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Abstract - The association of Metamynodon specimens with channel sandstones (particularly with the Orellan section exposed in the southern unit of Badlands National Park) has contributed heavily to the common perception that all amynodontid rhinoceroses were semi-aquatic. An analysis of anatomical traits in a variety of amynodontids was conducted to determine the most likely mode(s) of life for these extinct perissodactyls. The characters providing the most useful information on life habits in amynodontids are: orbital position on the skull (high or low); relative development of the nuchal ligament (as determined by thoracic spine size); the relative size of the olecranon process compared to the length of the radius; and reconstruction of hindlimb musculature with reference to locomotor adaptations. Based on these results primitive amynodontids were subcursorial terrestrial mammals similar to a variety of Eocene ungulates. Cadurcodontines were tapir-like terrestrial mammals. Only one group of amynodontids, the Metamynodontini, was adapted to a semi-aquatic mode of life. The genus Metamynodon possibly represents the extreme stage in amynodontid evolution toward this mode of life. Middle Eocene metamynodontines are found in both North America (Megalamynodon) and Asia (Paramynodon). Migration between these two areas may be a significant factor in tracing the lineage culminating in the hippo-like Metamynodon. 

____________________ 

Introduction

A

mynodontids are commonly called swamp rhinoceroses or aquatic rhinoceroses in reference to their presumed amphibious life style. Although aquatic habits for amynodontids are firmly ingrained in the paleontological literature today, this has not always been the case. Marsh's (1877) original description of a skull of Amynodon advenus (Uintan, Eocene) made no mention of aquatic habits. Scott and Osborn (1882) likewise did not discuss aquatic habits when they described a skull of Orthocynodon (= Amynodon) and raised the amynodontids to a separate family within the Rhinocerotoidea. Even when a skull and skeleton of Metamynodon was described (Scott and Osborn, 1887, and Osborn and Wortman, 1894) no reference was made to aquatic habits in amynodontids. Osborn (1898), in his monograph on rhinoceroses, stated for the first time that amynodontids were aquatic. Osborn must have assumed that a semi-aquatic mode of life for amynodontids was common knowledge since he did not justify his statement. Taphonomic evidence may have contributed to the interpretation of aquatic habits for amynodontids. 

The vast majority of Metamynodon specimens are found in or near Orellan (early Oligocene) channel sandstones (see Retallack, 1983, and 1992). These channels are particularly well exposed in the Southern Unit of Badlands National Park (Prothero and Whittlesey, 1998). For twenty-one years prior to Osborn's statement on aquatic habits, amynodontids had never been described in the literature as amphibious animals. Since Osborn's paper, however, no one questioned the aquatic mode of life for all amynodontids until Wall (1980). The purpose of this paper is to look in detail at various lines of anatomical evidence alluding to aquatic habits in amynodontids. 

Materials and Methods

Fossil specimens used in this study are housed in the American Museum of Natural History (AMNH); Georgia College & State University Vertebrate Paleontology Collection (GCVP); the Museum of Comparative Zoology, Harvard (MCZ); the South Dakota School of Mines and Technology (SDSM); and the University of Florida (UF). Modern mammals from the American Museum of Natural History (AMNH); Georgia College & State University Mammalogy Collection (GCM); and the University of Massachusetts, Amherst (UMA) were used for comparative purposes. All measurements were taken with Helios dialcalipers. General information on name, origin, insertion, and function of muscles comes from Sisson and Grossman (1953). Amynodontid taxonomy is based on Wall (1989). 

Anatomical Evidence

Previous attempts (Troxell, 1921; Scott, 1941) at analyzing evidence for aquatic habits in amynodontids were based solely on the genus Metamynodon. In the discussion below we have analyzed the characters presented by Troxell and Scott (as well as others they did not mention) from a broader perspective, looking at the entire range of anatomical features present in amynodontids. Where appropriate we have included two well known sympatric North American Miocene rhinocerotids that are generally regarded as having distinctly different life habits, Aphelops, a terrestrial browser, and Teleoceras, an amphibious grazer (see Prothero, 1998), to test the general applicability of our biomechanical interpretations. 

Dentition 

Scott (1941) stated that resemblance between the large canine tusks of Metamynodon, Hippopotamus, and Astrapotherium was probably due to their similar aquatic life style. Scott did not mention why large canines would be indicative of aquatic habits in mammals. Recent hippos use their canines as weapons and for intraspecific display (Herring, 1975), a function that is also true of many terrestrial mammals including pigs and peccaries (Herring, 1972). Although metamynodontines exhibit an extreme in canine size for the family, large canines are typical of amynodontids in general (including the tapir-like cadurcodontines, Wall, 1980; 1989). Canine size in amynodontids varies in a manner implying sexual dimorphism. If that is the case, canine size probably had a behavioral function independent of the animal's other life habits. The tusk-like lower incisors of the presumably terrestrial Aphelops are relatively larger than those of the supposed semi-aquatic Teleoceras. Canine size does not appear to be of any value in deciding whether amynodontids were aquatic or terrestrial. 

Cranial Characters 

There are a series of skull characters that can be used to help determine whether amynodontids were aquatic. Most of these characters have been used with variable success by other authors dealing with aquatic adaptations in fossil vertebrates. 

Position of Narial Openings 

Troxell (1921) believed the shortened preorbital region of the skull and large external nares indicated that Metamynodon probably had a prehensile upper lip. Troxell further stated that since Hippopotamus had a similar prehensile upper lip the presence of the same structure in Metamynodon indicated that it was aquatic as well. Analysis of snout structure in amynodontids (Wall, 1980) is in agreement with Troxell's interpretation of a prehensile upper lip in Metamynodon. We do not agree with Troxell, however, that a prehensile upper lip implies aquatic habits. A variety of terrestrial mammals also have a prehensile upper lip, including the black rhinoceros (Diceros bicornis). 

The position of the external nares on the skull could provide evidence for aquatic habits. Typically, aquatic mammals have external nares, which open high on the snout. Perhaps the best comparison for amynodontids is with Hippopotamus (Figure 1A). The nasal bones in the modern hippo skull are retracted and do not overhang the external nares. In addition, the lateral borders of the external nares slope gradually backward. As a result of these cranial modifications the nostrils of Hippopotamus open dorsally on the snout. A wide range of snout configurations can be recognized within the Amynodontidae (Wall, 1980). Skulls of Metamynodon, Cadurcodon, and Rostriamynodon are also illustrated (Figures 1B, 1C, and 1D respectively). Rostriamynodon, a primitive amynodontid (Wall and Manning, 1986), has elongate nasal bones, which extend far over the external nares. It is unlikely therefore that the nostrils could have opened dorsally on the skull. A certain amount of nasal retraction is apparent in both Cadurcodon and Metamynodon, but the overall construction of the snout region in the two amynodontids is different. Cadurcodon has a vertically heightened nasal opening that is partially roofed by thickened nasal bones. Numerous cranial features of Cadurcodon are convergent with tapir skulls (Wall, 1980) therefore it is likely that advanced cadurcodontines probably had a proboscis. Since the nostril openings are invariably at the distal end of a proboscis, this structure would rule out any possibility that cadurcodontines had a dorsally positioned nasal opening. Metamynodon, however, does show some similarity to the snout region of Hippopotamus. Figure 1 shows some nasal overhang above the external nares, but this is not always the case in Metamynodon. In some skulls the nasal bones do not overhang the external nares at all. The configuration of the snout region in Metamynodon does allow for the possibility of a dorsal opening for the nostrils.
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Figure 1— Lateral views of skulls of A, Hippopotamus; B, Metamynodon; C, Cadurcodon; and D, Rostriamynodon.

Troxell (1921) believed that the far posterior placement of the internal nares in amynodontids was an adaptation to allow a continuous passage of air from nostrils to larynx when the mouth was under water. It is true that in all amynodontids the internal narial opening is far back on the palate (at the level of the M3 protoloph), but this does not in itself prove that the larynx had an unbroken soft tissue connection with the internal nares. A second problem with interpreting the posterior position of the internal nares as an aquatic character is that direct connection of the larynx to the internal nares also may be advantageous in a terrestrial mammal. As Troxell pointed out, horses have direct connections between the larynx and external nares. Troxell believed this adaptation prevented dust from entering the lungs while the horse was eating. Since Troxell realized that the same respiratory arrangement could be found in terrestrial and aquatic mammals, his interpretation of amynodontid internal nares position as an aquatic character was based solely on his prior bias that amynodontids were aquatic. 

The only reliable narial character for interpreting aquatic life habits appears to be the relative position of the nostrils. Using this character to interpret amynodontid life habits, three "groups" of amynodontids can be recognized. A primitive group, including Rostriamynodon, lacked any modifications beyond the primitive perissodactyl condition in nostril position. Cadurcodontines were derived but the nostrils probably opened low on the face at the end of a short proboscis. Snout structure in metamynodontines does allow for dorsal opening of the nostrils; therefore this is the only amynodontid group showing modifications of the snout for aquatic life.

Reduced Olfactory Ability in Aquatic Mammals 

Poor sense of smell has commonly been regarded as a by-product of adopting aquatic habits (see Howell, 1930; and Mitchell and Tedford, 1973). Troxell (1921) believed that, because of lateral constriction by preorbital fossae and ventral constriction resulting from a highly concave secondary palate, the snout region of amynodontids could not have provided space for abundant nasal epithelium. Direct evidence on olfactory ability in amynodontids is limited. Amynodontid endocranial anatomy is poorly known; only a single brain cast has been made (that of Amynodon figured in Marsh, 1886). Olfactory bulbs in Amynodon show no significant reduction in size compared to an endocranial cast of Hyrachyus (although the cerebral hemispheres in Amynodon were relatively larger than in Hyrachyus). 

Troxell's indirect evidence regarding reduced olfactory ability in amynodontids is open to interpretation. It is true that laterally positioned preorbital fossae reduce the internal surface area of the snout, but we believe Troxell was mistaken as to the function of the fossae (he believed they were for snout muscle attachment; see Wall, 1980 for snout muscle attachment sites). If amynodontid preorbital fossae housed enlarged nasal diverticula (as asserted by Gregory, 1920a), there still would be ample room for nasal epithelium. Thus, ascertaining the function of preorbital fossae in amynodontids is an integral part of determining whether these animals had reduced olfactory abilities. There are only two likely functions of preorbital fossae in amynodontids: the fossae provided space for either nasal diverticula or scent glands. 

Gregory (1920a) argued that preorbital fossae in some extinct horses (such as Onohippidium) were developed to allow room for large, laterally directed nasal diverticula. As evidence for his theory, Gregory cited similar fossa development in modern tapirs that (as shown by dissected animals) clearly contain a nasal diverticulum. Gregory applied a nasal diverticula function to a host of fossil mammals exhibiting preorbital fossa. Although this may be true of some fossil mammals, evidence from amynodontids does not entirely support Gregory's viewpoint. In tapirs, the preorbital fossa connects with the external nares via a distinct groove, which provides passage for the nasal diverticulum. No such connection exists in amynodontids; in fact, the large canine root produces a maxillary bulge, which might have formed a barrier to migration of nasal diverticula into the preorbital fossa. 

An alternative function for preorbital fossae in amynodontids is that they housed scent glands of some type. Gregory disregarded this idea because the shape of most preorbital fossae were not as circular or as distinctly rimmed as the depression housing the larmier gland in deer and antelopes. Clearly the preorbital fossa in amynodontids is not homologous to the larmier fossa in artiodactyls, however, that does not rule out similarity in function. 

Both of the most probable functions for the amynodontid preorbital fossa are associated with a good sense of smell. If the fossa is well developed it can be assumed that olfactory ability was also acute. Figure 2 illustrates the relative development of preorbital fossae in the three tribes within the Amynodontinae. The primitive preorbital fossa condition is seen in Amynodon; in this animal the fossa is large but because of the length of the snout it does not extend medial to the orbit. The fossa in Cadurcodon remains large, but due to shortening of the snout region, the fossa extends far medial to the orbit. Metamynodon, however, has a relatively small preorbital fossa, and in spite of reduction in snout length and hypertrophyof the canines the preorbital fossa does not extend medial to the orbit. Assuming there is a correlation between olfactory ability and preorbital fossa size, metamynodontines had a poorer sense of smell than other amynodontids. The original statement of reduced olfactory ability implying aquatic habits wouldtherefore only apply to the tribe Metamynodontini.

[image: image2.jpg]



Figure 2— Preorbital fossa development in A, Cadurcodon; B, Metamynodon; and C, Amynodon.

Reduction in Size of the Lacrimal Bone 

Many aquatic mammals have reduced or lost the lacrimal bone and lacrimal foramen (for a review see Mitchell and Tedford, 1973). Although this character is not universal among aquatic mammals (for example, the hippo, Hippopotamus amphibius, has a large lacrimal, seeGregory, 1920b), it may be of some use in amynodontids. A broad contact between the lacrimal and nasal is a primitive character for perissodactyls. A naso-lacrimal contact is retained in most amynodontids but in at least Zaisanamynodon and Metamynodon (Figure 3) the lacrimal is reduced and its contact with the nasal is broken by a backward extension of the maxilla, which contacts the frontal. If reduction in size of the lacrimal is indicative of aquatic habits this trait applies only to the Metamynodontini. 

Muzzle breadth 
Howell (1930) stated that many aquatic mammals tend to have relatively broad muzzles. He believed that an increase in muzzle breadth was related to development of a nasal closure mechanism, which "crowded" the narial opening by a large fibro-muscular pad (see for example phocids and otters). Mitchell and Tedford (1973) also argued that a broad muzzle was an aquatic adaptation in Enaliarctos believing that it provided additional space for warming inspired air.

Metamynodontines have the largest muzzles in the family, but they are also relatively more brachycephalic than other amynodontids. Muzzle width is probably correlated with dietary habits (see Mead and Wall, 1998, for a review of this character). We do not believe this character provides useful information on the question of aquatic versus terrestrial mode of life in amynodontids.

[image: image3.jpg]



Figure 3— Lacrimal development in A, Amynodontopsis; and B, Metamynodon. Abbreviations: F, frontal; L, lacrimal; MX, maxilla; N, nasal; P, premaxilla. 

Orbital position 
High placement of the orbit on the skull is a likely adaptation to a semi-aquatic mode of life. Rostriamynodon (Figure 1D) and Amynodon show no significant change in orbital position from other primitive perissodactyls (like Hyrachyus), and it is likely that both of these early amynodontids were terrestrial. Derived amynodontids exhibit two strikingly different orbital patterns. Cadurcodon (Figure 1C) represents one extreme in which the orbit is located low on the skull. Expansion of the frontal sinuses in cadurcodontines has elevated the nasals and skull roof far above their position in Rostriamynodon. Such unusual skull proportions in cadurcodontines can best be explained as proboscis modifications in this group (Wall, 1980). Metamynodon (Figure 1B) typifies the opposite pattern. In this genus the orbit is located high on the skull, practically even with the anterior skull roof, a position consistent with an amphibious mode of life. 

Summary of cranial characters 
There is no single skull pattern that can be defined as typically amynodontid. Since there are several different skull configurations it is likely that different amynodontids were adapted to different modes of life. Amynodontid cranial anatomy indicates a dichotomous evolutionary pattern stemming from a common ancestral skull form. This dichotomy is illustrated in Figure 4 using distorted coordinates to depict evolutionary change from the primitive amynodontid, Rostriamynodon. Cadurcodontines remained terrestrial but modified the skull for a proboscis. Only metamynodontines, shifted to an aquatic mode of life, and cranial anatomy in this group converged toward a Hippopotamus-like pattern. 

Post-Cranial Characters

It is easy to differentiate a cursorial terrestrial mammal from a permanently aquatic one on the basis of skeletal anatomy. Most of the difference between these extremes can be attributed to two major factors. First, there are differences in mode of locomotion, appendicular in the terrestrial mammal and axial in the aquatic mammal. Second, is the differing effect of gravity on the two body forms. All land mammals must constantly support their own body weight. A column of water, however, passively supports aquatic mammals. The majority of mammals fall somewhere between extremes of cursoriality and permanently aquatic. Less specialized terrestrial and aquatic mammals are more difficult to differentiate. For example, can the life habits of Ceratotherium simum (white rhinoceros) and Hippopotamus amphibius be accurately determined solely from a study of postcranial anatomy? Both the rhino and the hippo move entirely by appendicular locomotion and, since the hippo feeds on land, each is subjected to gravitational force, but the two animals lead very different lives. Scott (1937) stated that "Short of the development of flippers, there seems to be no general character of skeleton which distinguishes aquatic from terrestrial mammals." We disagree with Scott's statement. Although skeletal differences may be subtle, they must exist if terrestrial and amphibious animals are optimally adapted to their different environments. 

Strength of Thoracic Spines 

Scott (1941) commented that the neural spines in Metamynodon were "remarkably short and weak, another indication of aquatic habits." Scott (1937) also interpreted the unusually weak neural spines of Astrapotherium as an aquatic adaptation in this extinct South American ungulate. In neither paper did Scott explain why he thought weakness of neural spines was an aquatic adaptation. We assume, however, that Scott believed that head weight was partially supported by the surrounding water. The neural spines of large terrestrial ungulates are enlarged in the withers to serve as attachment sites for a powerful nuchal ligament supporting the neck and head. Two factors influence the size of the nuchal ligament, neck length, and head weight. The strong nuchal ligament in Equus is primarily due to its elongate neck. The nuchal ligament is better developed in oxen (Sisson and Grossman, 1953) where enlargement is primarily due to the larger skull size and addition of horns. 

Figure 5 illustrates the skeletons of several modern and fossil ungulates. The six animals pictured are arranged in decreasing relative size of thoracic neural spines from top to bottom and left to right. Brontops (an extinct titanothere) and Rhinoceros, the Indian rhinoceros, exhibit the greatest development of neural spines. Both of these animals had relatively large heads requiring a well-developed nuchal ligament for weight support. Amynodon and Hippopotamus have neural spines intermediate in size between Rhinoceros and the next size group below. Although the hippo skull is much larger than the skull of Amynodon, its neural spines are only slightly better developed than in this primitive amynodontid. Based solely on the large size of its skull, the hippo should have neural spines larger than the rhino and roughly equal to that of the titanothere. Since it does not, the hippo probably depends on periodic support from water to relieve stress on neck musculature and the nuchal ligament. 
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Figure 4— Distortion grid showing cranial modifications in A, Cadurcodon and B, Metamynodon based on the primitive amynodontid C, Rostriamynodon.

The neural spines of Metamynodon are even more weakly developed than in Hippopotamus and show a clear size reduction from the condition seen in Amynodon. As pointed out by Scott (1937), Astrapotherium shows an extreme reduction in neural spine size. Part of this weakness could be due to the small size of the skull, but even the lightly built tapir has better neural spine development than Astrapotherium. 

There is a clear association between well-developed thoracic neural spines and terrestrial habits in large ungulates. A reduction in neural spine size could be related to acquisition of amphibious habits. Based on this character, Amynodon and Sharamynodon (a basal cadurcodontine whose complete skeleton is illustrated in Osborn, 1936) fall into a medium-sized terrestrial ungulate range, whereas Metamynodon neural spine development indicates an aquatic mode of life for this taxon. 

Rib cage diameter 

The broad, expansive rib cage of Metamynodon has been compared to that of Hippopotamus as additional evidence for aquatic habits in amynodontids (see for example, O'Harra, 1920; Troxell, 1921; and Scott, 1941). However, Howell (1930) did not believe there was any relationship between aquatic habits and development of a barrel-like chest cavity in Hippopotamus. Instead, Howell suggested that the food habits of hippos required an enormous gut, which expanded the rib cage. 

Although increased space for an enlarged digestive tract may be the proximal cause for ribcage expansion, the ultimate factor allowing such a modification to occur may still have been a shift to aquatic habits. Coombs (1975) presented a mechanical analysis of weight forces acting on a round-bodied tetrapod and a narrow-bodied sauropod. His analysis showed that weight is supported by serratus musculature originating along the ribcage and inserting on the scapula. Contraction of the serratus musculature creates a force pulling the rib cage outward. This force is resisted by ligaments spanning the articular surfaces between the ribs and vertebral column and by ventral rib attachment to the sternum (Coombs, 1975). Rotational force or moment is the product of a force times its lever arm. Rotational force for a given body weight will be greater in a round-bodied animal than in a narrow-bodied one. Therefore around-bodied animal must either develop stronger resistance forces to compensate for its rib cage mechanical disadvantage or find some other method of reducing rotational force on the ribs (or both). Coombs pointed out that resistance force at the ribs can be increased by enlarging the lever arm of Rp (this is accomplished by increasing the distance between rib tuberculum and capitulum). Since the transverse processes (capitulum attachment site) on thoracic vertebrae in Metamynodon are relatively large (Scott, 1941), this animal has shown some selection for increase in resistance force acting on the ribs. If Metamynodon were aquatic however, additional relief from rotational stress at the ribcage would result from water buoyancy. It is conceivable that the ability to at least temporarily relieve the ribcage from body load stress by entering water made body cavity expansion mechanically feasible in both Metamynodon and Hippopotamus.
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Figure 5—Skeletons of various ungulates illustrated in order of decreasing size of thoracic neural spines (a good indicator of nuchal ligament size) relative to skull size and neck length. A, Brontops (Scott, 1941); B, Rhinoceros (Young, 1962); C, Amynodon (Wall, 1998); D, Hippopotamus (Young, 1962); E, Metamynodon (Scott, 1941); and F, Astrapotherium (Scott, 1937). Not to scale.

Ribcage evidence implies that Metamynodon could have been semi-aquatic. Amynodon and Sharamynodon have considerably narrower bodies than Metamynodon, and the ribs themselves were more like the characteristic t-shape of terrestrial mammals. It seems likely therefore that at least primitive amynodontids were terrestrial. 

Limb proportions 

The relative lengths of appendicular skeletal elements provide useful insights into the locomotor adaptations of mammals (see discussion in Wall and Hickerson, 1995). Locomotor differences between large terrestrial and aquatic ungulates should be discernable. The large size of both rhinos and hippos requires a significant locomotor out force to overcome inertia during changes in motion. There can be differences, however, in the amount of outward force that is actually used in propulsion and the amount that is "wasted." The nature of the substrate the animal is traveling on is an important factor. A hard, packed substrate, as on dry land, provides firmer footing, and relatively little energy is lost in moving across it. A muddy river or marsh bottom, however, will give when the animal tries to push off, decreasing propulsive force. In addition deep mud requires additional force to slog through it. Another factor influencing the amount of force required for locomotion is the medium through which the animal is moving. A terrestrial rhino meets little resistance from surrounding air compared to the water resistance faced by a submerged aquatic mammal. 

Although the mode of locomotion is the same in the rhino and hippo the amount of force required to produce movement will be different, therefore modifications of the skeleton should be visible in the hippo to provide greater force. The magnitude of the propulsive force produced by the limbs pushing off the ground is related to the amount of input force and the lever arm lengths of these two forces. This relationship can be formulated as: Fo = FiIi/Io where Fo is force output, or as in this case propulsive force; Fi is force input (which for the front limb comes primarily from contraction of the triceps muscle); Ii is the input lever arm, or the perpendicular distance from the fulcrum (elbow joint) to the line of action of the muscle; and Io. is the output lever arm, or distance from the fulcrum to ground contact. The formula indicates that output or propulsive force can be increased either by increasing input force or input lever arm, decreasing the output lever arm (for example Teleoceras), or a combination of these factors. To simplify analysis, manus length and triceps force have not been included in this study. Table 1 gives the length of the olecranon process (proportional to Ii) and total radius length (proportional to Io) for a series of ungulates. The index presented in Table 1 shows the relative size of the input lever arm compared to the majority of output lever arm. Two groups can be distinguished from the index values presented. Animals with a high index are Metamynodon, Teleoceras, Choeropsis (pygmy hippopotamus), and Hippopotamus. All other mammals listed in Table 1 have small indices but some increase is visible based on overall body size and probably reduced cursorial habits. Thus Rangifer (caribou) has the lowest index measured in this study while the most ponderous animal measured, Brontops, has the highest index for a terrestrial mammal. 

Based on evidence from limb proportions it appears that both Metamynodon and Teleoceras were aquatic and that Aphelops was terrestrial. The relatively low index of Amynodon places it not only with terrestrial mammals but also suggests that it was relatively cursorial. Paramynodon is interesting in that although it falls within the terrestrial group it is intermediate in proportions between Amynodon and Metamynodon (an idea first recognized by Colbert, 1938). Since Paramynodon is a primitive metamynodontine its limbs may have been only marginally adapted for aquatic life. Continued selection for aquatic adaptations therefore probably resulted in the condition seen in Metamynodon. 

Muscle reconstruction 

A thorough reconstruction of body musculature in amynodontids is beyond the scope of this paper, but relative development of certain muscles may be useful in differentiating between terrestrial and aquatic life habits. Of particular interest are several muscles in the hind limb: Mm. popliteus, gastrocnemius, soleus, extensor digitalis longus, and peroneus tertius.

Table 1 — Comparative forelimb proportions in some aquatic and terrestrial ungulates. 

Taxon
Olecranon

(mm)
Radius

(mm)
Index

(O/Rx100)

Rangifer (AMNH 24206)
62
288
21.53

Tapirus (UMA 24)
60
194
30.9

Ceratotherium (GCM 575)
122
367
33.3

Aphelops (UF 26043)
112
346
32.37

Brontops (SDSM 523)
190
476
39.9

Amynodon (AMNH 1961)
73
286
25.52

Paramynodon (AMNH 20013)
95
298
31.9

Metamynodon (MCZ 11968)
138
281
49.11

Teleoceras (UF 26038)
110
230
47.8

Choeropsis (AMNH 148452)
87
163
53.3

Hippopotamus (AMNH 15898)
137
282
48.58

The same selection factors bringing about proportional changes in limb elements of aquatic and terrestrial mammals will also have an affect on the musculature operating the limbs. Relative muscle development can be determined by examination of the muscle's site of origin and insertion. 

The popliteus originates in a pit on the lateral epicondyle of the femur. In Hippopotamus, Teleoceras, and Metamynodon, this pit is large and distinct. In Ceratotherium and Aphelops the popliteus pit is shallower and not as distinct. Difference in pit size between these two groups implies that Mm. popliteus is performing differently in these two groups of animals. The popliteus inserts high on the tibia, functionally it can act as a synergist, aiding the Mm. gastrocnemius/soleus complex (which inserts on the calcaneum) in plantar flexion of the foot. Enlargement of the gastrocnemius/soleus musculature in Hippopotamus, Teleoceras, and Metamynodon is also indicated by increased roughness of the femoral supracondyloid crests and head of the calcaneum (the calcaneal tuber in Metamynodon is also relatively longer than in terrestrial rhinos). The reason for the differences cited above becomes apparent from a study of hind limb mechanics. The ankle joint is functionally analogous to the elbow joint (they can both act as Class I levers) and the same relationship between in forces and out forces described above holds true for the ankle as well. The amount of propulsive force applied to the ground (Fo) is proportional to the input force and lever arm. For plantar flexion at the ankle joint the input force is provided by Mm. popliteus, gastrocnemius, and soleus. The input lever arm is the length of the calcaneum tuber. Since both of these components are enlarged in Hippopotamus, Teleoceras, and Metamynodon, these animals could produce greater propulsive force than is possible in the relatively equal-sized terrestrial rhinos. As mentioned above, an aquatic animal meets more resistance while walking than a terrestrial mammal. This evidence supports an amphibious mode of life for Metamynodon and Teleoceras. 

Mm. extensor digitalis longus and peroneus tertius are important in maintaining the stifle joint which locks the hind limb in place while the animal is standing (as in horses). Both of these muscles originate from the extensor fossa on the distal end of the femur just posterior to the lateral ridge of the trochlea. Ceratotherium and Aphelops have an expanded, distinct extensor fossa. Hippopotamus, Metamynodon and Teleoceras, however, have a reduced extensor fossa. As mentioned above, Mm. extensor digitalis longus and peroneus tertius help maintain the stifle-joint, an important weight bearing adaptation in terrestrial ungulates. The relatively poor development of this mechanism in Hippopotamus, Metamynodon and Teleoceras could be due to acquisition of aquatic habits, which provided weight support from surrounding water. 

The only amynodontid available for comparison with Metamynodon is the primitive genus, Amynodon. In Amynodon the popliteus pit is distinct, but the crests along the supracondyloid fossa are not enlarged, the fossa itself is shallow and the calcaneum tuber is relatively smaller than in Metamynodon. These skeletal characters suggest that Amynodon had a large popliteus but that its gastrocnemius/soleus complex was not enlarged. Most cursorial ungulates, including Equus, have a large popliteus. Terrestrial mediportal mammals generally show a reduction in size of M. popliteus, whereas large amphibious ungulates increase the size of the popliteus. Apparently the popliteus is serving a different purpose in all three groups (cursorial, mediportal, and semi-aquatic). In cursorial mammals M. popliteus increases spring in the leg, particularly in saltators like Gazella. Heavy terrestrial mammals do not rely on speed to as great an extent and therefore M. popliteus is reduced. In semi-aquatic mammals M. popliteus adds to plantar flexion force (acting with the gastrocnemius and soleus), and therefore would be large in these mammals. Amynodon also has a well-developed extensor fossa indicating this animal probably had an efficient stifle joint. 

Summarizing characters of hind limb musculature, Metamynodon and Teleoceras show aquatic adaptations similar to those of Hippopotamus. Amynodon, however, does not; this animal shows characters more typical of a cursorial or subcursorial mammal. It seems evident therefore that primitively amynodontids were subcursorial, terrestrial mammals and that metamynodontines shifted to a semi-aquatic mode of life. 

Adaptive radiation of metamynodontines

Intermediate evolutionary stages between Amynodon and Metamynodon are seen in two Asiatic amynodontids, Paramynodon and Zaisanamynodon and one North American genus, Megalamynodon. These genera show a clear trend toward increasing adaptation for an amphibious mode of life. Zaisanamynodon in particular comes close to (but does not equal) Metamynodon in a number of these characters. The initial radiation of metamynodontines occurred during the middle Eocene. Megalamynodon and Paramynodon exhibit roughly equivalent adaptive stages in North America and Asia. Unfortunately, the relatively poor fossil record for both of these primitive metamynodontines does not allow for a definitive systematic review of the relationship between these two taxa. 

Historically, Megalamynodon is viewed as the ancestor of Metamynodon (Scott, 1945), however, the Asiatic Zaisanamynodon shares more derived characters with Metamynodon (Wall, 1989). Migration between Asia and North America was a significant factor in amynodontid evolution from the middle Eocene to the middle Oligocene (Wall, 1998). Hanson (1996) has assigned the amynodontid specimens from Hancock Quarry (upper Clarno Formation, Duchesnean) to the Asiatic taxon Procadurcodon. Hanson suggested that Procadurcodon could be a sister taxon to Zaisanamynodon. This scenario would open up the possibility that Metamynodon is derived from an Asiatic source rather than descending from Megalamynodon. 

Metamynodon is a rare component of the late Eocene mammal fauna of North America. Fossils of Metamynodon are significantly more abundant from early Oligocene (Orellan) strata. This apparent increase in Metamynodon population size might be an artifact of the extensive channel sandstones from this time period exposed in the southern unit of Badlands National Park (in fact these beds are extensively referred to in the literature as Metamynodon channel sandstones). A decline in Metamynodon numbers probably occurred during the Whitneyan since this taxon is not evident in the Protoceras channel sandstones (Poleslide Member of the Brule, well exposed in the southern unit and Palmer Creek areas of Badlands National Park). Metamynodon specimens are reported from Whitneyan deposits in North Dakota, making for a more complicated evolutionary scenario than previously thought. 

The taxonomic relationship of the enigmatic "Cadurcotherium" indicum from the Miocene of India is open to question. Wall (1989) placed this taxon in the Metamynodontini based primarily on dental characters. Until recently the skull and skeleton of this genus was unknown. The dentition in this rhino is the most highly derived of any amynodontid, but is most like Cadurcotherium cayluxi. Bonis (1995) described a skull and partial skeleton of Cadurcotherium cayluxi from the European Oligocene. This animal is clearly more like cadurcodontines than metamynodontines. If the amynodontid from the Miocene of India is not a metamynodontine, then Metamynodon may be the most derived member of the tribe. 

In summary, anatomical evidence supports the taphonomic association of Metamynodon with a riparian habitat. The front cover illustration for this volume presents the likely appearance of this amphibious rhino in a streamside swale habitat with herbaceous vegetation (the habitat reconstruction is based on Retallack, 1983). 
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