trunk to the humerus. The out-lever arm is the distance from the shoulder joint to the ground, and the out-force is delivered downward and backward, perpendicular to the out-lever. The in-lever arm is the perpendicular distance from the shoulder joint to the line of action of the retractor muscle. Recall (Chapter 5) that, at equilibrium, the following relationship between lever arms and forces applies:

Fi  Li 5 Fo  Lo

where Fi is the in-force, Li is the in-lever, Fo is the out-force, and Lo is the out-lever. By solving this equation for the out-force, it is apparent that an increased value for the out-force can be obtained by increasing the length of the in-lever relative to the out-lever:

Fo 5 (Fi  Li)/Lo

An increase in the in-lever arm is said to give the muscle acting on it a mechanical advantage.
This is what has happened in the evolution of the armadillo. The armadillo has a short out-lever arm relative to most mammals and a distal shift in the point of attachment of the retractor muscle has increased the relative length of the in-lever.

Velocity also is related to the relative length of the lever arms. In a given unit of time, the part of a rotating lever that is located far from the fulcrum will move a greater distance than a point near the fulcrum. Because velocity 5 distance/time, the velocity of the distant point will be greater than that for the point closer to the fulcrum. This relationship can be expressed as:

Vo  Li 5 Vi  Lo
where Vo and Vi represent the velocities at the ends of the out-lever and in-lever arms, respectively (i.e., out-velocity and in-velocity). By solving this equation for the out-velocity, it is apparent that an increased value for the out-velocity can be obtained by lengthening the out-lever arm and by shortening the in-lever arm through a proximal shift in the point of attachment of the retractor muscles:

Vo 5 (Vi  Lo)/Li
This is what has occurred in ungulates and other cursors.

The relationship between force and velocity also can be expressed as a gear ratio, which is the length of the out-lever arm divided by the length of the in-lever arm:

GR 5 Lo/Li
When the ratio is low, force is emphasized at the expense of velocity; when the ratio is high, velocity is emphasized at the expense of force. The ratio is low, about 4, for an armadillo, but much higher, about 10, for an ungulate. A low gear in an automobile increases force; a high gear increases velocity.

Other Adaptations for Speed  An increase in limb length, which increases stride length, is an obvious adaptation for speed. Some mammals, humans among them, can temporarily increase effective limb length by raising up on the toes when running. Evolutionary changes also have occurred. Early mammals and many others that travel at moderate speeds walk flat footed. They place the soles of their feet flat on the ground, a foot posture termed plantigrade (L., planta 5 sole 1 gradus 5 step; Fig. 11-22). Most primates retain a plantigrade foot, with the first digit articulated in such a way that the hands and feet can grasp branches. In this case the plantigrade foot is an arboreal adaptation. The human foot is also plantigrade but has lost its grasping ability and is specialized for bipedal locomotion. Running species, as we have seen, evolved longer limbs, which increases step and stride length and hence speed. Most carnivores walk on their digits, with the wrist and ankle carried off the ground, a foot posture termed digitigrade. Ungulates have very long legs and walk on the tips of those digits that reach the ground, a posture termed unguligrade (L., ungula 5 hoof). The terminal phalanx and claw are modified to form a hoof. Digits on each side of the supporting toes are reduced in size or lost. In perissodactyls, the axis of the foot passes through the middle or third digit, which is the largest (Fig. 11-23A and B). Their foot is described as mesaxonic. Rhinoceroses, adapted to run on relatively soft ground, retain three digits, the second to the fourth. This was also the case in ancestral, forest-dwelling horses, but only the third digit remains in contemporary, plains-dwelling species. The foot axis of artiodactyls passes between the third and fourth toes, which are equal in size (Fig. 11-23C and D). This foot is described as paraxonic. Pigs and other species with a primitive foot structure retain small second and fifth digits, but these are lost in more specialized species, including cattle and sheep. Metapodial and podial elements that supported lost toes also are reduced or lost. The two metacarpals and metatarsals that remain in cattle and sheep are fused to form a single cannon bone (Gr., kanon 5 measuring rod).

In the evolution of long legs as an adaptation for speed, the foot and distal segment of the limb elongate much more than does the proximal segment (Fig. 
11-22). These segments of the limb contain many tendons and less muscle mass than the brachium or thigh. This pattern of elongation minimizes the kinetic energy needed to oscillate the limbs because it keeps most of the mass proximally. The kinetic energy needed to oscillate a limb segment can be expressed by the following formula:

Kinetic energy 5 (1/2 mass of limb segment)  (velocity of limb segment)2
The proximal part of a limb moves through a shorter arc than does the distal part and therefore has less velocity. Because velocity is squared, it is to a cursor’s advantage to have most of the limb muscle mass concentrated here. There is less energetic cost in elongating the distal part of the limb because it contains primarily the long tendons of proximal muscles. Physicists refer to this distribution of mass as minimizing the moment of inertia.

A long foot also adds a segment of the limb that oscillates independently of the lower leg and upper limb segment (Fig. 11-24). This too increases speed because the total velocity at the distal end of the limb is the sum of the independent velocities of each segment. The situation is analogous to walking on a moving escalator. The total velocity of the person traveling on the escalator is the sum of the velocity of the escalator plus the velocity of the person’s walk.

Other modifications of the appendicular skeleton, in addition to long legs, also occur in many cursorial mammals. The clavicle is essentially a strut that braces the shoulder joint and prevents a displacement of the scapula. This is the primitive condition in tetrapods and mammals. During the propulsive phase of the step cycle, when the front foot is on the ground and the trunk is pulled forward relative to the limb, the clavicle causes the shoulder joint to be deflected laterally (see Fig. 11-17A). It acts as a “spoke” that fixes the distance between the sternum and acromion. Terrestrial mammals that retain a clavicle are species in which the legs have not rotated completely beneath the body so that the shoulder and elbow joints are not in the same parasagittal plane. The legs are further under the body in cursorial species, and the shoulder and elbow joints lie in the same parasagittal plane. The clavicle is reduced or lost in such species (Fig. 9-14). The shoulder is not deflected laterally, with a consequent loss of some momentum of the trunk. The loss of the clavicle also permits the scapula to rotate more than in claviculate species. The scapula became, in effect, another limb segment that can add to step length (Fig. 11-24).

The long legs of ungulates are adapted for high speed and strength and perform no other functions. The limbs move fore and aft in a single plane and, unlike the situation in cursorial carnivores, the primitive capacity of the forearm to rotate around its longitudinal axis is lost. The hand is permanently prone. The radius is the primary weight-supporting bone, and the distal end of the ulna frequently is reduced or even lost. The proximal end of the ulna and the olecranon, which are essential for the hinge joint at the elbow and for the insertion of forearm extensor muscles, are retained and may fuse to the radius (Fig. 11-25A). The tibia is the main weight-transferring bone in the shank, and the fibula is reduced or lost in many ungulates except for its proximal end, on which muscles attach, and its distal end (the lateral malleolus), which supports the ankle joint (Fig. 11-25B). Loss of unused toes, loss of the capacity to rotate the forearm, and loss of associated muscles decrease the mass of the distal part of the limb and reduce the risk for dislocations.

In some running cursors, the vertebral column is adapted to participate significantly. This is the case in many cats, such as the cheetah (Fig. 11-26A). A shift in the plane of the articular surfaces of some zygapophyses allows a galloping cheetah to flex and extend its back greatly. It arches (flexes) its back far dorsally during the flight stage in which the legs are gathered under the trunk (left side of figure). By elevating its hips and bending its back far in the opposite direction (extension), it is able to stretch out its fore and hind limbs greatly during the next flight stage (right side of figure). This flexion and extension of the spine greatly increases stride length and speed. Cheetahs can run faster than any other mammal for short periods of time, about 110 km/h for a 60-kg cheetah. Horses are quite heavy cursors, attaining weights of 540 kg or more. Their back flexes and extends only slightly during a gallop (Fig. 11-26B). It would be very expensive energetically to raise and lower the posterior part of the body greatly. The differences in galloping between a cheetah and horse correlate with differences in their modes of life. The cheetah is a carnivore that must be able to sprint quickly to capture prey. The horse is an herbivore, adapted for endurance travel over large distances in search of favorable grazing grounds.

Jumping

Most quadruped terrestrial vertebrates can jump or leap to some extent by rapidly extending their hind legs; a few species have become specialized for a jumping or saltatorial (L., saltare, saltatus 5 jumping, dancing) mode of locomotion. Among them are frogs and toads, kangaroos, the tarsier (an early, arboreal primate), and some rodents. A saltatorial mode of life imposes certain requirements, and all saltators, regardless of the taxon to which they belong, share many features (Emerson, 1985). This is a good example of convergent evolution. The hind legs, and especially the distal parts, are greatly elongated. The legs are powerful and strongly constructed. The strong thrust of the hind legs during takeoff would twist the body of a jumper if its center of mass is not aligned with the line of action of the propulsive force. Saltators minimize this potential torsion by having the center of mass shifted backward toward the sacrum and by strengthening the vertebral column, which is accomplished by some combination of the following adaptations: shortened trunks; large zygapophyses that firmly unite the vertebrae; a fusion of some cervical vertebrae that reduces head bobbing; reduction in forelimb size; and, sometimes, heavy tails. When not jumping, saltators walk, and modest-sized front legs remain. Frogs and toads do not have a tail, but the tail is long in most mammalian saltators. Kangaroo rats, which also have a tuft of long hair on the end of their tail, use the tail for balance and for guiding the leap. Tendons in the large tails and legs of kangaroos store energy when the animal lands on its feet and tail and release the energy on the next leap. We will examine the specializations of frogs and toads in more detail as an example of saltatorial locomotion.

Frogs and toads use rapid thrusts of their powerful hind legs for not only jumping and hopping but also swimming. The rapid acceleration and distance covered make these modes of locomotion very effective escape mechanisms, as anyone who has tried to catch a frog knows. Jumping likely evolved in this context. Synchronous thrust of the hind legs during swimming appears to have evolved later because very primitive frogs (Ascaphus and Leiopelma) use their legs alternately when swimming (Abourchid and Green, 1999).

When a frog is at rest on the ground, its limbs are flexed beneath it, and the elongated pelvic girdle bends downward at its joint with the vertebral column (sacroiliac joint). This gives the animal a somewhat humpbacked appearance (Fig. 11-27A, first diagram from right). During a leap, both hind legs are extended simultaneously. At the same time, the pelvic girdle rotates upward at the sacroiliac joint, providing an extra increment of thrust and bringing the girdle and extending legs in line with the trunk. The animal lands on its front legs (Fig. 11-21A, fifth diagram from right). When the animal lands, the pelvic girdle rotates downward, bringing the hind legs under the body.

Many specializations accompany this mode of life. The hind legs are very long and strong. The tibia and fibula are fused (Fig. 11-27B), and the elongation of the two proximal tarsals and toes greatly lengthens the foot. The foot forms another limb segment that is extended during a leap. Several caudal vertebrae have united to form a long urostyle from which muscles extend to the elongated ilia of the pelvic girdle. This is the mechanism for rotating the pelvic girdle. The vertebral axis is short, the zygapophyses are large, and little rotation occurs around the longitudinal axis of the vertebral column. The front legs act as shock absorbers when the animal lands, and the radius and ulna are fused.

Many studies have been made of body movements and the actions of limb muscles during hopping and swimming. Hopping and swimming are asymmetrical gaits similar in many ways to a gallop or half-bound. After a propulsive phase of about 0.25 of the step cycle, the frog goes into flight (hopping) or an extended glide (swimming), and then the legs flex in preparation for the next thrust. Hopping involves considerable vertical acceleration of body mass against gravity, and swimming must overcome the drag of the water. Acceleration against gravity requires the expenditure of more energy. The electromyographic signals from electrodes implanted in the limb muscles are about twice as large as during swimming. More motor units in the muscles appear to be active (Kamel et al., 1996). Most of the extensor muscles become active 20 ms to 40 ms before muscle shortening begins. This and the fact that many of the extensor muscles connect to relatively long tendons suggest that the muscles are stretched during the initial period of electromyographic activity and store elastic energy that is released later in the jump (Peplowski and Marsh, 1997; Olson and Marsh, 1998). Although individual hops are energetically expensive, hopping is a more efficient way of covering a great distance than is walking (Focus 11-4).

Support and Locomotion 
in the Aerial Environment

Many lightweight, arboreal vertebrates, including tree frogs and some lizards, can spread their limbs, flatten their bodies, and parachute safely to the ground. Parachuting breaks an inadvertent fall and sometimes helps an animal escape a predator. Several lizards and mammals have evolved broad membranes that enable a falling individual to fall more slowly and glide a greater horizontal distance. In addition to the benefits of parachuting, glides enable a vertebrate to extend its foraging range with little extra expenditure of energy because the animal can move from tree to tree without the need to descend to the ground and climb up again. The gliding lizard, Draco volans, has a pair of lateral skinfolds along its trunk that can be extended by six pairs of elongated ribs (Fig. 11-28A). Several marsupial mammals 
(phalangers), the colugo of the Indo-Pacific region, and several rodents (e.g., the “flying” squirrel) glide with lateral membranes that attach to the limbs and are extended when the animal spreads its limbs (Fig. 11-28B).

In flight, an animal uses wings to sustain itself in the air. As we have seen, wings evolved from pectoral appendages independently in †pterosaurs, birds, and bats. Flight may be passive when an animal simply uses its wings to glide or soar, or it may be powered by the movements of the wings. All types of flight require light weight, and powered flight requires the expenditure of a great deal of energy. Modifications in the digestive, respiratory, and other organ systems make possible the production of the needed energy. Birds and mammals are endothermic. We know little about the metabolism of †pterosaurs, but indications of an integumentary covering of short filoplume-like processes have been found in one fossil. The basic principles of flight are the same in †pterosaurs, birds, and bats, but, because the wings are constructed slightly differently, it is not surprising that certain aspects of flight also differ. We will describe birds as our examples of flying vertebrates. Bird wing structure is described in Chapter 9 and is reviewed in Figure 11-29.

Principles of Flight

The principles that keep a bird aloft are the same in all types of flight. The wing as seen in cross section is an airfoil (Fig. 11-30A). The anterior margin of a wing is thicker than its thin trailing margin, so the wing is streamlined, and the air has a smooth laminar flow across it with a minimum of turbulence. Many wings are cambered with a convex upper surface and a concave lower surface. Cambering is particularly pronounced proximally. Because of the wing’s shape, air travelling over the dorsal surface moves a slightly longer distance than that over the ventral surface. The airstream necessarily has a greater velocity across the dorsal surface of the wing (Vd) than across its ventral surface (Vv), and this increased speed reduces the pressure on the dorsal surface relative to the ventral surface. This is in accordance with a principle discovered in the 17th century by Bernoulli: in a fluid stream (water or air), pressure is least where the flow is the fastest.

The differential in air pressure above and below the wing also generates a local air circulation around the wing (Vl). Air rises at the front of the wing into the reduced pressure area above the wing, moves posteriorly, falls below the wing, and then moves forward on the underside of the wing. The total velocity of air across the top of the wing is 
Vd 1 Vl because the airstream and the local circulation are in the same direction. The total velocity across the bottom of the wing is Vv  Vl because the local circulation is in a direction opposite to the airstream. The effect of the local circulation increases the differential in pressure between the upper and lower surfaces of the wing beyond that produced by the flow of the airstream alone.

Some of the energy of the local circulation around the wing is shed as a series of air currents, which are called tip vortices, from the wingtips (Fig. 11-30B). It is at the wingtips that air flow equalizes the pressure differences between the two surfaces of the wings. Tip vortices are especially strong in rapidly flying birds because air speed and the pressure difference between the two surfaces of the wing are so great. Tip vortices are less in birds with narrow and pointed wings than in ones with broad and blunt ones because less surface area is present near the wingtip for the air to flow around.

The reduced pressure above the wing relative to that below the wing generates an upward force called lift. Lift acts from a center of pressure on the wing normal (perpendicular) to the airstream (Fig. 11-30C). If the wing is tilted somewhat, as it usually is, the lift force can be resolved into a vertical effective lift component that opposes the pull of gravity, and into an induced drag component, which is parallel to the airstream and opposes the forward movement of the bird.

Induced drag is a necessary by-product of the lift force and will vary with the angle at which the air-
stream hits the wing. Other drag forces are similar to those seen in a fish moving through water. Frictional drag results from the friction within the boundary layer of air surrounding a bird. Pressure drag results from the pressure difference over the wing, i.e., from air flowing into the reduced pressure area above the wings.

During level flight at a constant speed, lift must equal the weight of the bird and a propulsive force must overcome drag. The formula for lift (L) is:

L 5 1/2pV2SC1
where p is the density of the air, V is the air speed, S is the planar surface area of the wing, and C1 is the coefficient of lift.

We can ignore p because it is essentially a constant, but the other variables can change and they have a large effect on lift. Velocity is particularly important because this factor is squared. Birds that soar slowly, such as vultures, need wings with a large surface area to compensate for the low air speed, whereas rapidly flying birds, such as swifts, can and do have shorter and narrower wings. The coefficient of lift depends on several variables, of which the most important for us is the angle of attack of the wing (that is, the extent to which the leading edge of the wing is elevated above the direction of the airstream, (Fig. 11-31A). Lift increases as the angle of attack increases, but a trade-off is the increased likelihood of separation of the air flow from the upper wing surface. This increases pressure drag. If the separation occurs far forward on the wing, lift is suddenly lost and the bird stalls.

Separation can be reduced and lift maintained by creating slots in the wing through which air must flow rapidly (Fig. 11-31B). A familiar analogy of the effect of slots is the rapid flow of water between boulders that make “slots” in a river. The river may be flowing slowly, but speed increases if it has to flow between boulders because the volume of water is the same (volume 5 [cross-sectional area of the river]  velocity). If cross-sectional area decreases, velocity must increase. The alula (Chapter 9) at the front of a bird’s wing can be elevated to make one slot. This is particularly helpful during takeoff and landing, when air speed is low. Separating feathers along the trailing edge of the wing and wingtips, where separation of the airflow from the wing is particularly pronounced, forms additional slots.

Powered Flight

Forces in Powered Flight  In level powered flight, the propulsive force that overcomes drag derives to a large extent from the downward and forward movement of the wings that occurs during the downstroke (Fig. 11-32A). The distal part of the wing, which is formed by the primary flight feathers attached to the hand, rotates so its leading edge is directed slightly downward. As this part of the wing moves through the air, it generates a local lift that is perpendicular to the local airflow. Because the wing is inclined, the local lift is also inclined forward. The local lift can be resolved into a vertical component, which helps keep the bird aloft, and a forward propulsive component. This part of the wing acts much like a propeller in generating a forward thrust. Because the hand part of the wing is at a maximum distance from the wing’s fulcrum at the shoulder, it is displaced downward more than the proximal part of the wing over the same time period. Its velocity accordingly is greater. This increases the air speed and the forward thrust. In some species, the flight feathers on the distal part of the wing, which are shaped like airfoils (Chapter 6), separate and act as individual propellers. The secondary and tertiary flight feathers attached to the forearm and upper arm function primarily to maintain lift (Fig. 11-29). The upstroke is a simple recovery stroke and generates no lift.

As we have seen, the flow of air leaves the tip of the wings as a series of vortex rings (Fig. 11-30B). During steady flight, the vortex rings trail back behind the bird. But during takeoff and landing, the tips of the left and right wings come close together at the top of the upstroke and bottom of the downstroke. The vortex rings on opposite sides fuse and move downward and backward in the wake of the bird as a series of larger vortex rings (Fig. 11-32B). Rayner (1980) and some other investigators believe that the upward and forward reaction of the air to these rings, in accordance with Newton’s third law of motion (i.e., for every action there is an opposite and equal reaction), helps push the bird upward and forward.

Wing Actions During Powered Flight  Jenkins et al. (1988) studied the movements of the skeletal elements during powered flight by making cineradiographs at 200 frames/s of starlings (Sturnus vulgaris) flying in a wind tunnel. During the upstroke (Fig. 11-33D), the wing is folded. The humerus lies close to the horizontal plane and is retracted close to the trunk. Forearm and hand bones are flexed at the elbow and wrist. As the upstroke ends and the downstroke begins (Fig. 11-33A and B), the humerus is protracted and elevated 80 to 90 above the horizontal. Forearm and hand are maximally extended. The humerus is lowered to about 20 below the horizontal near the end of the downstroke (Fig. 11-33C); however, the distal part of the wing continues downward because of a slight rotation of the humerus. The dorsal ends of the fused clavicles (the wishbone or furcula) bend laterally during the downstroke and recoil on the upstroke (Fig. 11-33B and C, top row, small arrows). The sternum also moves slightly, ascending and moving posteriorly during the downstroke, and descending and advancing during the upstroke (Fig. 11-33, bottom row). Movements of the furcula and sternum may affect the bellows-like air sacs that extend from the lungs and help ventilate the lungs (Chapter 18).

Extension of the forearm at the elbow during the downstroke leads to an automatic extension of the hand. Their flexion during the upstroke also is coupled. Zoologists have long thought that the configuration of the joints at the elbow and wrist caused the radius to slide along the ulna and thereby move the hand in the manner of a set of linked parallel rulers (Fig. 11-34, sketches beneath drawings of wings). Vazquez (1994) has restudied this mechanism. He finds that certain forearm muscles that extend from the distal end of the humerus to the hand, and thereby cross two joints (the elbow and wrist), act as mechanical linkages and are responsible for the automated extension or flexion of the hand. When the triceps muscle contracts and extends the forearm (Fig. 11-34A), the extensor metacarpi radialis experiences a strong pull from the humerus. This force is transmitted by the muscle to an extensor process on the carpometacarpus, which causes the hand to extend. When the forearm is flexed by the biceps muscle (Fig. 11-34B), the humerus pulls on the origin of the “extensor” carpi ulnaris. This force is transmitted by the muscle to the flexor side of the carpometacarpus, and the hand is flexed. (The “extensor” carpi ulnaris receives its name from its homology to an extensor muscle in other tetrapods, but it acts as a flexor in birds.) Because these muscles are acting as mechanical linkages, their active contraction is not necessary, but their contraction may magnify their passive ability to coordinate movements of the forearm and hand. Automating wing extension and flexion via passive linkages ensures that the various segments of the wing perform appropriately during the various stages of flight. This may be particularly important when the fledglings of tree- or cliff-nesting birds first take flight. The fledglings face serious injury if the wings do not extend and flex at the right times.

Muscle Actions During Powered Flight  Many muscles, of course, are involved in the downstroke and upstroke of the wings (Focus 11-5). The two major ones, the pectoralis and supracoracoideus, arise chiefly from the broad, keeled sternum (Fig. 11-35). The pectoralis, a downstroke muscle, inserts on the ventral surface of the humerus, as one would expect. Perhaps unexpectedly, the supracoracoideus, an upstroke muscle, also arises ventrally on the sternum, but its insertion tendon passes through a foramen triosseum near the shoulder joint to attach on the dorsal surface of the humerus. The foramen triosseum, as its name implies, is located where three bones (scapula, coracoid, and furcula) come together. The supracoracoideus is a ventral appendicular muscle, but the shift of its tendon of insertion allows it to function as a dorsal muscle. The use of a ventral muscle for the upstroke helps maintain the low center of gravity needed for stability. The supracoracoideus also helps rotate the humerus.

Soaring

Many birds can soar (that is, maintain their position in the air or even rise) by holding their wings extended in the horizontal plane and not flapping them. The wings of birds specialized for soaring provide primarily lift, not power. Adaptations for this are a relatively long arm and forearm, which are the wing parts that generate most of the lift, and a hand that is reduced in size. The arm and forearm of an albatross, a bird that spends most of its life soaring over the southern oceans, form about four fifths of the wing length, and the hand, only one fifth. The arm and forearm of birds that engage primarily in powered flight form about two thirds of wing length; the hand, one third or more. The hand and its primary feathers, as we have seen, act as propellers.

Land birds, such as hawks and vultures, are static soarers that gain their power by falling in a rising current of air (Fig. 11-36A). They glide downward, but the air around them is rising faster than they are falling, so they stay aloft and may increase their elevation. Rising air currents are formed in many ways. The wind is deflected upward by a cliff, hill, or other obstacle. The ground is heated differentially by the sun. Cities are warmer than the surrounding countryside, open grasslands heat faster than forested land. Differential heating leads to the formation of thermals, large vortices of warm air in which convection currents carry the air upward in the center. As the air rises and cools, it flows downward on the periphery of the thermal. Thermals often separate from the ground and expand as they continue to rise upward into an area of lower air pressure. Some rise for thousands of feet. Static soarers fly slowly and must constantly maneuver and turn to stay in the upward moving air. Because air speed is low, they must have large, broad wings (low aspect ratio) that provide an adequate surface area to generate lift (Fig. 11-36B). Wing loading, which is the amount of weight supported by each unit of wing surface, is low. Separating the feathers at the tips of the wing increases air speed across the wing and reduces turbulence and drag (Tucker, 1993).

Although gulls, terns, and other sea birds engage in static soaring when air is deflected upward by a ship, a coastline, or even by a line of waves, they primarily are dynamic soarers. As the wind blows steadily across the surface of a large body of water, friction between the air and water causes a gradient in air speed. Speed is lowest at the water surface and increases up to about 15 m, where the speed becomes constant (Fig. 
11-36C). A dynamic soarer uses this differential. It glides steeply downward with the wind, banks and turns into the wind, and uses the momentum gained from its fall to start to climb. As it ascends, air speed and hence lift increase, which carries the bird upward. (Remember that lift is proportional to the square of the air speed.) Potential energy is converted to kinetic energy as the bird glides downward, and kinetic energy is converted back to potential energy as it soars upward. Dynamic soarers have long, narrow, and pointed wings (high aspect ratio; Fig. 11-36D). Wing loading is higher than for static soarers, but increased air speed compensates for the reduced lift generated by the relatively smaller wing area. The wing shape separates the tip vortices and reduces induced drag. Soaring conserves energy relative to powered flight, but some muscle effort is required to hold the wings in a protracted and extended position against the force of air currents, the wind, and the downward pull of gravity on the bird (Meyers, 1993).

SUMMARY


1.
The vertebral column of fishes need not resist large, vertical bending forces because fishes receive a great deal of support from the water. However, their vertebral column must allow lateral bending and also act as a compression strut that resists shortening of the body when longitudinal muscle fibers in their body wall contract.


2.
The teardrop or fusiform shape of fishes reduces pressure drag; the surface area of a fusiform fish, which causes some frictional drag, is not excessive relative to its mass.


3.
Most fishes propel themselves by waves of lateral undulations that thrust against the water. Myo-mere structure is well suited to generate the undulatory waves. Slowly contracting, oxidative (red) fibers in the myomeres are used during normal cruising; fast-contracting, glycolytic (white) fibers are used for short bursts of speed.


4.
Although fishes are supported to a large extent by the water they displace, their flesh is denser than water. Other factors also are needed to keep them afloat. The skeleton of cartilage that characterizes chondrichthyans, lipids stored in their livers, and the accumulation of urea and trimethylamine oxide in their tissues reduce their density somewhat. The ventrally flattened head of sharks, the wide pectoral fins set low on the body, and the action of the heterocercal tail can generate additional lift forces. The swim bladder of teleosts enables them to attain neutral buoyancy. Their caudal fin has become symmetrical externally, or homocercal.


5.
The median and paired fins of a fish provide stability against roll, pitch, and yaw and participate in maneuvering and braking.


6.
The trunk skeleton of terrestrial vertebrates must prevent body weight from collapsing internal organs when the animals rest on the ground. When they walk, the vertebral column resists vertical bending and transfers body weight to the girdles and appendages. Individual vertebrae are strong and firmly linked together.


7.
Biomechanically, the vertebral column of mammals resembles an archer’s or violin bow. The vertebral column cannot collapse as long as the bowstring (chiefly the sternum and ventral abdominal muscles) is intact.


8.
Weight is transferred from the trunk skeleton to the pelvic girdle by way of one or more sacral vertebrae and their ribs and to the pectoral girdle by a muscular sling that attaches to the ribs and scapula.


9.
Limbs transfer weight from the girdles to the ground. Because the limbs are jointed struts, muscle action is needed to stabilize the joints and prevent the limbs from collapsing, even when the animal is standing still. The amount of muscle action needed can be reduced by a vertical orientation of the limbs or by passive stay mechanisms that lock the joints in a fixed position.


10.
Terrestrial vertebrates walk by a succession of steps. One cycling of all the limbs constitutes one stride.


11.
The limbs of amphibians and most reptiles are splayed, so their humerus and femur move back and forth close to the horizontal plane, and their lower limbs move close to the vertical plane. Because a foot remains on the ground during the propulsive phase, the action of retractor and flexor muscles and the cranklike rotation of the humerus and femur advance the trunk. Lateral, sinusoidal curvatures of the trunk assist the limbs in locomotion.


12.
The limbs of mammals are more nearly under the body, so all segments of the limbs move close to the vertical plane. The limbs support the body more effectively in this position and swing through longer arcs.


13.
Homologous muscles are utilized in similar phases of a forelimb cycle in such diverse species as a lizard, opossum, and starling. Propulsive muscles become active near the end of the swing phase. Similarly, swing-phase muscles become active near the end of propulsion.


14.
Many appendicular muscles contain at least two types of muscle fibers. Slow-oxidative (red) fibers maintain posture and are used in normal movement; fast-glycolytic (white) fibers become active only at high speeds.


15.
The combination of feet on and off the ground during a stride is known as a gait. Amphibians and reptiles, which carry their bodies close to the ground, utilize very stable gaits in which successive triangles of feet support the body during most of the stride (e.g., a lateral-sequence, diagonalcouplet walk). Mammals also can walk slowly, but they carry their bodies well off the ground and can utilize less stable gaits with fewer feet on the ground when they move faster (pace, trot, gallop, half-bound).


16.
The velocity at which a tetrapod travels is the product of the stride frequency and stride length. Tetrapods increase speed first by oscillating their limbs more rapidly, which increases stride frequency. As speed increases, mammals shift to gaits that have fewer feet on the ground at one time, which increases stride length. Increasing stride length is less expensive in terms of energy consumption.


17.
In the course of evolution, the limbs of mammals have become adapted for power or speed by changing the relative length of the lever arms for the in-force and out-force.


18.
As limbs become adapted for higher speed, limb length increases and foot posture changes from plantigrade through digitigrade to unguligrade. The distal parts of the limbs, which contain less muscle mass, elongate more than do the proximal parts. This keeps most of the muscle mass of the limb proximally and reduces the amount of energy needed to oscillate the limb.


19.
Limbs with long feet have, in effect, another limb segment. This additional segment increases velocity because the total velocity of the limb equals the sum of the independent velocities of each segment.


20.
The ability to rotate the limb around its longitudinal axis is lost in many cursors. Forelimb bones fuse, and the distal parts of the ulna and tibia (except for the part supporting the ankle joint laterally) often are lost.


21.
Jumping, or saltatorial, tetrapods are characterized by strong, powerful, and long hind legs; shortened trunks; firmly articulated vertebrae; and short front legs. The adaptations of frogs and toads illustrate this pattern of locomotion.


22.
Parachuting vertebrates break a fall from a tree by flattening their bodies and spreading their limbs. Gliding vertebrates can spread broad membranes between front and hind limbs and travel a greater horizontal distance. Flying vertebrates have evolved wings and can sustain themselves in the air.


23.
The differential in air speed and pressure across a wing generates a lift that acts perpendicularly to the airstream. Lift can be resolved into a vertical effective lift, which opposes gravity, and an induced drag, which acts parallel to the airstream. Induced drag, together with frictional drag and pressure drag, resists a bird’s forward motion.


24.
The lift is proportional to the area of the wing, the square of the air speed, and the coefficient of lift. Increasing the angle of attack of the wing increases not only the coefficient of lift but also the likelihood of air separation. Slots, which are formed by raising the alula and separating feathers at the wingtip and along the trailing margin, increase lift and reduce air separation. Effective lift must equal the bird’s weight in level flight.


25.
In steady powered flight, a propulsive force that overcomes drag results from the downward and forward movement of the wings, especially the distal hand portion of the wing that acts as a propeller. During take off, an additional lift and forward thrust comes from the reaction on the bird of vortex rings of air that are shed from the wings and travel downward and backward.


26.
Many birds also soar. Static soarers fall in a rising air current. Adequate lift at low air speeds derives from broad wings that are highly slotted at the tip. Oceanic birds are dynamic soarers. They glide downward with the wind, turn into the wind, and use the momentum of their glide to start to ascend. The increasing air speeds they encounter as they rise over the ocean provide additional lift. They have long, narrow, and pointed wings.
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1When the foot is first placed on the ground, it has a slight braking effect because it lies anterior to the shoulder or hip joints, but the body is carried forward by other feet. As the body moves over the placed foot, the angle of the limb gives a propulsive thrust. All of these forces for all of the limbs must be coordinated.

Figure 11-1

A–C, Major swimming patterns among vertebrates. The parts of the body that generate the major propulsive thrust are shaded. (Modified from Webb.)
Figure 11-2

Forces on a fish. A, Frictional drag is low when the flow across the surface of the fish is smooth, or laminar. B, Frictional drag increases as the fish swims faster because the boundary layer thickens and begins to separate from the fish. Differential pressure over the body causes pressure drag. (A, Modified from Triantafyllou and Triantafyllou.)

Figure 11-3

A dorsal view of a swimming trout showing forces developed by the undulating trunk and tail and their forward and lateral components. (After Webb.)
Figure 11-4

Myomeres of a fish. A, A salmon (Salmo) in which myomeres have been removed in several regions to show the conelike extensions of adjacent myomeres. B, A surface view of the myomeres of a dogfish (Squalus), showing the direction of muscle fibers within the myomeres. C, A transverse section through the tail of a dogfish, showing overlapping myomere cones and the distribution of white and red fibers. (A, From Romer and Parsons, after Greene and Greene; B and C, from Walker and Homberger.)

Figure 11-5

Possible roles of the heterocercal tail of sharks in providing lift during swimming. A, The classic hypothesis. B, The Thomson-Simanek hypothesis. Diagrammatic cross sections through the tail on the right side show the resolution of the force developed by the thrust of the tail against the water.

Figure 11-6

A lateral view of a teleost showing the location of the swim bladder in the dorsal part of the body cavity.
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Actions of a Dorsal Fin

Jayne et al. (1996) examined experimentally the function of the flexible portion of the dorsal fin of the bluegill sunfish (Lepomis macrochirus) during steady swimming and during the fast propulsive kick-and-glide and C-start modes (a C-start is one in which the trunk and tail of the fish are strongly flexed into a C-shape just before propulsion). They also examined dorsal fin action during braking. Flexible rays, to the bases of which small dorsal inclinator muscles attach, support the flexible portion of the dorsal fin (Fig. A). Jayne et al. implanted electrodes into these muscles and into the adjacent myotomal muscles responsible for trunk undulations to determine when they were active. This information was correlated with trunk and fin movements as seen in high-speed video pictures. During the various types of swimming, the dorsal inclinator muscles contract mainly on the side of the body that is being swept laterally by myotomal action. Myotomes and dorsal inclinator muscles contract on the same side of the body, which is consistent with the hypothesis that the dorsal inclinator muscles stiffen the dorsal fin and oppose its tendency to bend in a direction opposite from that in which the body and fin are moving. The activity of the dorsal inclinator muscles was sufficient to resist dorsal-fin bending during steady swimming but not during the fast, propulsive starts. During braking, the dorsal inclinator muscles are most active and stiffened the fin on the side opposite to myotomal activity, which is consistent with a hypothesis that the dorsal fin contributes to the drag needed to brake. The dorsal fin clearly participates actively during swimming and is not just a passive stabilizer.A. A lateral view of a bluegill sunfish, Lepomis macrochirus (left), and a vertical section through the flexible part of the dorsal fin (right).
Figure 11-7

Limb positions of tetrapods. A, A salamander resting on the ground. B, A salamander walking with splayed limbs. C, A wolf walking with limbs drawn under the body. D, A bipedal dinosaur standing with hind limbs under the body.

Figure 11-8

A sagittal section through several lumbar vertebrae of a mammal showing intervertebral disks and some of the ligaments that unite the vertebrae. Anterior is toward the left. The arrows show the distribution of forces from an extension of the spine. (After Williams et al.)
Figure 11-9

Diagrams of the biomechanics of the mammalian trunk skeleton. A, A cat, in which the trunk vertebrae form a bow analogous to an archer’s bow. B, A horse, in which the trunk vertebrae form a bow analogous to a violin bow. (A, After Slijper; B, after Wake.)

Figure 11-10

Biomechanics of the neural spine. A, When two or more muscles pull on the neural spine, its inclination is along a line formed by the resultant of the forces. B and C, The neural spine is a lever arm for muscles attaching to it. An increase in its length when a heavy head is supported by the splenius (C) increases the torque generated by the lever system.
Figure 11-11

A cranial view of a transverse section through a cat, showing muscular connections between the axial skeleton and the pectoral girdle and appendage. (From Walker and Homberger.)

Figure 11-12

A posterior view of the left knee (stifle) joint of a horse showing the ligaments that prevent hyperextension of the crus. The articular capsule has been removed. (After Getty.)

Figure 11-13

A lateral view of the pelvis and hind leg of a horse showing the stay mechanism that locks the femur and the tibia in a fixed position when the animal is at rest. Anterior is toward the left. Dashed lines show the parts of the locking parallelogram, and its four angles are shown by small, open circles. (Modified from Getty.)
Figure 11-14

The movements of the forelimb and pectoral girdle of a lizard, Varanus exanthematicus, at the beginning (right) and end (left) of the propulsive phase of a step. The position of the limb when the foot is first placed on the ground is shown by a darker shade of color. Note that the foot remains in the same position as the body advances. A, Lateral view. B, Dorsal view. (After Jenkins and Goslow.)

Figure 11-15

Dorsal views of the movements of the hind limb and pelvic girdle of the lizard, Iguana, at the beginning (A), middle (B), and end (C) of the propulsive phase of a step. The arrow shows the direction of movement. (After Brinkman.)

Figure 11-16

The effect of rotation of the humerus or femur on the lower leg in early tetrapods.
Figure 11-17

The movements of the forelimb and pectoral girdle of the Virginia opossum, Didelphis, at the beginning (upper figure) and end (lower figure) of the propulsive phase of a step. A, Dorsal view. 
B, Lateral view. The position of the limb when the foot is first placed on the ground is shown in a darker shade of color. The figure shows the limb retraction during the propulsive phase of a step, but in a walking animal, the foot retains its position on the ground and the body advances (e.g., Fig. 11-14). (After Jenkins and Weijs.)

Figure 11-18

The positions of the hind limb segments and pelvic girdle of the opossum, Didelphis, are shown at three points during the propulsive stage of a step. A, Dorsal view. B, Lateral view. (After Jenkins.)

Table 11-1
Arm Muscles
Shoulder Muscles
Vent.
Dors.
Vent.
Dors.
Dors.
Muscle Fiber Activity

Examples of the activity of selected shoulder and arm muscles belonging to both dorsal and ventral appendicular groups in a lizard (Varanus), a mammal (Didelphis, or dog, Canis), and a bird (Sturnus) are shown. The periods of electrical activity in the muscles are shown by the placement and length of the horizontal lines. (After Dial et al.)


Propulsion
Swing


(Downstroke)
(Upstroke)


Varanus
Deltoideus (scapular)
Didelphis

Sturnus

Varanus
Subscapularis
Didelphis

Sturnus

Varanus
Pectoralis
Didelphis

Sturnus

Varanus
Triceps (humeral)
Didelphis

Sturnus

Varanus
Biceps brachii
Canis

Sturnus
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Muscle Fiber–Type Recruitment in a Step Cycle

Many of the appendicular muscles of tetrapods are composed of mixtures of two or three physiological types of striated muscle fibers. In mammals, slow-oxidative (red) fibers  maintain posture and are active in slower movements that continue over long periods of time. Fast-oxidative glycolytic (pink) fibers  join the slow-oxidative fibers as speed increases. Fast-glycolytic (white) fibers  become active only at high speeds. Because these are glycolytic fibers, high speed cannot be sustained for long periods of time.

These generalizations apply to ectothermic vertebrates as well, but the muscles of ectotherms must function over a wide range of body temperatures, which poses physiological problems because muscles tend to contract more slowly at lower temperatures, but lizards can run at the same speed at different temperatures. What physiological adaptations do lizards make that allow them to do this? Jayne et al. (1990) have studied this problem in Varanus exanthematicus using quantitative electromyography. They selected a thigh muscle to study, the iliofibularis, because red and white fibers are localized in different parts of the muscle. They found that red muscle fibers were active at all speeds studied but that the intensity of red-muscle activity generally increased with speed to a certain maximum. The speed at which maximum red muscle activity was attained was less at 25C than at 35C. However, for a given speed, the amplitude of the electromyograms was greater at the lower temperature. The faster white muscle fibers, as one would expect, are recruited only above some threshold speed, and the threshold was less at lower temperatures. Thus, lizards compensate for lower temperature by an increased amplitude of activity in the red fibers and by their ability to recruit more white fibers at lower temperatures.
Figure 11-19

A, Drawings from cinephotographs showing limb movements and foot placements during one stride of a turtle. The stride begins with the placement of the left hind foot. Arrows indicate the feet that are off the ground and moving forward for the next placement. Lines connect feet on the ground. Notice that the animal’s center of gravity falls within the triangles of supporting feet during most of the stride. B, A gait diagram of the stride shown in A. The horizontal lines indicate the period each foot is on the ground. Numbers indicate the lag in foot placement as a percent of the stride. (After Walker, 1971.)

Figure 11-20

Some mammalian gaits as seen in a horse (A–D) and rabbit (E). Horizontal lines below the figures show the duration of placement of each foot. The placement and removal of the feet from the ground also can be seen in the figures above the horizontal lines, but each figure represents just one point in one of the horizontal lines. (After Gambaryan.)
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Energy Costs of Locomotion

Much energy is stored during locomotion as elastic energy by stretching the tendons and other elastic components of muscles. The contraction of one group of muscles stretches their antagonists (Chapter 10). Sometimes the rise and fall of the body significantly stretches tendons. For example, when the weight of a mammal bears down on a hind foot just placed on the ground, the long calcaneus tendon and others behind the heel and toes are stretched and store elastic energy. The elastic recoil of the tendons and muscles recovers most of this elastic energy and helps raise and advance the animal in the next step cycle (Fig. A).

Although recycling energy is very important, muscles must still contract. The energetic cost of muscle contraction is determined primarily by the energy expended to activate the contractile machinery. Calcium must be pumped into the sarcoplasmic reticulum, and cross bridges between actin and myosin myofilaments must be established and broken. Heglund and Taylor (1988) showed that these costs increase much more rapidly with an increase in stride frequency than with an increase in stride length (change of gaits). They studied the energetic costs of locomotion in 16 mammals ranging in size from a mouse to a horse. To compare animals of such different sizes that travel at very different absolute speeds, they developed the concept of equivalent speeds. They compared the preferred trotting speed (as selected by the animal), the speed at the trot–gallop transition, and the preferred galloping speed. They found that the energy cost per gram of animal per stride was not dependent on size; it was the same for a mouse and a horse. But the energy cost did increase as speed increased and the animals changed gaits: 5.0 J/kg per stride at the preferred trotting speed to 7.5 J/kg per stride at the preferred galloping speed. This is a 1.5-fold increase. Small animals, however, with their short legs, had much higher stride frequencies at equivalent speeds. At the trot–gallop transition, a mouse takes six times as many strides as a horse. Because it must cycle its limbs so rapidly, a mouse consumed energy on a per-gram basis at six times the rate of a horse at equivalent speeds.A. Diagrams of the foot of a horse when the weight of the body bears down upon it (left and center) and stretches the calcaneous tendon (orange). The stored elastic energy is released and helps to lift the body as weight on the foot decreases (right).

Figure 11-21

Some limbs are adapted by evolutionary forces to maximize speed or power by changes in the relative length of their in-lever and out-lever arms. A horse’s (Equus) pectoral girdle and appendage (A) are adapted for high velocity; those of an armadillo, Dasypus (B), are designed for power. The limbs have been drawn to the same size for easy comparison of the lengths of the lever arms. (After Smith and Savage.)

Figure 11-22

Limb types and foot postures of mammals. The femur of each species has been drawn to the same size to emphasize changes in proportions of the distal parts of the limbs. The plantigrade foot (A) is that of a powerful digger, the armadillo (Dasypus); the digitigrade foot (B) is that of a good runner, the coyote (Canis latrans); the unguligrade foot (C) is that of the extremely swift pronghorn (Antilocapra). (After Vaughan.)

Figure 11-23

Front views of the right hind foot of representative ungulates showing the differences in toe reduction between mesaxonic perissodactyls (A and B) and paraxonic artiodactyls (C and D). For ease of comparison, homologous tarsal and metatarsal elements are in the same color. A, A rhinoceros, Rhinoceros. B, A modern horse, Equus. C, A pig, Sus. D, A cow, Bovis.

Figure 11-24

Rotation of the scapula and pectoral limb segments during locomotion of the cat. The total velocity of the distal end of the limb is the summation of the independent velocities of the individual rotating segments.
Figure 11-25

Lateral views of the bones of the forearm (A) and shin (B) of an early horse, †Hyracotherium, and modern horse, Equus.

Figure 11-26

Dorsoventral flexion and extension of the vertebral column adds greatly to stride length of the cheetah (A) but not to that of a horse (B). (After Hildebrand.)

Figure 11-27

Adaptations of a frog for jumping. A, Movements of the pelvis at the sacroiliac joint during a leap. B, A dorsal view of the skeleton. (After Walker, 1981.)
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Metabolic Costs of Amphibian Saltation

Walton and Anderson (1988) and Anderson et al. (1991) have studied the energetic cost of locomotion in Fowler’s toad (Bufo woodhousii fowleri) on a treadmill. The gait of these toads combines walking and hopping, with hops becoming more frequent as speed increases. In most terrestrial vertebrates, the energetic cost of locomotion (as measured by oxygen consumption) increases linearly with speeds up to a maximum that can be sustained by aerobic respiration. Speed may increase further, but this speed cannot be sustained. Toads are an exception. Oxygen consumption reaches a maximum at a speed of 0.27 km/h, but toads can sustain speeds nearly twice as fast, up to 0.45 km/h, without additional oxygen consumption. Because the anatomy of toads makes it unlikely that they can store much elastic energy in their muscles and tendons, they must either have the ability to sustain anaerobic metabolism for a prolonged time, or the switch from walking to hopping at higher speeds conserves energy. No evidence shows that toads switch to anaerobic respiration at higher speeds because the amount of phosphocreatine (an energy reserve) in their muscles does not decrease, and lactic acid (a metabolic by-product of anaerobic respiration) does not accumulate. As would be expected, the metabolic cost of a single hop is more than for a single walking stride. However, a toad covers a far greater distance in a single hop than in a single walking stride, and this more than compensates for the greater cost of a hop. The metabolic cost to cover a given distance is 1.9-fold as much for walking as for hopping. By shifting to hopping at higher speeds, toads can go faster with no more energy consumption. This situation is analogous to many mammals changing gaits from a walk, to a trot, to a gallop as speed increases.

Figure 11-28

Two gliding vertebrates. A, The gliding lizard, Draco volans. B, A flying squirrel, Glaucomys volans.
Figure 11-29

The anatomy of a pigeon’s wing. A, A view of the feathered dorsal surface. B, The skin membranes (patagia) into which remiges insert show after the removal of the coverts, and the locations of skeletal elements within them are indicated. (After Proctor, Peterson, and Lynch.)

Figure 11-30

Aerodynamics of a wing. A, The greater velocity of the air flow above the wing (Vd) relative to that beneath the wing (Vv) reduces the air pressure above the wing relative to that beneath the wing. Local air circulation (Vl) around the wing increases this differential. B, The local air circulation is shed at the wingtips as tip vortices. C, The reduced pressure above the wing generates a lift that is perpendicular to the airstream. This force can be resolved into an effective lift, which opposes the pull of gravity, and into an induced drag, which opposes the forward movement of the bird. Birds also have pressure and frictional drag on the body.
Figure 11-31

A, The elevation of the front of the wing above the plane of the airstream (the angle of attack) increases lift but also causes a separation of the air from the upper wing surface, which can cause stall. B, The formation of a slot by the alula at the front of the wing increases the velocity of the air flow above the wing and prevents separation.

Figure 11-32

A, Level powered flight in a bird. B, Vorticity of shed vortex rings contributes to lift during takeoff. 
(B, After Rayner.)
Figure 11-33

Wing, girdle, and sternal movements in a wing-beat cycle of a starling as seen in dorsal (top row) and lateral (bottom row) views. The figures should be read from right to left. A, Upstroke–downstroke transition. B, Mid-downstroke. C, End of downstroke. D, Mid-upstroke. (After Jenkins et al.)

Figure 11-34

Automated extension (A) and flexion (B) of the hand. Forces transmitted passively by certain forearm muscles that cross both the elbow and wrist joints lead to the extension or flexion of the hand when brachial muscles contract and extend or flex the forearm. The diagrams below the wing drawings illustrate an older parallel rule hypothesis for automated movements of the hand. (After Vazquez.)
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Muscle Activity During a Wing Cycle

As an illustration of functional anatomy in Chapter 1, we discussed briefly an analysis of electromyographic activity of starling flight muscles made by Dial et al. (1991). We return to this study now in more detail. Important muscles involved are shown in Figure 1-1. The pectoralis is divided into two parts: sternobrachialis (SB) and thoracobrachialis (TB). Figure 1-2 is a diagram of muscle activity during a complete wing cycle, which lasts, on average, 72 ms. The average duration of electromyographic activity of the muscles is shown by the wide portion of the bars for each muscle. Lines extending beyond the wide portion are the standard deviations. The duration bars for downstroke muscles are black in the diagram, upstroke ones are green, and transitional ones are not filled in. Notice that downstroke muscle activity begins in the late upstroke as the upward movement of the wing is slowed. Many muscles contribute to the downstroke. The scapulohumeralis caudalis becomes active during the downstroke–upstroke transition. The supracoracoideus, the major upstroke muscle, becomes active late in the downstroke, decelerating the wing. The pectoralis (on the upstroke) and the supracoracoideus (on the downstroke) are doing negative work for they become active while their antagonists are stretching them. This probably stores elastic energy that is released when they begin to shorten.

Dial (1992) has extended this research to different modes of flight in pigeons (takeoff, ascending, level flight). Gatesy and Dial (1993) also have studied tail-muscle activity, and Dial and Biewener (1993) have calculated the power output of the pectoralis during different modes of flight.
Figure 11-35

A transverse section through the shoulder and sternum of a bird, showing the arrangement of two major muscles that move the wing down (the pectoralis) and up (the supracoracoideus). (After Storer.)

Figure 11-36

Static soarers (A and B) rely on rising air currents and have relatively short and broad wings (a low aspect ratio). The wing tips are slotted. Dynamic soarers (C and D) utilize the vertical differential in air speed over large bodies of water and have relatively long and narrow wings (a high aspect ratio). The wing tips are not slotted. (A and C, After Dorit et al.)
