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The Digestive System: 
Oral Cavity and Feeding Mechanisms

PRÉCIS

We examine how animals obtain the raw materials that they need to sustain life and utilize them in their metabolism in Part IV. Acquiring food for energy to drive metabolism and other physiological processes is central to the survival of the individual. Competition for food resources is often intense in the animal’s natural surroundings. Increased efficiency in acquiring and processing of food is at a premium in natural selection. Many adaptations in the feeding mechanisms of vertebrates are correlated with their relative efficiency in competitive interactions. Many animals are predacious. Other factors, such as elusiveness and numerous defense strategies of the prey, also may have played a role in the evolution of various adaptive features in the vertebrate feeding apparatus.
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For most vertebrates, metabolic rate and all life processes depend on regular ingestion of food items, which in many cases must be mechanically broken down in the oral cavity prior to chemical digestion. Thus, food is taken into the mouth (ingestion), processed (mastication), and then swallowed (deglutition). Chewing, or mastication, serves two functions: (1) food or prey items are mechanically broken down to a condition suitable for swallowing and (2) the resulting increase in surface area of the masticated food facilitates the penetration of digestive enzymes and so increases the rate of chemical breakdown. Foods with resistant cell walls, such as leaves, stems, and grasses, require extensive mechanical maceration for the digestive enzymes to be effective. Vertebrates have evolved many different designs with which a vast array of food resources is exploited. In this chapter, we provide a brief review of the functional design of the feeding apparatus of aquatic and terrestrial feeding within an evolutionary perspective.

The Development 
of the Digestive Tract

Most of the digestive tract develops from the embryonic archenteron (Gr., arche 5 beginning 1 enteron 5 gut), which is continuous in many vertebrates with a yolk sac (Fig. 16-1A). The endoderm of the archenteron forms only the lining of the digestive tract and its various derivatives. These derivatives are the lining of the respiratory passages, which evaginate near the front of the archenteron, and the secretory cells of the liver, pancreas, and other glandular outgrowths of the archenteron. Connective tissues and muscles in the walls of those organs located in the body cavity, and the coelomic epithelium covering them, develop from the adjacent splanchnic layer of the lateral plate mesoderm. In the head and branchial region, the muscles are of somitic and somitomeric origin, and the connective tissue comes from neural crest cells, as do the visceral arches (Chapter 4). At first, the archenteron has a broad connection with the yolk sac, but the formation of head and tail folds and lateral body folds gradually separates the embryo from the yolk sac. The archenteron becomes differentiated into a foregut, extending toward the head; a hindgut, extending toward the tail; and a midgut, which remains connected to the yolk sac.

As the embryo continues to take shape and separate from the underlying yolk mass, the digestive tract becomes tubular and lengthens (Fig. 16-1B). The pharynx differentiates from the anterior part of the archenteron. A series of lateral diverticula from the pharynx become the pharyngeal pouches. The first of these form the spiracle (fishes) or the auditory tube and middle ear cavity of a tetrapod that has these structures (Chapter 4). Epithelial buds from certain pouches form the parathyroid gland and thymus. The thyroid gland is an evagination from the rostral part of the pharynx floor; the lungs and respiratory passages are evaginations from the caudal part of the floor. We discussed these glandular derivatives in Chapter 15. We return to the respiratory derivatives in Chapter 18. An esophagus connects the pharynx with the developing stomach, and the intestine follows the stomach. The liver develops as a ventral evagination of the archenteron just caudal to the stomach and heart, and the pancreas develops from one or more outgrowths with or near the liver evagination. A urinary bladder grows out from the floor of the hindgut in most tetrapods. In amniote embryos, this diverticulum enlarges as the allantois, one of the extraembryonic membranes (Chapter 4).

An ectodermal pocket, the stomodaeum (Gr., stoma 5 mouth 1 hodaion 5 way), invaginates at the front of the embryo and extends toward the archenteron. It forms the oral, or buccal, cavity. When the oral plate between the stomodaeum and the archenteron breaks down, the oral cavity and pharynx become continuous. A similar ectodermal proctodaeum (Gr., proktos 5 anus) invaginates at the caudal end of the embryo. It is separated from the archenteron for a short period by the cloacal membrane. When this breaks down, the proctodaeum and caudal end of the archenteron form a chamber called the cloaca (L., cloaca 5 sewer), which receives the terminations of the digestive, urinary, and reproductive tracts.

The Mouth and Oral Cavity

The mouth opening and the oral, or buccal, cavity are variable parts of the digestive tract because vertebrates gather and ingest many kinds of food in numerous ways. Even the position of the mouth opening is not the same (Fig. 16-2). The mouth opening of a jawless hagfish or lamprey develops near the caudal end of the stomodaeum. In most jawed fishes, the mouth opening develops at a level between the hypophyseal sac and the pair of embryonic nasal placodes. Both the entrance and the exit from each nasal sac thus come to lie rostral to the mouth opening. In choanate fishes and tetrapods, the mouth opening is at the level of the nasal placodes. An external nostril leading into each nasal sac lies rostral to the mouth, and an internal nostril from each sac lies within the oral cavity.

Basic Modes of Feeding

A brief discussion of feeding methods will provide perspective because oral structures are adapted to the way food is gathered. (Additional aspects of feeding will be examined with the teeth, jaws, and tongue.) The urochordates, the cephalochordates, and the ammocoetes larva of the lamprey are jawless suspension-, or filter-, feeders. Some combination of ciliary currents, the movement of paired velar flaps at the entrance to the pharynx, and an alternate expansion and contraction of the buccopharyngeal cavity moves a current of water through the mouth and pharynx. Suspended food particles in the water are entrapped by mucus and carried back into the esophagus. Methods of entrapment vary. In the ammocoetes larva mucus is secreted by goblet cells in the laterally placed pharyngeal pouches, which contain the gills. Tributary strands of mucus from each pouch move into the pharynx lumen and unite to form a longitudinal mucous cord to which food particles adhere. This cord is carried caudally by ciliary action. The endostyle in the floor of the pharynx is not the source of the mucus, as formerly believed, but may contribute digestive enzymes. The first vertebrates lacked jaws, but their increased activity in comparison with urochordates and cephalochordates, and their better developed sensory apparatus, may have allowed them to be predators of small, soft-bodied animals. Some early jawless fishes had bony plates bearing denticles on the borders of their mouths. These denticles may represent the evolutionary beginning of teeth.

The evolution of teeth and jaws enabled vertebrates to feed in other ways, grasping and chewing larger prey. Most fishes are suction-feeders and capture prey by drawing the water with the prey into the mouth cavity. However, some fishes are ram-feeders that simply overtake the prey with their mouths wide open. Many primitive terrestrial vertebrates transport food within the mouth by rapidly advancing the head relative to the food, the inertia of which keeps the food stationary. Gans (1969) has called this inertial-feeding, for the inertia of the food carries it back during a succession of rapid forward darts of the head. Other terrestrial vertebrates use their tongues to transport food to the back of the mouth. Most vertebrates swallow their food whole or in large pieces, but most mammals and some reptiles chew, or masticate, their food.

Although vertebrates feed in many ways, suspension-feeding is particularly efficient in habitats where large quantities of relatively small food organisms are available. Many jawed vertebrates from fishes to mammals have re-evolved adaptations for this mode of life. Many convergences occur. All suspension-feeders are aquatic, or at least feed in the water. They must filter a large volume of water to obtain enough food. Suction-feeding or ram-feeding usually ingests the food. Teeth are reduced or lost, and some type of filtering device traps food. Among the jawed suspension-feeders are the basking sharks, manta rays, herring, tadpoles, ducks, flamingos, and the enormous baleen whales. (See Sanderson and Wassersug, 1990, for a review of this topic.)

Teeth

Living jawless vertebrates lack bony teeth, but horny (keratinous) cones called teeth are associated with the mouth and tongue of adult hagfishes and lampreys. Enamel-like proteins have been demonstrated in the horny teeth of hagfishes. Horny teeth are part of the lamprey’s highly specialized method of feeding, in which the animal clings to its prey, rasps its flesh, and sucks the blood and other body fluids.

True teeth evolved along with jaws and are present in some part of the oral cavity of gnathostomes, unless they have been secondarily lost. A representative adult tooth is composed of bonelike dentine covered on the exposed surface by a layer of hard enamel (Fig. 16-3A). The structure of these materials is similar to that in bony scales (Chapter 6). The blood vessels and nerves that maintain the tooth enter its base and lie in the pulp cavity. The entrance into the pulp cavity is wide during tooth development and growth but becomes relatively narrow in a mature tooth. The part of the tooth above the gum and subject to wear is its crown; that embedded in the gum and sometimes in the jaw is its root.
The development of the dentine and enamel of teeth is the same as their development in bony scales. Indeed, teeth most likely evolved from the denticular parts of scales (Fig. 6-6A) as jaws began to form. The first indication of tooth formation in the embryo is the growth into the gum of a longitudinal ridge of epithelial cells called the dental lamina (Fig. 16-3B). Underlying dental papillae push into the dental lamina and interact with the epidermal cells to form a series of tooth germs. The mesenchyme within these papillae is of neural crest origin. The dental lamina soon atrophies, but tooth germs remain in the jaws throughout the life of most vertebrates and during the embryonic period of mammals. The individual teeth develop from tooth buds, which are derived secondarily from the tooth germs (Fig. 16-3C). The portion of the tooth bud derived from the epidermal dental lamina forms a cap-shaped enamel organ that overlies the dental papilla. The central cells of the enamel organ secrete glycoproteins into the intercellular spaces and separate to form a diffuse reticulum of star-shaped cells, but the surface of the enamel organ remains epithelial in nature. The inner layer of the epithelium differentiates as column-shaped ameloblasts, which lay down enamel. The adjacent cells of the dental papilla form columnar odontoblasts, which produce the dentine.

In fishes, teeth may be distributed throughout the oral cavity and pharynx—on the jaws, palate, tongue, and some of the branchial arches. Tetrapod teeth usually are limited to the jaw margins and sometimes the palate. They are attached to underlying structures by connective tissue fibers that form a periodontal ligament and sometimes also by cement. Cement is an acellular and avascular type of bone. As can be seen in Figure 16-4, the root is frequently attached loosely to the top or side of the jaw margin. A superficial attachment to the jaw is called acrodont or pleurodont. Acrodont teeth differ from pleurodont teeth primarily in being attached to the top or inside edge of the jaw rather than to the outside edge and in having a more limited replacement. Teeth also may be set within deep sockets in the jaw, an attachment termed thecodont (Gr., theke 5 case), which enables the teeth to withstand strong forces. The thecodont teeth of the therapsid ancestors of mammals and of mammals, together with many other changes in oral structures, are associated with the evolution of increased activity. More food must be ingested, and it must be processed more rapidly. Food is therefore masticated to increase the surface area available for the action of the digestive enzymes.

In most vertebrates, new teeth can develop from the retained tooth germs throughout the animal’s life as older teeth fall out or wear out. Such vertebrates are described as polyphyodont (Gr., polyphyes 5 manifold 1 odont 5 tooth). A new tooth begins to form before an old one is lost. As the new tooth matures, the root of the old one is reabsorbed. The tooth loosens and eventually falls out. Loss and replacement are not random processes but follow a complex cycle. Waves of activation inducing new tooth formation travel slowly along the jaws from anterior to posterior. Successive waves of replacement, and sometimes overlapping waves, follow each other closely. Thus, at any one time, areas exist where old teeth have been lost, where newly formed ones are just coming in, and where fully formed teeth are present. Empty sockets tend to be flanked by fully formed or newly erupted teeth. The mechanism ensures that half or more of the teeth are always functional. Not all vertebrates are polyphyodont. Most mammals are diphyodont and have only two sets of teeth: milk (or deciduous) and permanent. The toothed whales are monophyodont and have only a single set.

Although tooth size may vary, all the teeth of most fishes and most amphibians and reptiles have a similar shape, a condition termed homodont. The shape depends on how the teeth are used (Fig. 16-5). In most fishes and early tetrapods, they are simple cones, for they function primarily to prevent caught prey from escaping. Shark teeth are often triangular, with sharp and sometimes serrated edges. Sharks pierce and cut up the organisms on which they prey into large chunks. Piecing and cutting compliant materials, such as flesh, pose unique physical problems different from those that apply to cutting a noncompliant material, such as a piece of wood (Frazzetta, 1988). Frazzetta finds that smooth teeth are particularly well suited for piercing and that serrated teeth have a greater cutting efficiency. Fishes and few tetrapods that feed on shellfish and plants have flattened teeth that may fuse to form crushing tooth plates. Snakes that prey on small mammals that are capable of biting back have evolved methods of prey immobilization. One method utilizes large grooved or hollow teeth—fangs—to inject the victim with a poison secreted by modified salivary glands.

Teeth have been reduced or lost where they have no value to a species’ method of feeding. Frog tadpoles feed primarily on plant material. Instead of teeth, a tadpole has horny papillae, called labial teeth, around the mouth opening that help it cling to plants. Small bits of plant food are scraped up by horny beaks at the front of the jaws and filtered from the respiratory current within the buccopharyngeal cavity. Carnivorous larval salamanders, in contrast, are suction-feeders and have small teeth to hold their prey. Many adult terrestrial frogs and salamanders lack true teeth on the jaw margins. Insect prey is caught by a flick of the tongue and held in the mouth by palatal teeth. A horny sheath on the jaw margins replaces teeth in turtles and present-day birds.

The ingestion and mastication of food by mammals have been accompanied by the evolution of teeth specialized for different functions. Such a dentition with teeth that differ in shape is said to be heterodont (Fig. 16-6). Primitive placental mammals have three small incisor teeth (abbreviated I) at the rostral end of each side of the upper and lower jaws. These are followed by a single canine (C), four premolars (P), and three molars (M). The number of each type of tooth can be expressed as a dental formula in which the numerator indicates the number on each side of the upper jaw and the denominator, the number in a lower jaw: I 3/3, C 1/1, P 4/4, M 3/3. The number tends to be reduced in more advanced placentals. The dental formula for humans is I 2/2, C 1/1, P 2/2, M 3/3. Marsupials and extinct groups of early mammals are characterized by different dental formulas. For example, the maximum number of teeth that a marsupial possesses is I 5/4, C 1/1, P 2/2, M 4/4.

In most mammals, teeth begin to emerge as the suckling period ends. As the jaw grows larger, deciduous incisors, canines, and premolars emerge. As the jaws continue to grow, these teeth are replaced by larger, permanent ones. The good occlusion that is needed for mastication is maintained. Later in life, the molar teeth erupt in sequence, in the human case at approximately 6 (M1), 12 (M2), and 18 (M3, the “wisdom teeth”) years of age. The molars are not replaced, for final jaw length is attained by the time the last one erupts. Precise occlusion and limited tooth replacement are among the diagnostic features or synapomorphies for mammals.

The configurations of particular teeth are adapted to their use. Incisors are typically small, spade-shaped teeth used for cutting, cropping, and picking up food. Rodents have only two pairs (in contrast to the human four pairs) of incisors that are greatly enlarged and specialized for gnawing plant food. The pulp cavity of each one remains open, and the tooth grows throughout life at the same rate that it wears away at the tip. Enamel is limited to the front surface and forms a sharp cutting edge as the softer dentine behind it wears away more rapidly. The tusks of elephants and spiraled tusks of narwhals are examples of highly modified incisors.

Canines usually are large, conical teeth used in seizing, piercing, and killing prey. They are particularly large in carnivores (Fig. 16-6). The canines of some male pigs are modified as defensive tusks. The crowns of human canine teeth resemble and function as incisors, but the roots are canine-like and much larger than those of incisors.

Primitively, the premolars are puncturing teeth, and the molars have a combined cutting and crushing action. These teeth, collectively called the cheek teeth, are the most complex and variable. Except for the first premolar, each has two or more roots, and the crown bears a complex pattern of conical cusps connected by sharp crests. The molars of the earliest known mammals (the late Triassic †morgonucodontians) had one large, central cusp flanked by a pair of smaller ones (Fig 16-7A). At first, these cusps were in a linear sequence, but in the more derived early mammals close to the ancestry of therians (the †symmetrodonts), the cusps had shifted to form a triangle with the primary cusp at the apex (Fig. 16-7B). The apex of the upper molar was directed lingually; that of the lower molar turned labially. The teeth were spaced such that a lower molar fit between two upper ones, and their crests formed good shearing surfaces as the teeth slid past each other (Fig. 16-7C). The triangular configuration, called a trigon in the upper molar and a trigonid in the lower one, increased the number of shearing facets compared with the more primitive, linear arrangement and thus made for more efficient mastication.

An additional cone, the protocone, evolved on the lingual apex of the upper molar in the ancestors of marsupials and placental mammals. Two of the original three cusps remained near the base of the trigon as the paracone (rostrally) and metacone (caudally; Fig. 16-7D). Small accessory cones may be present. The original three cusps of the lower molar remained as the protoconid, paraconid, and metaconid; a low heel, known as the talonid, evolved from a ridge on the caudal border of the trigonid. The central part of the talonid formed a shallow basin that was flanked by small cusps: an entoconid on the lingual side, an ectoconid on the labial side. During tooth occlusion, the protocone of the upper molar fell on the talonid basin, thereby providing some crushing action that supplemented the shearing action as the crests of the trigon and trigonid slid past each other. These types of molars, which are called tribosphenic, occur in all marsupial and placental mammals. Tribosphenic molars in their original form still occur in primitive insectivorous placentals but become modified in many derived taxa as diets changed.

The shearing action of the cheek teeth is accentuated in carnivores (Fig. 16-6). In recent species of the Carnivora (e.g., cats and dogs), the fourth upper premolar and the first lower molar are specialized as cutting carnassials (L., carnis 5 flesh). The cusps of the fourth upper premolar are linearly arranged and form a good shearing face on the lingual side of the tooth. This upper shearing face crosses the shearing ridge on the labial side of the lower molar, which is formed by the paraconid and metaconid. The protoconid and talonid are reduced in most carnivores and have been lost in cats. Postcarnassial teeth may be reduced or lost.

The crushing action of the molars is greater in omnivores and herbivores. A hypocone evolves on the caudolingual corner of the upper molar beside the protocone. This converts the trigonid into a square-shaped tooth (Fig. 16-8, left side). The lower molar also becomes squared by the loss of the paraconid and the elevation of the talonid to the height of the rest of the trigonid (Fig. 16-8, right side). The cusps of both upper and lower molars become round hillocks rather than sharp cones. Crushing and grinding surfaces are thus formed. Humans, pigs, and primitive herbivores have bunodont molars of this type. The overall height of the tooth does not increase, and the tooth is described as low crowned (Fig. 16-9C).

The four cusps of the bunodont molar, originally separate, and certain accessory cusps fuse to form ridges, or lophs, in more specialized herbivores. Lophodont molars of this type occur among perissodactyls, elephants, and rodents (Fig. 16-9A). In artiodactyls, the original four cusps remain independent but become elongated rostrocaudally to become crescent shaped. This is a selenodont molar (Fig. 16-9B). Lophodont and selenodont teeth are functionally identical. Frequently, many of the premolars in these groups of mammals become molarized and assume the structure of molars. Sometimes premolars and molars can be distinguished only by their pattern of embryonic development. (Recall that deciduous premolars are replaced by permanent ones; molars are not replaced.) The cheek teeth of species that feed on gritty grasses or other abrasive plant food are subject to considerable wear. Adaptations for this are an increase in the height of the ridges or crescent-shaped cusps and a migration of cement from the root over the surface of the tooth and into the valleys between the ridges and cusps. This is a high-crowned, or hypsodont, molar (Fig. 16-9C). The tooth becomes more resistant to wear, and more tooth is available to wear away. As the ridges wear away, alternating layers of cement, enamel, and dentine are exposed. Because these materials have different degrees of hardness, enamel being the hardest and dentine the softest, differential wear occurs. Sharp ridges of enamel become flanked on one side by cement and on the other by dentine.

The Feeding Mechanisms 
of Vertebrates

The study of feeding mechanisms in vertebrates has undergone great progress because of the introduction of high-speed video to determine bone movements, simultaneous electromyographic recording of muscle activity, and the use of strain gauges to permit accurate determination of deformation. These new experimental approaches have yielded a more comprehensive understanding of not only the precise functions of structural systems but also the transformations of the skull and associated muscles during vertebrate evolution. Here we will discuss the vertebrate head from a functional perspective.

Feeding in the Aquatic Medium: 
Fishes and Amphibians

The starting point of the evolution of the feeding mechanism in ray-finned fishes (Actinopterygii) is the pattern found in the primitive “†paleoniscoid” fishes (Fig. 16-10) in which the mouth is opened by epaxial muscles that lift the head (Fig. 16-10D). At the same time ventral body muscles (hypaxial) and the interhyoideus (sternohyoideus) muscle, which runs from the pectoral girdle to the hyoid, pull down the lower jaw. These actions produce a large gape but no increase in volume of the mouth cavity. It is hypothesized that these fish captured their prey by overtaking it with their widely opened mouth and a sudden forward movement. Once the prey was overtaken, the mouth was closed by a substantial set of jaw-closing muscles, the adductor mandibulae (Fig. 16-10C). Because the predator overtakes the prey by a sudden forward movement, this mode of feeding is called ram-feeding.

Sharks also open their jaws by lifting the head with epaxial muscles while the mandible is pulled down by the ventral muscles, which run between the hyoid and pectoral girdle (rectus cervicis or coracohyoideus or sternohyoideus) and between the mandible and pectoral girdle (the coracomandibularis; Fig. 16-11A). Some sharks can produce an enormous gape while overtaking their prey. Most also will protrude their upper jaws while simultaneously enlarging the volume of the mouth and pharynx. Such movements produce suction, during which the prey is drawn into the mouth cavity. Most sharks capture their prey by a combination of ram-feeding and suction-feeding. Adduction of the jaw results in a formidable bite due to the very large adductor mandibulae and preorbitalis muscles (Fig. 16-11B). During the recovery phase, the volume of the mouth and pharynx is restored by the levator palatoquadrati, interhyoideus, and intermandibularis muscles, which pull the hyoid and palatoquadrate forward and upward. The insertion site of the adductor mandibulae in relation to the jaw joint is such that it produces a great torque around the jaw joint and therefore an optimized out-force at the teeth. The dogfish (Squalus acanthias) and some other sharks (especially the predacious great white shark, which is the largest living marine carnivorous fish in the world) can produce very large gapes and biting forces with sharp, serrated teeth. Wilga and Motta (1998) have made a comprehensive electromyographic and kinematic analysis of the feeding mechanism of a squaliform shark.

A new skull design and the dermatocranium evolved in the actinopterygian fishes and is characterized by a progressively greater number and mobility of bony elements (Fig. 16-12). During the evolution of the ray-finned fishes, the following structural changes occurred:


1.
In the upper jaw, the premaxilla becomes greatly enlarged, highly mobile, and the only toothed element, while the highly mobile maxilla loses its teeth and can make forward and backward swinging movements (Fig. 16-12).


2.
The palatopterygoid arch, which forms the jaw suspension, changes from an oblique (Fig. 16-10B) to a more vertical position so that the volume of the mouth cavity is substantially increased.


3.
Concomitant with the vertical orientation of the palatopterygoid arch, the jaw joint was shifted from a position posteroventral to the orbit (Fig. 16-10B) to an anteroventral location (Fig. 16-12B).


4.
The gill cover (operculum), which was originally rigidly attached to the skull (Fig. 16-10B), is now separate from the skull and articulates with a ball-and-socket joint to the palatopterygoid arch (Fig. 16-12A). It can rotate around its joint and flare outward. Its movements are transferred to the other two bones of the gill cover (i.e., the suboperculum and interoperculum) and by a ligament to the posterior corner of the mandible. 


5.
The hyoid becomes connected to the gill cover by a ligament, so that movement and forces of the hyoid are also indirectly transferred to the lower jaw. In this advanced design, the mouth is opened by lifting of the head by action of the epaxial muscles, while simultaneous action of the hypaxial and sternohyoideus muscles pulls the hyoid backward and downward (Fig. 16-12B). This backward and downward movement of the hyoid is transmitted by a ligament to the interoperculum, which pulls by a ligament on the lower, posterior corner of the mandible, causing it to drop.

In advanced teleost fishes, a third mechanism to open the mouth evolved. It involves the rotation of the gill cover by the action of a muscle that lifts the operculum (levator operculi). This rotation of the gill cover is transmitted by the ligament to the posterior corner of the mandible, causing it to drop (Fig. 16-12B). While the lower jaw is lowered, the premaxilla slides forward. Such a movement is called jaw protrusion. At the same time, the volume of the buccal cavity increases significantly because the palatopterygoid arch, which forms the sidewalls of the mouth cavity, flares out while the floor of the buccopharynx, formed by the hyoid, drops. Such a sudden increase in volume of the buccopharyngeal cavity when the mouth is opened draws water into the mouth. In this way, prey is sucked into the mouth. Once the prey has entered the mouth cavity, the jaws are closed by actions of the adductor mandibulae muscles (Fig. 16-12A), which is followed by a recovery phase in which the hyoid is drawn forward and up to its original position by the geniohyoideus (which is the coracomandibularis in the shark) muscle. The original volume of the mouth is restored and water escapes from under the gill cover while the prey is retained.

This basic functional design with highly mobile components in the skull operated by a multitude of muscles is retained throughout the adaptive radiation of the over 25,000 species of ray-finned fishes, even though numerous variations have evolved. The unsurpassed efficiency and versatility of the combination of suction-feeding and ram-feeding in water have enabled these fishes to exploit any conceivable food resource from the 9000-m depths of the abyss to the 3000-m heights of the mountain streams. The gapes of bottom-feeders are directed ventrally, whereas the mouths of surface-feeders are directed upward. Fish eaters have long jaws, whereas algae scrapers have short jaws. The vast majority of fishes have evolved a nearly circular gape, which is the most efficient design for suction, analogous to a pipette.

Aquatic salamanders also feed by suction. Suction-feeding patterns in salamanders resemble those of actinopterygian fishes. The skull is lifted by the epaxial muscles coincident with the lowering of the lower jaw by the depressor mandibulae muscle, which runs from the quadrate to insert on the articular bone of the mandible, caudal to the jaw joint (Fig. 16-13). A depressor mandibulae is a new muscle in tetrapods, not present in fishes. Mouth opening is further assisted by contractions of the hypaxial and rectus cervicis (sternohyoideus) muscles that greatly enlarge the volume of the mouth and pharyngeal cavities (Fig. 16-13B). The sudden increase in mouth and pharyngeal volume draws the water and prey into the mouth. The mouth then is closed by the adductor mandibulae muscle complex, which pulls up the lower jaw. As in fishes, mouth closure is followed by a recovery phase, during which the position of the hyoid is restored by the geniohyoideus muscle (Fig. 16-13A) and the water is forced out of the mouth.

Feeding in the Aquatic Medium: Turtles

Ancestral turtles, like all amniotes, were terrestrial. But many groups have readapted to an aquatic habitat and evolved prey-capture mechanisms that resemble those of fishes and amphibians in many, but not all, ways. Aquatic-feeding turtles resemble fishes and amphibians in using large-amplitude hyoid depression to expand the buccopharyngeal cavity and draw water in. But the prey organisms are not sucked in; rather, they are captured by a simultaneous rapid extension of the neck and head (ram-feeding). The suction created by hyoid depression appears to hold the prey in place and prevents the rapid forward movement of the head from pushing it away. Summers et al. (1998) call this compensatory suction.
Swallowing in Aquatic Anamniotes

Once prey or food has been captured, it must be transported from the jaws to the pharynx and esophagus. Aquatic anamniotes use a hydraulic transport. In both fishes and aquatic amphibians, water currents within the mouth and pharynx transport prey. These currents are created by repeated cyclical movements of the jaws and hyoid that closely resemble the mouth opening, closing, and recovery phases during prey capture.

In teleosts the dorsal and most posterior ventral elements of the gill arches are specialized to form toothed structures, the pharyngeal jaws, with retractor and protractor muscles. These pharyngeal jaws can rake prey and food into the gullet (esophagus), working in conjunction with hydraulic transport. In many fishes, the pharyngeal jaws and muscles become specialized so they can function not only for transport of prey and food, but also for mastication prior to swallowing.

Terrestrial Feeding: Amniotes

One of the major features to change during the aquatic-to-terrestrial transition in vertebrate evolution is the feeding mechanism. Significantly different designs of the feeding apparatus are required because air is less dense than is water, so that prey or food in air cannot be sucked in. As we have seen, suction is almost universal in aquatic vertebrates, but it has no role in the prey capture mechanism of terrestrial tetrapods. The essential difference between aquatic and terrestrial feeding is that, in land-dwelling vertebrates, coordinated movements of the mandible and tongue replace water flow.

The kinematics in a lizard serve as a model of a generalized terrestrial vertebrate feeding cycle (Fig. 16-14). In all terrestrial vertebrates, including amphibians; reptiles and birds with kinetic skulls; and mammals, which lack cranial kinesis, the feeding cycle consists of four stages: (1) slow opening, (2) fast opening, (3) fast closing, and (4) slow closing/power stroke. The cycle begins with slow opening of the mandible. In lizards and other amniotes with kinetic skulls, the snout lifts up in relation to the braincase. This movement of one part of the skull in relation to the braincase is called cranial kinesis, which is made possible by the presence of a transverse hinge across the skull roof. In lizards this transverse joint is located just above the posterior margin of the orbit (Fig. 16-14A). Kinesis is effected by actions of the protractor pterygoidei and levator pterygoidei muscles, which draw the pterygoid bones forward and upward relative to the braincase. Because the pterygoids are firmly articulated to the anterior components of the skull, the snout is lifted. The mandible is slightly lowered by moderate contraction of the depressor mandibulae, while the hyoid is pulled forward by the mandibulohyoideus (geniohyoideus) muscle. This stage is followed by fast opening, during which a sudden and rapid opening of the mouth to maximum gape occurs (Fig. 16-14B). Fast opening is caused by strong contractions of the depressor mandibulae, sternohyoideus, and mandibulohyoideus muscles. After fast opening, the fast-closing mechanism is activated by strong contractions of the adductor mandibulae and pterygoideus muscles (Fig. 16-14C). The mandible is lifted and the gape decreases rapidly. The final stage is slow closing/power stroke, during which the snout is depressed by the strong action of the pterygoideus muscle, which pulls the pterygoid bones caudally and downward (Fig. 16-14D). At the same time continuous strong contraction of the adductor mandibulae complex causes a strong bite against the prey or food. In some reptiles the power stroke includes cutting, slicing, and crushing of the prey. Cranial kinesis in snakes and birds is discussed in Focus 16-1.

The four stages in the feeding cycle also are found in all mammals studied, including humans. Slow opening begins with actions of both the anterior and posterior bellies of the digastric muscle (Fig. 16-15A). The role of the digastric in jaw opening is a new feature characteristic of mammals. It replaced the older system of jaw opening in reptiles and amphibians in which the depressor mandibulae muscle pulls on a process of the articular bone of the mandible. In mammals the articular bone is transformed into an auditory ossicle. Slow opening is primarily effected by the digastric. The hyoid moves forward because of contraction of the geniohyoideus. As in reptiles, slow opening is followed by fast opening, in which the gape increases rapidly and the sternohyoideus and geniohyoideus muscles become active, pulling down the mandible over a large distance (Fig. 16-15B). This action is made possible because the hyoid is stabilized by simultaneous contractions of the anterior and posterior bellies of the digastric. In the next stage (fast closing), the mandible is lifted rapidly over a great distance by the contractions of the masseter and pterygoideus muscles (Fig. 16-15C). The final stage, slow closing/power stroke, is characterized by strong contractions of the masseter, pterygoideus, and temporalis muscles, while the hyoid moves backward (Fig. 16-15D). During this stage, food is cut into smaller pieces.

Mastication requires a precise positioning of the lower teeth relative to the upper ones, and the positions may change as food is gathered and processed. A forward movement of the lower jaw enables rodents to engage the incisor teeth when they gnaw food; then, a backward movement of the lower jaw enables them to engage the cheek teeth and grind the food. Incisors and cheek teeth are not engaged at the same time. Rodents and elephants grind their food by fore and aft movements of the lower jaw, whereas most other herbivores chew by side-to-side movements. A carnivore moves its lower jaw somewhat laterally to engage the carnassial teeth first on one side and then on the other before masticating. A mammal usually chews on only one side of its mouth at a time.

Teeth, the shape and size of the jaws, the shape and position of the jaw joint, and the size and arrangement of the jaw muscles are adapted to the type of food eaten. A comparison of the jaw mechanics of a representative carnivore and herbivore is a good example (Fig. 16-16). The jaw joint of the carnivore is on the same horizontal plane as that of the teeth, which is effective for cutting food because it brings the cheek teeth together like scissors blades. The carnassial teeth, which are nearest the joint, engage first. The mandibular joint is a hinge with a cylindrical mandibular condyle that fits within a transverse, groove-shaped mandibular fossa. The configuration of the joint restricts fore and aft movements of the lower jaw but allows it to move a little from side to side as well as up and down. The jaw joint of a herbivore, in contrast, lies on a different plane than do the teeth. This is well above the plane of the teeth in rabbits, but sometimes it is below the tooth plane, as in some herbivorous dinosaurs. As a consequence, all the cheek teeth on one side engage concurrently, like the two surfaces of a nutcracker. The mandibular condyle and fossa form relatively flat surfaces, which allows the freedom of movement of the lower jaw needed in grinding food.

The temporal muscle is large in carnivores and constitutes more than half the adductor mass. It arises in a large temporal fossa and inserts on a long coronoid process of the mandible. This configuration gives the temporalis a long lever arm and hence a good mechanical advantage. The lever arm is the perpendicular distance between the muscle’s line of action and the fulcrum (jaw joint) about which it acts (Fig. 16-16A, C, and E). The vertical component of the muscle’s line of action provides a powerful bite force, and the horizontal component pulls the mandible backward into the mandibular fossa and maintains the integrity of the joint. This backward pull is particularly important for a carnivore, for it compensates for the large forward force on the front of the jaw as the animal pulls on its prey with its canine teeth. The more modest masseter muscle on the lateral surface of the jaw and the pterygoid muscle on the medial surface contribute to the bite force and form a muscular sling that moves the lower jaw from side to side to engage the carnassial teeth.

In sharp contrast, the herbivore’s masseter and pterygoid muscles form most of the adductor mass. The high position of the jaw joint and the enlarged angular process of the mandible increase the length of the lever arm and mechanical advantage of these muscles (Fig. 16-16B, D, and F). The masseter usually is composed of two layers of fibers with lines of action nearly perpendicular to each other. These lines of action provide strong fore and aft as well as vertical forces. The masseter and pterygoid position the teeth and provide most of the complex forces needed to grind the food. No strong forward force is directed at the front of the jaws. The temporal muscle, temporal fossa, and coronoid process are small.

The Palate

The roof of the oral cavity is called the palate. In aquatic vertebrates, the palate is flat and smooth, whereas in terrestrial vertebrates, it is vaulted with relief. Many fishes and early tetrapods have palatal teeth. A pair of internal nostrils, the choanae, open near the rostral end of the palate in choanate fishes, amphibians, reptiles, birds, and mammals (Fig. 16-17). The choanae of choanate fishes are thought to be the outlets for the olfactory currents of water circulating through their nasal cavities. Those of tetrapods are a part of the air passages to and from the lungs. Most tetrapods have vomeronasal organs, and the entrances to them are associated with the choanae or perforate the palate independently (Chapter 12). In many reptiles and birds, small palatal folds lie lateral and caudal to the choanae and form grooves that continue the air passages further caudad (Fig. 16-17B). A bony hard palate, which further separated the oral cavity and nasal passages, evolved from similar folds in crocodiles, the therapsid ancestors of mammals, and mammals (Chapter 7). A fleshy soft palate continues caudad from the mammalian hard palate and divides the rostral part of the pharynx into nasal and oral parts. Together, the hard and soft palates constitute the secondary palate (Fig. 16-17C). The hard palates of many mammals bear cornified, transverse palatal rugae that may help hold the food as it is chewed. The cornified baleen plates used in suspension-feeding by the toothless whales develop from similar ridges.

Tongue, Cheeks, and Lips

The primary difference between aquatic and terrestrial feeding is the mechanism of food transport. In aquatic feeding, water currents created by movements of the bones of the skull and hyoid transport prey within the mouth and pharyngeal cavity. In contrast, terrestrial vertebrates rely on movements of the tongue. A tongue develops in the floor of the buccopharyngeal cavity in many vertebrates. A lamprey has a protrusible “tongue” that bears horny teeth and is used to rasp its prey’s flesh. In most fishes, the basihyal, a median ventral element of the hyoid, forms a tonguelike structure called the primary tongue, which is not muscular. In some species, it bears teeth. The fish’s primary tongue does not play a role in transporting or manipulating the food.

Tetrapods have evolved mobile muscular tongues that are supported by the hyoid and anterior branchial arches and invaded by hypobranchial musculature (Chapter 10). Only the most caudal part of the tetrapod tongue is homologous to the fish’s primary tongue. The rest of the tongue of an amphibian is called the gland field, and it develops as a ventromedial elevation between the hyoid and the mandibular arches. In amniotes, a pair of more rostral lateral lingual swellings are added to the gland field, now called the tuberculum impar, and primary tongue (Fig. 16-18A). The muscular tongue of all tetrapods plays an important role in transporting and swallowing the food. In mammals, it also positions the food between the teeth of upper and lower jaws.

Tongue movements have been studied by X-ray motion pictures of tongues implanted with radio-opaque markers (Fig. 16-19). In both reptiles and mammals, tongue movements are correlated with movements of the hyoid and jaws in the four stages we have discussed. During slow opening, the lower jaw opens slightly, and the tongue and hyoid move forward and upward. Contractions and expansions also occur within different parts of the muscular tongue (Fig. 16-19). First, the anterior region expands and moves forward, under the food. It then contracts back under the food, and the tongue, as a whole, moves forward, holding the food against the palate. At the end of slow opening, the tongue and hyoid are in their most anterior position, and the tongue is under the food (Fig. 16-19B). During fast opening, the gape increases rapidly while the tongue and hyoid are drawn posteriorly, carrying the food back in the mouth cavity (Fig. 16-19C). Fast closing is characterized by rapid adduction of the jaw while the tongue and hyoid continue to move backward. The cycle concludes with slow closing without a strong force being applied by the adductor muscles. The tongue and hyoid reverse their directions and move forward (Fig. 16-19D). A varying number of transport cycles will carry food through the oral cavity. Transport is regularly interrupted by biting cycles, during which the tongue moves forward or sideways during fast opening to place the food between the teeth for tooth contact in fast closing.

In mammals, the movements of the tongue are also the result of movements of the mandible and hyoid and movement produced within the body of the tongue itself. Tongue movements in cats are associated with characteristic profiles of jaw and hyoid movements, as described in the four stages of the transport cycle in reptiles (Fig. 16-19), with the exception of the long duration (>45% of cycle duration) of the slow-opening stage. The tongue moves forward during the slow-opening stage and backward during most of the rest of the transport cycle. During this extended slow-opening stage, the cat’s tongue expands and protrudes under the food. The extension of the tongue is about 60% longer than the retracted tongue. The forward-moving tongue with the food on it is elevated to the palatal rugae. Such contact with the rugae would hinder the forward movement of the food on the advancing tongue and would leave it more posteriorly placed. Retraction and shortening of the tongue in the other steps of the cycle take place with the tongue away from the palate. Protraction and extension of the tongue against the palatal rugae followed by tongue retraction and shortening away from the palate form the basis of the food-transport mechanism in the oral cavity of mammals (Thexton and McGarrick, 1989).

The tongue often is used in food gathering. Most frogs and salamanders and some lizards, such as Old World chameleons, can rapidly project part of their tongues from the mouth and capture an insect (Fig. 16-18B). The tip of the tongue is covered by a sticky mucus. A woodpecker has a long and spiny tongue that is supported by an elaborate hyobranchial apparatus, part of which is housed in a bony tube that curves around the back of the skull (Fig. 16-18C). After a woodpecker has chiseled a hole in a tree with its bill, the long tongue is protruded to shuck out an insect or grub. Ant-eating and termite-eating mammals also gather their food with long, sticky tongues. Certain of the tongue muscles of the giant anteater extend as far caudad as the posterior end of the sternum. Spiny papillae on the tongues of cats and other carnivores help the animals rasp flesh from a bone.

The tongue also is used in many other ways. It bears taste buds and other receptors so it is an important sense organ. Snakes and some lizards have protrusible, forked tongues that are used in association with the vomeronasal organ to detect certain olfactory clues (Chapter 12). Evaporation of water from the surface of the large, moist tongues of dogs and other panting mammals helps regulate body temperature. We, of course, use our tongues in speech as well as the manipulating and swallowing of food.

The fleshy lips and cheeks that characterize marsupial and placental mammals assist the muscular tongue in manipulating food within the mouth, and they are used by newborns in sucking milk from their mothers’ nipples or teats. Monotremes have horny beaks and cannot suckle; their young lap up milk that is secreted onto hairs rather than discharged through nipples. In many species of rodents, part of each cheek evaginates beneath the facial muscles to form a pair of large cheek pouches in which food can be temporarily stored.

Oral Glands

Most fishes lack oral glands, apart from scattered mucus-secreting cells. Lampreys are a notable exception. They have a pair of large glands that secrete the anticoagulant needed to keep their prey’s blood flowing freely as they feed on it. Oral glands, including multicellular salivary glands, are well developed in terrestrial vertebrates. Their mucous and serous secretions lubricate the food and facilitate food manipulation and swallowing in the terrestrial environment. Modified salivary glands of some snakes produce the hemolytic or neurotoxic poisons that are injected by fangs to immobilize their prey. The secretion of digestive enzymes is not an important function of the salivary glands of most terrestrial vertebrates, although a few amphibians and mammals synthesize a small amount of salivary amylase, a starch-splitting enzyme.

The oral cavities of mammals are particularly well equipped with scattered secretory cells and large salivary glands (Fig. 16-20). Most mammals have well-developed parotid, mandibular, and sublingual glands. Some species also have a zygomatic gland in the floor of the orbit, and buccal and molar glands beneath the mucous membrane of the lips. Saliva is composed primarily of serous and mucous secretions that are important for lubricating the food during mastication and swallowing. Humans among the few mammals that secrete salivary amylase. Starch digestion is initiated during mastication and continues in the stomach until the high acidity of the gastric secretions stops the action of amylase. The swallowed saliva of a cow provides a medium in a chamber of the stomach, the rumen, in which bacteria multiply and cellulose is broken down (Chapter 17). A cow may produce more than 100 L/day of saliva. Toxins are produced by the salivary glands of some insectivores, and an anticoagulant is secreted by the salivary glands of vampire bats.

Evolution of the Vertebrate 
Feeding Mechanism

Major changes in the feeding apparatus and behavior have emerged during vertebrate evolution (Fig. 
16-21). Reilly and Lauder (1990) have identified the following five features as primitive:


1.
Prey transport is effected by water currents within the oral cavity.


2.
The gape remains constant prior to fast opening.


3.
Mouth opening is produced by both pronounced lower jaw depression (sternohyoideus muscle) and head elevation (epaxial muscles).


4.
A recovery phase follows prey ingestion.


5.
Hyoid retraction by the sternohyoideus is coincident with the fast-opening stage.

These characteristics are present in all bony fishes and sharks. The only feature that remains constant during the evolution of all vertebrates is the fifth feature. In tetrapods, a muscular tongue first evolved for prey transport within the oral cavity. This feature becomes further elaborated and important in the amniotes. Three more features become modified in the amniotes: (1) the chewing and prey transport cycle begins with a slow-opening stage prior to fast opening, (2) the gape is produced by lowering the mandible rather than by head lifting, and (3) the recovery phase is no longer distinguishable. Two evolutionary innovations emerged in amniotes: inertial-feeding and a four-stage masticatory cycle for food processing in the mouth. In many reptiles and birds, especially those with reduced or specialized tongues, inertial-feeding takes place. Once the prey is captured, the head is pulled rapidly backward, imparting a posteriorly directed motion to the prey (Smith, 1986). The jaws are then opened very fast and the head thrusted forward to surround the prey. These inertial thrusts are repeated until the prey reaches the esophagus. Most birds, snakes, and carnivorous lizards employ inertial-feeding, in which, within a few tenths of a millisecond, complete acceleration–deceleration of the skull and cervical complex occurs.

With the emergence of the complex, four-stage, masticatory cycle, amniotes do not use their jaws and tongues simply to transport whole prey or large items of food to the esophagus, but they bite, align, masticate, pack, and transport the food to the esophagus. This highly efficient processing of food enhances the rate of digestion of a wide variety of foods.

SUMMARY


1.
Vertebrates obtain the food and other nutrients needed to sustain their metabolism through the digestive system. Food must be ingested, sometimes broken down mechanically, transported through the mouth and swallowed, and chemically digested.


2.
The lining and glandular derivatives of the digestive tract develop from the endodermal archenteron; the rest of the wall develops from mesenchyme, most of which comes from splanchnic mesoderm. An ectodermal stomodaeum forms the oral cavity, and an ectodermal proctodaeum contributes to the cloaca.


3.
Urochordates, cephalochordates, and larval lampreys are filter-feeders. Many types of feeding mechanisms have evolved. Most fishes and aquatic tetrapods are suction-feeders. Many fishes are ram-feeders. In general, many primitive terrestrial vertebrates are inertial-feeders, and mammals masticate their food.


4.
The enamel and dentine of teeth are similar to these products on bony scales. Enamel is produced by ameloblasts of the enamel organ; dentine, by odontoblasts.


5.
In most vertebrates, the teeth are loosely bound to the jaws or to underlying skeletal elements (acrodont and pleurodont), but where forces acting on the teeth are large, they are set in sockets (thecodont).


6.
Successive waves of new-tooth formation replace teeth throughout the lives of most vertebrates, but in most mammals, replacement is limited to a deciduous and a permanent set.


7.
All the teeth have a similar shape in most vertebrates (i.e., homodont), and the shape is related to the type of food eaten and to the method of obtaining it. In late therapsids and in most mammals, teeth differentiate and serve different functions (i.e., heterodont).


8.
Teeth begin to emerge in most mammals as the suckling period ends, and their pattern of eruption and replacement ensures the good occlusion needed for mastication.


9.
Incisors typically are small teeth used for cutting, cropping, and picking up food. The canines usually are large, conical teeth used in seizing, piercing, and killing prey. Primitively, the premolars are puncturing teeth, and the molars have a combined cutting and crushing action.


10.
The molars of ancestral mammals were triconodont, with three cusps in a linear sequence. A shift of the cusps to a triangular configuration in †symmetrodonts increased the number of shearing facets. Ancestral marsupials and placentals had tribosphenic molars, in which a low heel was added to the lower molars as a crushing function was added to the original shearing action.


11.
Teeth, especially the premolars and molars, became modified as mammals adapted to different diets. Contemporary carnivores have a set of shearing carnassials that evolved from the last upper premolar and first lower molar. Omnivores and primitive herbivores have low-crowned, bunodont molars that typically bear four rounded cusps. The cusps form ridges (lophodont molars) or crescents (selenodont molars) in more specialized herbivores. Herbivores that feed on highly abrasive food have evolved high-crowned molars.


12.
Primitive ray-finned fishes (“†paleoniscoids”) are ram-feeders. Raising the head and lowering the lower jaw produces a large gape, with which the fish overtakes its prey. The jaws then are closed.


13.
Most sharks capture prey by a combination of ram-feeding and suction-feeding. They can form a large gape by raising the skull and lowering the lower jaw.


14.
Ray-finned fishes have become suction-feeders. Many parts of the skull are highly mobile, the size of the buccopharyngeal cavity is rapidly increased, and food is sucked in along with a current of water. Evolutionary modifications in the head for suction-feeding include the following: (1) the enlargement and increased mobility of the premaxilla, accompanied by changes in the maxilla that enable it to swing backward and forward; (2) an increasing vertical orientation of the palatopterygoid arch; (3) a forward shift of the jaw joint; (4) separation of the operculum from the skull roof and the evolution of a mobile articulation between the operculum and palatopterygoid arch; and (5) the evolution of mechanisms that transmit the movement and forces developed on the hyoid to the lower jaw.


15.
Aquatic salamanders are also suction-feeders. Patterns of feeding resemble those of actinopterygian fishes, except that a depressor mandibulae muscle lowers the lower jaw.


16.
Food is hydraulically transported through the buccopharyngeal cavity of aquatic anamniotes by a current of water. Repeated movements of the jaws and hyoid that resemble the movements used in prey capture produce the current.


17.
Coordinated movements of the mandible and a muscular tongue replace water flow through the mouth of terrestrial vertebrates. The feeding cycle always involves (1) slow opening, (2) fast opening, (3) slow closing, and (4) fast closing with the development of sufficient force to firmly grasp, cut, crunch, or masticate the food. These movements are accompanied by cranial kinesis in most reptiles and birds but not in mammals.


18.
The fleshy cheeks and lips of marsupials and eutherians assist in food manipulation and are used by newborns in suckling.


19.
Apart from scattered mucus-producing cells, most fishes lack oral glands, but these glands are well developed in tetrapods. The salivary glands of mammals include the parotid, mandibular, sub-lingual, zygomatic, molar, and buccal glands. The glands of some mammals produce salivary amylase.


20.
Choanae open onto the primary palate in choanate fishes, amphibians, reptiles, and birds. In mammals, a hard palate carries the choanae to the pharynx, and a soft palate divides the rostral part of the pharynx into nasal and oral parts.
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Figure 16-1

Lateral views of the development of the digestive tract of a terrestrial vertebrate. A, An early stage in which the archenteron has differentiated into a foregut and hindgut, but a yolk sac is still present. B, A later stage in which gut regions are differentiating. Blue 5 ectoderm; yellow 5 endoderm.
Figure 16-2

The stomodaeum and associated structures in a craniate embryo, indicating the level at which the mouth opening develops in different groups. Colors as in Figure 16-1.

Figure 16-3

Tooth structure and development. A, A mature mammalian tooth. B, An early stage in tooth development. 
C, A later stage, in which the tooth bud is producing enamel and dentine. Blue 5 enamel; red 5 dentine; purple 5 cement; yellow 5 gum.
Figure 16-4

Vertical sections through the teeth and lower jaw of representative vertebrates, showing methods of tooth placement and attachment to the jaw.

Figure 16-5

Examples of different types of teeth in several fishes. A, Conical teeth of a pikelike characin (an order of South American and African fishes). B, Triangular functional and replacement teeth of a shark. C, Peglike teeth of a porgy (a perciform fish). D, Crushing tooth plates of a ray. (A, After Gregory; C and D, after Lagler et al.)
Figure 16-6

A lateral view of the skull and lower jaw of the African hunting dog, Lycaon, to illustrate the types and number of teeth in eutherian mammals. This dog has lost the last upper molar that is present in more primitive eutherians. The last upper premolar and first lower molar of this species and in most recent terrestrial carnivores are specialized as shearing carnassial teeth. (After Vaughan.)

Figure 16-7

The evolution of mammalian molar teeth. A, The upper molar of an early mammal (a †morganucodontian) in the lateral (left) and occlusal (right) views. B, Teeth of a †symmetrodont close to the origin of therian mammals: lateral view of the lower left molar (left); occlusal view of the upper right molar (right). C, Lateral view of the occlusion of the upper and lower molars of a symmetrodont. D and E, The dentition of an insectivore with tribosphenic molars. By showing the upper right teeth in the top row (D) and the lower left teeth in the bottom row (E), one can visualize how the teeth occlude. Notice that the protoconids of the lower molars fit between the protocones of the upper molars when the teeth come together.

Figure 16-8

The evolution of molars. Primitive tribosphenic molars are shown in the top row, and bunodont molars, in the bottom row. Upper right molars are shown in the left column, and lower left molars, in the right column. (After Romer and Parsons.)
Figure 16-9

Some adaptations of molar teeth for grinding. A, Occlusal view of the lophodont molar of a rhinoceros. B, Occlusal view of the selenodont molar of a deer. C, Vertical sections through a low-crowned molar (left) and a high-crowned, or hypsodont, molar (right). Colors as in Figure 16-3. (After Vaughan.)

Figure 16-10

Lateral views of the head of a fossil primitive actinopterygian (a “†paleoniscoid”), showing the feeding mechanism. A, The head with a reconstruction of the muscles used in feeding. B, The major skeletal components of the head. C, The lines of actions of muscles (wide orange arrows) that close the jaw. D, The lines of actions of muscles that open the jaw (wide orange arrows). (Modified from Lauder.)
Figure 16-11

Lateral views of the head of a shark, showing the feeding mechanism. Wide orange arrows show the lines of actions of muscles, with the width of the arrows depicting the relative level of muscle activity. Narrow arrows show the direction of movement of skeletal components. A, Mouth opening. B, Mouth closing. C, Dorsal view.

Figure 16-12

Lateral views of the head of an advanced teleost fish, showing the feeding mechanism. Wide orange arrows show the lines of actions of muscles, with the width of the arrows depicting the relative level of muscle activity. Narrow arrows show the direction of movement of skeletal components. A, Mouth closing. B, Mouth opening.
Figure 16-13

Lateral views of the head of an aquatic salamander, showing the feeding mechanism. Wide orange arrows show the lines of actions of muscles, with the width of the arrows depicting the relative level of muscle activity. Narrow arrows show the direction of movement of skeletal components. A, Mouth closing. B, Mouth opening. (Modified from Reilly and Lauder.)

Figure 16-14

Lateral views of the head of a lizard, showing the feeding mechanism. Wide orange arrows show the lines of actions of muscles, with the width of the arrows depicting the relative level of muscle activity. Narrow arrows show the direction of movement of skeletal components. A, Slow opening. B, Fast opening. C, Fast closing. D, Slow closing/power stroke.
Focus
16-1
Cranial Kinesis or Intracranial Mobility

As we have seen, “cranial kinesis” is the term for the mechanism of relative motion between adjacent parts of the skull (e.g., between braincase and muzzle; Fig. 
16-14B). Cranial kinesis is widespread among a great many vertebrates but is lost in mammals. It is a primitive feature of tetrapods, and it has undergone different elaborations in many evolutionary lineages. In vipers and pit vipers (Figs. A and B), cranial kinesis is most extremely expressed. The braincase itself is solid, but the loss of the temporal roof frees the squamosal bone to swing laterally and rostrally. The quadrate articulates movably with the squamosal. A ligament that permits them to separate connects the rostral ends of the two mandibles. Contraction of the protractor pterygoidei and levator pterygoidei muscles pulls the palatopterygoid forward and up. The highly specialized fang-bearing maxilla is pushed forward and rotates, thereby erecting the fang. At the same time, the squamosal moves upward and the quadrate swings anteriorly and laterally while the mandible is lowered by the depressor mandibulae, producing an enormous gape. Closing of the mouth results in depression and a retraction of the palatopterygoid arch. During swallowing, the palatopterygoid arch is alternately protracted and retracted. The arch in effect acts as a ratchet, and each side of the arch can be protracted and retracted independently. Together, they pull the large prey into the esophagus. Cranial kinesis enables snakes to swallow whole prey of enormous size after it has been immobilized by constriction or by injecting poison.

Kinetic skulls also reach a high degree of development during the spectacular adaptive radiation of all modern birds. Functionally, the avian skull consists of four units: (1) the braincase, (2) the bony palate and the quadrate, (3) the upper jaw, and (4) the mandible (Figs. C and D). The quadrate allows for anteroposterior movements. The bony palate also slides back and forth. A hinge joint is present at the frontonasal junction. The protractor pterygoidei activates kinesis by imparting a forward push to the base of the upper jaw, which causes the bill to rotate upward about the transverse hinge joint at the frontonasal junction. The depressor mandibulae lowers the mandible. The pterygoideus and adductor mandibulae muscles effect closing of the mandible and lowering of the upper jaw.

Scientists hypothesize that cranial kinesis in birds enhances the manipulatory repertoire of the jaws. A versatile and precise grip on food is especially valuable in birds for opening seeds and shucking out the edible parts and for gripping other materials in nest building, preening, and other activities. Cranial kinesis also offers shock absorption in birds such as woodpeckers, and allows the bird to maintain a steady line of sight while feeding.
A. Cranial kinesis in a rattlesnake (A and B) and a chicken (C and D), showing the mobility of the palatopterygoid and quadrate complex and the hinge joint at the frontonasal joint.
Figure 16-15

Lateral views of the head of a cat, showing the feeding mechanism. Wide orange arrows show the lines of actions of muscles, with the width of the arrows depicting the relative level of muscle activity. Narrow arrows show the direction of movement of skeletal components. A, Slow opening. B, Fast opening. C, Fast closing. D, Slow closing/power stroke.

Figure 16-16

The jaw mechanics of a carnivore, based on a cat (left column), and a herbivore, based on a rabbit (right column). Lines through the teeth indicate the way that the upper and lower teeth come together as the jaws close: as in a pair of scissors in a carnivore (A) or as in a nutcracker in a herbivore (B). In a carnivore (C), the longer moment arm of the temporalis enhances the muscle’s function; whereas the herbivore (D) has a more powerful masseter because of its longer moment arm. Location of jaw articulations and the relative sizes of the masseter and temporalis muscles differ significantly between carnivores and herbivores (E and F). (A–D, After Walker and Homberger.)

Figure 16-17

Ventral views of the palate of representative tetrapods. A, A frog. B, A lizard. C, A dog. (A, After Walker; B and C, after Romer and Parsons.)

Figure 16-18

Tongue development and structure. A, A dorsal view of the development of the mammalian tongue. B, The tongue of a plethodontid salamander catching an insect. C, The tongue and supporting hyoid apparatus of a woodpecker. (A, After Corliss; B, modified from Noble.)
Figure 16-19

A–D, Drawings of four stages of food transport in the lizard, Ctenosaurus, made from cineradiographic film. Small dots in the tongue region are tongue and hyoid markers. (From Smith.)

Figure 16-20

The salivary glands of a cat. (After Walker and Homberger.)
Figure 16-21

The evolution of feeding patterns of vertebrates. (Modified from Reilly and Lauder.)

