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ABSTRACT 

 
A mostly complete skeleton of a mysticete from the Carmel Church Quarry 

displays some injuries, including a fractured and partially-healed left mandible, 

previously not reported in any fossil mysticete. The mostly healed nature of this 

non-union impaction fracture indicates that the animal died a significant amount 

of time after the injury. Additional injuries of the postglenoid process and left 

premaxilla, as well as the nature of the impaction fracture in the mandible 

suggest that the cause of this was some impact from the left anterior aspect. 

Possible scenarios for how this injury could have happened include intraspecific 

aggression and, more likely, impact with the seafloor during benthic feeding. 

The ribs of this individual are heavily osteosclerotic from dorsal to ventral ends, 

which would suggest that this taxon was a benthic feeder. In comparison with a 

sample of ribs from fossil mysticetes, it appears that Diorocetus may have been 

one of the last mysticetes with rib osteosclerosis, a feature possibly primitive to 

Mysticeti. Although this remains speculative, the presence of osteosclerotic ribs 

in primitive mysticetes suggests that the feeding mode employed by the earliest 

Chaeomysticeti was one of benthic feeding. 

 
Keywords: paleopathology, bone fracture, Cetacea, Mysticeti, Miocene, Calvert 

Formation, osteosclerosis 
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INTRODUCTION 
 

“Whales are probably among the healthiest of living creatures” 

 Walter Ross Cockrill, 1960. 

 

Modern cetaceans are susceptible to many of the same diseases as 

terrestrial mammals, although studies of the incidence of pathologies 

from years of data collecting from whaling ships and strandings have 

shown that they appear less susceptible to succumbing to natural injuries 

(Cockrill, 1960; Slijper, 1979). Cases do exist however, and include 

spondylitis that has been recognized in balaenids (Ledwell et al., 2007) 

and balaenopterids (Félix et al., 2007) and usually associated with 

bacterial infections spread among social animals.  But the fossil record of 

disease and injury in marine mammals in general is not extensively 

studied, though many case reports exist (Bjotvedt and Turner, 1977; 

Pilleri, 1988; Dawson and Gottfried, 2002; Godfrey and Altman, 2005; 

Thomas et al., 2008), and recently more comprehensive studies of 

pathology utilizing more than strandings records have been brought to 

light (Moore et al. 2009). In a few cases, larger studies of their potential 

paleobiological meaning (Mulder, 2001) or more thorough studies of 

pathology frequencies in modern and fossil marine mammals have been 

reported (Beatty and Rothschild, 2008). The fossil record of such 

diseases and injuries is particularly interesting in marine mammals 

because of the extreme changes in their anatomy and physiology required 

of their lifestyles in water, particularly in terms of locomotor, respiratory, 

and cardiovascular physiology, which should presumably result in 

different susceptibilities to diseases than terrestrial organisms. 

Excavations in the upper part of the Calvert Formation at the Carmel 

Church Quarry in eastern Virginia during 2006 resulted in the collection 

of a partial skeleton of a small baleen whale. The Carmel Church Quarry 

has been excavated for 19 years and has yielded a large Miocene fauna 

that includes numerous mysticetes, including new taxa (Dooley et al., 

2004) and numerous other marine vertebrates, as well as terrestrial 

mammals (Dooley, 2007).. With a fauna this rich and well-preserved, it 

should not be surprising that some of the mysticete material would allow 

for detailed study of pathologies. This new specimen, VMNH 120000, 

tentatively identified as Diorocetus hiatus Kellogg, 1968, includes an 

essentially complete cranium, both dentaries, the first 24 vertebrae, and 

numerous ribs (Figure 1). Ribs from this specimen were first discovered 
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in March 2006, during the excavation of another nearby mysticete 

skeleton.  Excavation of the ribs led to the discovery of the rest of the 

skeleton, which was collected during May and June 2006.  Preparation of 

the specimen began in March 2007. The purpose of this report is to 

describe some unusual partially healed injuries visible on this specimen 

and what these injuries and other features of the skeleton suggest about 

this mysticete’s paleobiology.  

Paleopathologies in mysticetes are largely unreported except for 

cases of isolated vertebrae that cannot be identified beyond the suborder 

level (Thomas et al., 2008). Because behaviorally induced 

paleopathologies may occasionally lend insight into aspects of 

paleobiology that are otherwise unknowable (Beatty and Rothschild, 

2008), it is hopeful that this specimen may allow us to gain some insight 

into fossil mysticete lifestyles. First we will describe these injuries, 

including the mandibular fracture, injuries to the postglenoid processes 

and premaxillae, and then discuss features of its skeleton that contribute 

to understanding this animal’s paleobiology.  

 

 
Figure 1. Skeletal reconstruction of VMNH 120000 with known elements indicated. 

 

MATERIALS AND METHODS 
 

Institutional abbreviations: USNM – United States National Museum 

of Natural History, Washington, DC; VMNH – Virginia Museum of 

Natural History, Martinsville, Virginia. 

To aid visualization of these pathologies we generated x-ray images 

of these specimens using a VET-ATR Digital X-ray machine; when 

contrast of these images was digitally enhanced, the enhancement was 

applied uniformly across the image. 

Cortical bone thickness in VMNH 120000 and NMNH modern and 

fossil cetaceans was measured with Mitutoyo digital calipers from 

broken or previously cut ends. Avoiding cutting or breaking specimens 
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for this study limited the sample available, but limited destructive 

sampling of unique specimens. In an attempt to make the data collected 

this way as comparable as possible, when possible these measurements 

were collected from ribs from the same position, and at the same location 

on each rib. Because future work may demonstrate that rib structure 

varies greatly depending on the rib or position within the rib, specifics of 

where data was collected for each rib is reported to allow for comparison 

of data once a larger dataset of this nature can be collected (see Table 1).  

Rib cross sections are rarely circular, making total thickness 

measures a matter of two measures, one of the cranial/caudal thickness as 

well as the superficial/deep thickness. The nature of rib morphology 

usually causes the cranial/caudal thickness to be greater than the 

superficial/deep thickness because of the oval-shaped cross section of 

most ribs. For fragmentary specimens where we could not be absolutely 

certain about which axis was cranial/caudal or superficial/deep, it was 

assumed that the longer axis was cranial/caudal and the shorter axis of 

the cross section was superficial/deep.   

Aside from complex cross-sectional area analyses outside the scope 

of this study, no methods currently exist for comparison of rib cortical 

bone thickness and how it may scale, so only raw measurements of 

cortical bone thickness compared to total rib thickness are reported, 

along with simple averages of the composition of cortical bone to overall 

rib thickness. 
 

INJURY DESCRIPTION 

 

This whale shows evidence of injuries not previously described in 

any fossil mysticete. The left dentary was broken completely in half at 

approximately its midpoint during the life of the animal. The fracture 

occurred 68.5 cm from the rostral end of the dentary, and 61 cm from the 

caudal end of the dentary, at approximately half the length of the 

mandible (Figures 2, 3). The wound was apparently beginning to heal, 

but the two halves of the dentaries never fused back together. New bone 

growth (callus) is evident in abundance near the edges of the break. The 

mandibular canal can be seen open in both ends, although the edges of 

them near the break and callus formation show some evidence of 

narrowing due to endosteal bone growth. This can be seen in X-rays 

(Figure 3), as can the larger displacements of bone in the fracture itself. 

We can be sure that these fractures occurred at the time of injury because 
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this endosteal bone growth appears to cover and encompass part of these 

fractures near the broken ends, indicating that they occurred in life. The 

fracture appears to have displaced both broken ends considerably, much 

like what would be seen in a impaction fracture. When the broken halves 

of the left dentary are articulated, the overall length of the dentary (129.5 

cm) is considerably shorter than the right dentary (133.8 cm). Together, 

the bony callus and displacements due to the fracture have made this 

region of the mandible 89 mm in height (compared to nearby healthy 

dentary height of 77 mm) and 67 mm in width (compared to nearby 

healthy dentary width of 44 mm). 

Impaction fractures are not commonly seen in the mandibular body 

of most mammals, primarily because the morphology of their mandibles 

makes this region one of the least likely to experience compression along 

its long axis (Tams et al., 1997). Impaction fractures are most common in 

postcranial long bone elements of terrestrial animals as a result of sudden 

excess loading along the long axis of the bone.  Most mandibles are 

dorsoventrally taller than they are mediolaterally broad, presumably to 

increase their resistance to bending in the sagittal plane. Mysticete 

mandibles are also dorsoventrally taller than mediolaterally broad, but 

are also much longer and their dorsoventral height is relatively far less. 

This could be because of the lack of dentition and surrounding alveolar 

bone, but is probably also due to the bowed mandibles and complex 

mechanics of feeding employed by modern mysticetes (Lambertsen et 

al., 1995). At present nothing quantitative is known about how 

differences in feeding modes employed by modern mysticetes (such as 

ram-feeding by balaenids) is reflected or influenced by the morphology 

and mechanical differences seen in their mandibles, although rostral 

curvature might be considered a means of differentiating skim-feeders 

from engulfment feeders. 

What is perhaps most curious is that despite this evident healing, the 

two portions of the dentary appear to have never united. Non-union 

fractures are difficult to narrowly define, as they are simply fractures that 

persist in not uniting for various reasons, usually because of persistent 

edema to the site of fracture (Ray et al., 1964). Because most callus 

formation in mandibular breaks depends on the delivery of blood to 

regions affected (Rhinelander, 1968; Nilsson and Granström, 1987), it is 

probable that either the inferior alveolar artery escaped being severed by  
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Figure 2. Broken left dentary of VMNH 120000 in A) lateral view, B) dorsal view, C), 

end-on view of broken surface of posterior portion, and D) end-on view of broken surface 

of anterior portion. 

 

this fracture, or enough periosteal circulation remained to allow for the 

rostral end of the break to heal as well. The periosteum is one of the 

primary sources of osteogenic cells in callus formation in mandibular 

breaks, so any disturbance of it should have delayed healing or prevented 

it altogether (Rasubala et al., 2004). Without histological data for the 

bone, let alone the soft tissues that are long lost to time, it is impossible 

to get a more complete view of the stage of repair of this fracture. 

Studies of fractures in mysticete mortalities today require more complete 

analysis of soft tissues and histopathology to determine causes of 

fractures and whether they occurred antemortem, perimortem, or 

postmortem (Campbell-Malone et al., 2008), but the status of the fracture 

in this fossil mysticete shows enough healing that we can confidently 

claim that it occurred antemortem. This individual may have died prior to 
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completion of healing, although some healing was certainly ongoing and 

a future union may have been incipient. With only this moment in time 

of the healing of this fracture it is impossible to determine if periosteal 

and/or endosteal healing has ceased, and whether any soft tissues acted in 

any way to cause structural stiffness that would allow more precise 

classification of this fracture as normal, delayed union, or non-union 

fracture (Marsh, 1998). Still, in trauma-associated mandibular body 

fractures that fail to unite (non-union fractures), osteomyelitis is 

commonly associated and a likely secondary cause of the failed union, 

probably due to pyogenic bacteria that enter the injury from the mouth 

(Mathog et al., 2000). Although it is hard to imagine bacteria 

proliferating in a mouth awash in seawater so regularly, chronic lesions 

of this sort are known in the oral mucosa of balaenids (Albert et al., 

1980; Philo et al., 1990).  

In experimental work on displaced closed fractures in dogs, it 

appears that callus formation may be visually noted by the third week 

after a fracture (Rhinelander et al., 1968). Even though data on the rate of 

bone growth in cetaceans is lacking, this rate of callus formation is fairly 

common in mammals and at least indicates that callus formation of this 

sort indicates that the fracture occurred at least a week or more prior to 

the time of death.  So, though the details of surrounding soft tissues 

cannot be assessed here, it can be fairly confidently stated that this was 

something comparable to an impaction fracture one would see in a long 

bone, that maintained enough circulation (either from the inferior 

alveolar artery or periosteal circulation) that growth on both ends had 

begun to form a callus, and that this animal had persisted to live for some 

time, perhaps weeks after the injury occurred. Baleen whales have huge 

energy reserves in the form of blubber, which has been used to explain 

how they are able to migrate between large expanses of ocean that have 

little food, and may even explain why among some species females are 

often bigger than males (Brodie, 1975). Modern cases of rope 

entanglements of right whales have shown that they may be able to 

survive for months on their fat reserves with ropes entangling their 

baleen and/or rostrum, probably hindering their ability to feed (Moore et 

al., 2006). Indeed, this individual fossil mysticete may have lived for 

weeks or months with this injury, even if it hindered feeding success and 

led to a long, drawn-out starvation. 
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Figure 3. Broken portion of left dentary of VMNH 120000 in A) photographic dorsal 

view, B) x-ray dorsal view, C) photographic medial view, D) x-ray medial view. 
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Elsewhere in the skull there is also evidence of an injury to the 

rostral end of the left premaxilla (Figure 4). The rostral end of the 

premaxillae in this animal are laterally expanded as compared to most 

other mysticetes. This can be clearly seen in both the injured (left) and 

healthy (right) sides, although on the injured side it can be seen that the 

rostral tip is damaged, shorter, and indented. This surface appears to have 

some remodeled bone, indicating that it too occurred some time before 

death and was healing to some degree. This injured tip lies at the same 

point as the tip of the left mandible would be in a slightly open position. 

Both of these edges are not as perfectly preserved as they are posteriorly, 

but enough reparative bone allows us to confirm that they suffered injury 

prior to death.  

Lastly, though erosion cannot be counted out here, the left 

postglenoid process appears broken and unusually porous in comparison 

with the right postglenoid process. The ventral part of the left 

postglenoid process is missing, and although this edge seems too 

damaged to determine if the broken edge occurred in life or after 

fossilization, the whole postglenoid process appears more dominated by 

vacuities, making it radiographically lighter (Figure 4). The damaged 

nature of this postglenoid, however, makes this diagnosis extremely 

speculative. 

 

DISCUSSION 

 
What causes fractures in mysticetes?—Other than ice-breaking-related 

abrasion around the blowholes of balaenids (George et al., 1989), injuries 

to the rostrum and/or mandible in modern mysticetes are most well-

known from boat collisions (Wiley et al., 1995; Laist et al., 2001) 

although such collisions can be found in many regions of the body and 

be found as blunt traumas or propeller cuts (Douglas et al., 2008). Even 

more than rope entanglements, ship collisions appear to be the major 

cause of Eubalaena glacialis mortalities in the Atlantic, and are often 

associated with massive fractures that, in at least some cases, the animal 

died from after a period of time that allowed for necrosis and some 

fracture remodeling (Moore et al., 2004). One case report of a Balaena 

mysticetus harvested off the coast of Alaska showed evidence of long-

term necrosis after a mandibular break with no evidence of reduced body 

condition (Philo et al., 1990), suggesting that mandibular breaks in at 

least some mysticetes might not result in death for prolonged periods of  
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Figure 4. Squamosals and premaxillae of VMNH 120000. Right squamosal in A) 

photographic ventral view and C) x-ray ventral view. Left squamosal in B) photographic 

ventral view and D) x-ray ventral view. Left premaxilla in E) dorsal view and H) ventral 

view. Right premaxilla in F) dorsal view and G) ventral view. 
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time. In that individual’s case, it was apparent that the inferior alveolar 

artery was severed (and probably the periosteum as well) and the 

resulting avascularity reduced the degree of healing. This fossil 

mysticete, on the other hand, must have maintained its vascular supply 

despite the break, as it can be clearly seen that both anterior and posterior 

broken ends show signs of healing.  

But ship collisions were certainly not occurring in the Miocene, so 

what sort of event could lead to a fracture? Blunt traumas can lead to 

fracture, although it seems as if the number of potential impacts that a 

whale is likely to encounter are few. Could a predator cause such an 

impact? The injuries in VMNH 120000 are limited to the midpoint of the 

left dentary, the anterior tip of the left premaxilla, and possibly the left 

postglenoid process; there are notably no injuries to the premaxilla nor to 

the maxilla adjacent to the site of the dentary break. Although 

Carcharocles megalodon teeth were found in close association, as well 

as several hundred teeth from smaller sharks, only bite marks suggesting 

post-mortem scavenging have been found. Predation and/or scavenging 

by sharks on whales is certainly documented, even in the fossil record 

(Deméré and Cerutti, 1982), but this is not the same as an injury that has 

subsequently healed. Secondly, the fact that this injury shows healing 

suggests that if it were a predatory event, it was unsuccessful. Most 

importantly, few if any marine predators attack prey in ways that would 

lead to a compressive fracture. It has been speculated that some fossil 

mysticetes with vertebral compression fractures were injured during 

shark attacks (Godfrey and Altman, 2005), but this sort of impact from 

below (or the flank) is not a feasible cause for a impaction fracture in the 

mandible. Scarring in mysticetes clearly show signs of how predators 

injure them, which is usually dominated by bites in the posterior of the 

torso and caudal region (Kraus, 1990; George et al., 1994) that result in 

blood loss, scarring, and sometimes death, not blunt impacts.  

What about intraspecific interactions? Although odontocetes are 

known to have violent intraspecific interactions (Connor et al., 2000), the 

data for mysticetes is almost entirely focused on the odd lekking-like 

behaviors of Megaptera and only rarely involves serious bodily strikes 

that can lead to injury or death (Tyack and Whitehead, 1983; Baker et al., 

1987; Weinrich, 1995; Pack et al., 1998; Craig et al., 2002; Spitz et al., 

2002). The rostral callosities of Eubalaena are larger in males and have 

been implicated in male-male aggression and fighting (Payne and 

Dorsey, 1983), though the injuries resulting from this are usually cuts 
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and scrapes that lead to visible non-pigmented scars. Studies of testis size 

and behavioral observations of Eubalaena indicate that females mate 

with multiple males (Payne and Dorsey, 1983; Swartz, 1986; Payne, 

1995), sometimes with simultaneous intromission (Brownell Jr. et al., 

1986), suggesting that balaenid mating strategies are not dominated by 

male-male aggression (Connor et al., 2000). In studies comparing 

cetacean male aggression with that of other Cetartiodactyla (Lusseau, 

2003) it has been assumed from these two taxa and ambiguous anecdotal 

records of Eschrichtius ramming whaling ships (Krupnik, 1993) that all 

mysticetes engage in head-butting behavior during intraspecific 

aggression. Head-butting has otherwise never been observed in modern 

mysticetes, despite years of observation and it seems possible that these 

cases are derived and not common among all mysticetes. Still, one 

cannot completely rule out intraspecific aggression as a potential cause 

for this injury. If it were, the nature of the fracture being one done by 

impaction may suggest that this individual was the one doing the head-

butting. If so, the impact would have had to be from an oblique angle to 

only involve the left side. 

How else could trauma occur? Aside from other animals, the only 

other solid object in these environments is the seafloor. But do 

mysticetes ever impact the seafloor? There is anecdotal evidence that 

scars on the head and rostrum in Eubalaena are likely caused by collision 

with a mud/gravel substrate (Kraus, 1990), and in these cases every 

individual with these scars and scrapes had mud on top of their rostra 

indicating a recent substrate interaction.  

Among causes of death of 68 marine mammals found stranded along 

the Oregon coast in January 1973, grey whales (Eschrichtius robustus) 

most frequently had head trauma as their primary cause of death 

compared to odontocetes and pinnipeds (Stroud and Roffe, 1979). 

Eschrichtius, being a benthic feeder, forages in a complex coastal habitat 

and probably impacts the seafloor regularly. Obviously injurious impacts 

should be rare, but benthic feeding certainly multiplies the probability of 

an injurious impact.  

 

Lateralization?—Perhaps most curious, but also the most speculative, 

feature of this specimen is that the left mandible is the injured one. 

Lateralized behaviors (“handedness”) has been observed in marine 

mammals (Marino and Stowe, 1997), especially among those feeding in 

a specialized way that interacts with the seafloor, such as in strand-
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feeding Tursiops trunactus (Hoese, 1971), Odobenus (Levermann et al., 

2003) and gray whales (Woodward and Winn, 2006). In at least some 

populations of gray whales, benthic feeding appears to be preferentially 

done with the right side of the mouth based on worn baleen and observed 

behaviors (Kasuya and Rice, 1970; Woodward and Winn, 2006). 

Humpback whales also show some signs of lateralized behaviors 

preferring the right side, although injuries resulting from their 

preferential direction of spin during benthic feeding only results in 

cutaneous scrapes and scars (Clapham et al., 1995), not bone fractures. 

Even though there is a clear population-level right-side preference in 

mysticetes, 10-20 percent of these populations seem to have a left-side 

preference (Kasuya and Rice, 1970; Woodward and Winn, 2006). If this 

break was the result of a benthic feeding event gone wrong, VMNH 

120000 may have had a preference for feeding with its left side.  

Feeding and the Ancestral Condition—Modern Chaeomysticeti 

(baleen-bearing mysticetes) are mostly rather large animals. Most 

balaenopterids are the largest animals on the earth today, and even 

though the largest ones do not appear until the Plio-Pleistocene, most 

fossil baleen-bearing mysticetes are fairly large in comparison with their 

Eocene and Oligocene toothed mysticete cousins in the Aetiocetidae, 

Janjucetidae and Mammalodontidae (Barnes et al., 1994; Fitzgerald, 

2006; Deméré et al., 2008). There have been some interesting hypotheses 

on the causes and role of body size extremes in mysticetes including 

pituitary specializations (Edinger, 1942), though at present the factor 

considered most influential has been the development of filter feeding 

that came with the development of baleen. Presumably filter feeding has 

allowed whales to shift away from the agility needed to pursue individual 

prey and instead focus on less agile means of filtering large amounts of 

water for more numerous smaller prey items. At large sizes baleen 

whales are less controlled by water viscosity and more controlled by 

inertial forces than their small prey items by virtue of their vastly 

different Reynolds numbers (Werth, 2000). Of course, no single adaptive 

role can be identified, and it is worth considering the role of body size in 

the ability of individuals to endure longer periods without food during 

parts of their migrations (Brodie, 1975), the benefit of body size as a 

means of deterring predation, and the role that migration enabled by 

body size might have on predator avoidance (Corkeron and Connor, 

1999).  
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But baleen does not restrict whales to a single mode of feeding, and 

many mysticetes employ different means of using baleen to their greatest 

potential. Coarse-fringed baleen-bearing mysticetes tend be less 

specialized and eat more large prey items than mysticetes with finer-

fringed baleen (Nemoto, 1970). Gray whales, which have the shortest 

and coarsest baleen of extant mysticetes, are primarily benthic feeders 

(Nemoto, 1970), sucking in mud and filtering out benthic invertebrates 

and fishes (Darling et al., 1998) and leaving significant changes to the 

benthic substrate and its community (Nerini and Oliver, 1983), although 

depending on prey availability they can also feed on planktonic prey 

(Dunham and Duffus, 2001). Balaenids, though often observed 

skimming food at or near the water’s surface (Watkins and Schevill, 

1979), are generally found feeding where prey is densest (Baumgartner 

and Mate, 2003), taking advantage of upwelling zones that concentrate 

prey (Rogachev et al., 2008). These prey concentrations can cause them 

to dive to significant depths and, based on stomach contents, rostral 

scrapes and mud on their heads, certainly must be skimming along the 

bottom as well (Carroll et al., 1987; Kraus, 1990). Balaenids, in contrast 

to gray whales and rorquals, have the longest and finest baleen plates and 

a larger area of filtering per body size than engulfment feeders (Nemoto, 

1970). Caperea has baleen texture and filtering area similar to the 

balaenids, and is most likely a “skimmer” (Sekiguchi et al., 1992). 

Rorquals typically feed using an engulfment method, either horizontally 

or coming up from below prey, which usually keeps them free from 

interaction with the bottom (Watkins and Schevill, 1979).  However, 

some evidence of bottom feeding has been noted for Megaptera in the 

western Atlantic, characterized by rostral scrapes known as “jaw scuffing 

(Hain et al., 1995). When these feeding modes are optimized on a 

cladogram of the Mysticeti (Deméré et al., 2008), one can see that the 

most parsimonious assumption is that engulfment feeding is derived in 

the Balaenopteridae, and that the primitive state for the Chaeomysticeti 

(the “true” mysticetes (Mitchell, 1989)) is some mix of benthic and 

continuous ram filter feeding (“skimming”).  

Mysticetes evolved from toothed cetaceans that probably fed like 

many odontocetes do today, with interdigitating teeth used in capturing 

single prey items (Fitzgerald, 2006). Previous analysis of baleen 

evolution in mysticetes had suggested that some toothed mysticetes, 

particularly aetiocetids, represent a stage in which filter feeding utilized 

teeth and baleen together (Deméré et al., 2008). If the primitive state for 
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all of the Chaeomysticeti can be inferred from optimizing the feeding 

modes of modern taxa, then these early baleen-bearing mysticetes 

probably fed much like modern balaenids and gray whales do today, 

optimizing oral morphology to allow prey to flow into the mouth (Werth, 

2004) as well as feeding, at least occasionally, from the benthos.  

 

The Role of Buoyancy in Feeding—Except for seals that exhale before 

diving (Scholander, 1940; Kooyman et al., 1970; Kooyman 1979), all 

other mammals dive with lungs full of air, including cetaceans (Ridgway 

et al. 1969), sea lions (Dormerer et al., 1977), and manatees (Scholander 

and Irving, 1941). If the primitive mode of feeding included benthic 

feeding as a component, the earliest Chaeomysticeti would have needed 

some manner of becoming negatively buoyant, as reaching the benthos is 

a challenging task for an otherwise positively buoyant marine mammal 

with lungs at least partially full of air. A number of modern and fossil 

marine vertebrates that have osteosclerotic, pachyostotic, or 

pachyosteosclerotic bones are inferred to have been negatively buoyant 

and used this for feeding purposes (Stein, 1989; Domning and Buffrénil, 

1991; Taylor, 1994; Ricqles and Buffrénil, 2001; Buffrénil et al., 2008). 

Yet, among the Cetacea the only reported pachyosteosclerosis has been 

reported in Basilosaurus and Zygorhiza (Buffrénil et al., 1990), which 

has been interpreted as an adaptation for maintaining trim during 

swimming. Modern odontocete ribs are thin with thin cortical bone 

compared to terrestrial mammals of similar size (Buffrénil et al., 1990). 

The osteoporosis-like state of the bones of odontocetes is argued to 

enhance maneuverability by making the skeleton lighter, although other 

factors may cause this skeletal lightening as well (Buffrénil et al., 1985). 

This skeletal lightening, in addition to the effect of blubber buoyancy, 

makes many odontocete carcasses positively buoyant post-mortem 

(Schäfer, 1972), and presumably pre-mortem. Among mysticetes, 

balaenopterids are generally considered to be negatively buoyant when 

deceased, although balaenids are positively buoyant (which is the reason 

right whales were considered the “right whales” to hunt) (Nowacek et al., 

2001). It is still unclear whether the osteoporosis-like state found in 

odontocetes is universally found in all Neoceti. Skeletal histology in 

mysticetes is generally considered “spongy” (= osteoporosis-like) 

(Nowak, 2003), but published data on bone structure and/or histology in 

mysticetes is actually quite scarce (Klevezal and Mitchell, 1971) (almost 
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negligible) and has not received as much attention outside of the ear 

region (Ketten, 2000).  

One feature observed in this wonderfully preserved individual is the 

osteosclerotic nature of its ribs (Figure 5). The outer appearance of these 

ribs is not abnormally thick (hence, not pachyostotic), yet the medullary 

cavity is smaller and the cortical bone is thicker than in typical 

mysticetes (osteosclerotic). This is an example of osteosclerosis by 

means of endosteal filling of the medullary cavity (Ricqles and Buffrénil, 

2001), presumably by appositional growth. Although comparative data 

for other mysticetes is limited, other mysticetes from Carmel Church, 

including Eobalaenoptera and cf. Metopocetus, have ribs that are not 

osteosclerotic to the same degree (Table 1). This cortical bone thickness 

occurs throughout the length of the rib, not just in the ventral ends like in 

archaeocetes (Buffrénil et al., 1990), indicating that this had a ballast 

function rather than a role in maintaining trim or preventing rolling like it 

is presumed to have had in basilosaurids. Compared to sirenians that 

have completely solid pachyosteosclerotic ribs, this mysticete’s 

osteosclerosis may have only cancelled out the buoyancy of the blubber 

and allowed for more neutral buoyancy. Still, this probably would have 

eased regular benthic feeding.  

To better assess whether or not rib osteosclerosis is primitive or 

derived for this taxon, we investigated ribs of modern and fossil 

mysticetes from the USNM collections that were previously broken or 

sectioned and available for study. Cross sectional dimensions and 

cortical bone thickness were measured using digital calipers for a 

selection of modern and fossil mysticetes (Table 1) and compared. This 

preliminary data indicates that cortical bone thickness in relation to total 

rib thickness is a primitive character for mysticetes, as is evident in the 

toothed mysticete Aetiocetus cotylaveus and the earliest known 

chaeomysticetan (Uhen, 2007) (Table 1). Cortical bone thickness 

measures from the Carmel Church Diorocetus (VMNH 120000) are very 

close to those of Aetiocetus. Other chaeomysticeti such as the balaenid 

Balaena ricei, as well as Pelocetus, and especially Eobalaenoptera and 

balaenopterids such as VMNH 120001 and Megaptera, have much 

smaller cortical bone thickness ratios than Diorocetus and Aetiocetus. 

Metopocetus, Parietobalaena, and the subadult holotype of Diorocetus 

hiatus (USNM 16783), have cortical bone thickness ratios closer to that 

of VMNH 120000 and Aetiocetus, but still reduced in comparison.     



Beatty and Dooley: Injured Baleen Whale 17 

 
 
Figure 5. Cross-section of ribs of various mysticetes. A, B) Diorocetus hiatus, VMNH 

120000. C) early chaeomysticetan, USNM 314627 (Uhen, 2007). D, E) Aetiocetus 

cotylaveus USNM 25210. F) Balaenopteridae, VMNH 120001. G, H) cf. Metopocetus 

sp., VMNH 1782. I) Eobalaenoptera harrisoni, VMNH 742. J, K) Diorocetus hiatus, 

USNM 16783. L) Balaena ricei, USNM 22553. All scale bars = 1 cm. 

 

It is curious that osteosclerosis is found in Diorocetus, a member of 

the stem mysticetes that is considered the sister taxon to balaenids and 

eschrichtiids (Deméré et al., 2008). No mention of osteosclerosis is made 

in descriptions of fossil eschrichtiids (Ichishima et al., 2006), but no 

mention of rib internal structure is made in these at all, and no mention 

of unusual rib histology has been noted in any modern mysticetes among 

the few studies investigating the histology of various bones, including 

ribs (Klevezal and Mitchell Jr., 1971). If rib osteosclerosis were more 

commonplace in mysticetes, especially Eschrichtius and balaenids, then 

it would be a feature supporting the notion that the primitive feeding 

mode in the Chaeomysticeti was one of ram-feeding (“skimming”) and 

benthic feeding. However, in light of this small sample of data it appears 

as if Diorocetus may have either retained osteosclerosis 
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plesiomorphically from its pre-Chaeomysticeti mysticete ancestors, or 

alternatively, redeveloped it for adaptive reasons. Without a more 

thorough study of postcranial osteosclerosis in modern and fossil 

mysticetes, we may never know whether this trait and its functional 

consequences were arrived at once and lost, or repeatedly evolved in 

mysticetes that needed to achieve neutral buoyancy. 

Likewise, among modern mysticetes, bodily features such as the 

large low aspect ratio of the flippers of balaenids appears to be optimized 

for low-speed maneuverability in complex coastal water habitats 

(Woodward et al., 2006). Perhaps further studies of flipper geometry in 

fossil mysticetes will enhance our understanding of how maneuverability 

and foraging strategies evolved in the Mysticeti. Unfortunately, no 

forelimb elements were preserved with VMNH 120000. 

The idea that Chaeomysticeti started out as ram-feeding/benthic 

feeders is perhaps not so unbelievable. Among the toothed mysticetes, 

the degree of tooth wear seen in taxa such as Mammalodon appears 

indicative of benthic feeding (Fitzgerald, in press), primarily because of 

the role of benthic substrate in tooth wear in marine mammals (Beatty, 

2007). Perhaps, with additional data on the distribution of bone 

histology, tooth wear (for toothed mysticetes), bodily dimensions useful 

for determining maneuverability, and further data on the distribution of 

pathologies in modern and fossil taxa, we can compose a more complete 

view of the individual lives and livelihoods of the early Chaeomysticeti. 
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Table 1. (continued)

sp
ec

im
en

U
S

N
M

5
5
0
1
5
3

U
S

N
M

 

1
6
7
8
3

U
S

N
M

 

1
6
7
8
3

V
M

N
H

1
2
0
0
0
0

V
M

N
H

1
2
0
0
0
0

V
M

N
H

1
2
0
0
0
0

U
S

N
M

 

2
2
5
5
3

ta
x
a 

B
e
r
a
r
d
iu

s
 

b
a
ir

d
ii

D
io

r
o
c
e
tu

s
 

h
ia

tu
s

D
io

r
o
c
e
tu

s
 

h
ia

tu
s

cf
. 
D

io
ro

c
e
tu

s
 

h
ia

tu
s

cf
. 
D

io
ro

c
e
tu

s
 

h
ia

tu
s

cf
. 
D

io
ro

c
e
tu

s
 

h
ia

tu
s

B
a
la

e
n
a
 

r
ic

e
i

ri
b
 p

o
rt

io
n

ri
g
h
t 
an

te
ri

o
r 

ri
b
 (

#
1
),

 

m
id

-s
h
af

t

le
ft

 a
n
te

ri
o
r 

ri
b
, 
ju

st
 p

as
t 

m
id

sh
af

t

p
o
st

er
io

r 
ri

b
,

m
id

-s
h
af

t

le
ft

 a
n
te

ri
o
r 

ri
b
, 
ju

st
 p

as
t 

m
id

sh
af

t

p
o
st

er
io

r 
ri

b
,

m
id

-s
h
af

t

m
id

d
le

 r
ib

,

p
ro

x
im

a

le
ft

 m
id

d
le

 

ri
b
,

m
id

-s
h
af

t

co
rt

ic
al

 t
h
ic

k
n
es

s–

cr
an

ia
l 

tc
ra

n

5
.1

7
5
.8

3
2
.6

9
.2

1
1
.5

1
2
.4

1
.7

4

co
rt

ic
al

 t
h
ic

k
n
es

s–

ca
u
d
al

 t
ca

u
d

2
.4

1
1
.3

4
5
.8

3
9
.7

1
1
.1

1
0
.2

0
.1

to
ta

l 
th

ic
k
n
es

s–

cr
an

ia
l/

ca
u
d
al

 C
/C

7
1
.8

3
3
1
.6

2
8
.5

4
1
.7

4
1
.1

3
3
.8

8
0
.8

7

co
rt

ex
 %

 o
f 

to
ta

l 

(t
cr

an
 +

 t
ca

u
d
)/

 (
C

/C
)

1
0
.5

5
2
2
.6

9
2
9
.5

8
4
5
.3

2
5
4
.9

9
6
6
.8

6
2
.2

8

co
rt

ic
al

 t
h
ic

k
n
es

s–

su
p
er

fi 
ci

al
 t

su
p

4
.4

1
5
.4

6
.2

6
.2

6
.2

6
1
3
.9

5

co
rt

ic
al

 t
h
ic

k
n
es

s–

d
ee

p
 t

d
ee

p

1
.7

1
4
.6

6
.5

5
.4

6
.3

7
.2

1
1
.7

9

to
ta

l 
th

ic
k
n
es

s–

su
p
er

fi 
ci

al
/d

ee
p
 S

/D

3
2
.4

5
1
6
.5

1
9
.5

1
6
.5

1
6
.2

2
2
.3

4
2
.4

4

co
rt

ex
 %

 o
f 

to
ta

l 

(t
su

p
 +

 t
d
ee

p
)/

 (
S

/D
)

1
8
.8

6
6
0
.6

1
6
5
.1

3
7
0
.3

0
7
7
.1

6
5
9
.1

9
6
0
.6

5

av
g
. 
co

rt
ex

 %
 o

f 
to

ta
l

{
[(

tc
ra

n
 +

 t
ca

u
d
) 

/ 
(C

/C
)]

 

+
 [

(t
su

p
 +

 t
d
ee

p
) 

/ 
(S

/D
)]

}
 /

 2

1
4
.7

1
4
1
.6

5
4
7
.3

5
5
7
.8

1
6
6
.0

7
6
3
.0

3
3
1
.4

6



Jeffersoniana 22 

REFERENCES CITED 

 
Albert, T. F., G. Migaki, H. W. Casey, and L. M. Philo. 1980. Healed 

penetrating injury of a bowhead whale. Marine Fisheries Review 42:92-96. 

Baker, C. S., A. Perry, and L. M. Herman. 1987. Reproductive histories of 

female humpback whales Megaptera novaeangliae in the North Pacific. 

Marine Ecology Progress Series 41:103-114. 

Barnes, L. G., M. Kimura, H. Furusawa, and H. Sawamura. 1994. Classification 

and distribution of Oligocene Aetiocetidae (Mammalia; Cetacea; Mysticeti) 

from western North America and Japan. The Island Arc 3:392-431. 

Baumgartner, M. F., and B. R. Mate. 2003. Summertime foraging ecology of 

North Atlantic right whales. Marine Ecology Progress Series 264:123-135. 

Beatty, B. L. 2007. Dental Microwear as an Indicator of Substrate and 

Suspended Sediment Interaction: Towards a Finer View of Marine Mammal 

Paleoecology. Journal of Vertebrate Paleontology 27:45A. 

Beatty, B. L., and B. M. Rothschild. 2008. Decompression Syndrome and the 

Evolution of Deep Diving Physiology in the Cetacea. Naturwissenschaften 

95:793-801. 

Bjotvedt, G., and C. G. Turner, II. 1977. Mandibular Lesions of Prehistoric 

Aleutian Sea Mammals. Journal of Wildlife Diseases 13:360-365. 

Brodie, P. F. 1975. Cetacean Energetics, an Overview of Intraspecific Size 

Variation. Ecology 56:152-161. 

Brownell Jr., R. L., K. Zhou, and J. Liu. 1986. Potential for sperm competition 

in baleen whales; pp. 97-112 in G. P. Donovan (ed.), Behaviour of whales 

in relation to management: Incorporating the proceedings of a workshop by 

the same name held in Seattle, Washington, 19-23 April 1982 Reports of 

the International Whaling Commission, special issue 8. International 

Whaling Commission, Cambridge. 

Buffrénil, V. d., A. S. Collet, and M. Pascal. 1985. Ontogenetic development of 

skeletal weight in a small delphinid, Delphinus delphis (Cetacea, 

Odontoceti). Zoomorphology 105:336-344. 

Buffrénil, V. d., A. d. Ricqles, C. E. Ray, and D. P. Domning. 1990. Bone 

Histology of the Ribs of the Archaeocetes (Mammalia: Cetacea). Journal of 

Vertebrate Paleontology 10:455-466. 

Buffrénil, V. d., N. Bardet, X. Pereda Suberbiola, and B. Bouya. 2008. 

Specialization of bone structure in Pachyvaranus crassispondylus 

Arambourg, 1952, an aquatic squamate from the Late Cretaceous of the 

southern Tethyan margin. LETHAIA 41:59-69. 

Campbell-Malone, R., S. G. Barco, P.-Y. Daoust, A. R. Knowlton, W. A. 

McLellan, D. S. Rotstein, and M. J. Moore. 2008. Gross and Histologic 

Evidence of Sharp and Blunt Trauma in North Atlantic Right Whales 

(Eubalaena glacialis) Killed by Vessels. Journal of Zoo and Wildlife 

Medicine 39:37-55. 



Beatty and Dooley: Injured Baleen Whale 23 

Carroll, G. M., J. C. George, L. F. Lowry, and K. O. Coyle. 1987. Bowhead 

whale (Balaena mysticetus) feeding near Point Barrow, Alaska, during the 

1985 spring migration. Arctic 40:105-110. 

Clapham, P. J., E. Leimkuhler, B. K. Gray, and D. K. Mattila. 1995. Do 

humpback whales exhibit lateralized behaviour? Animal Behaviour 50:73-

82. 

Cockrill, W. R. 1960. Pathology of the Cetacea. A veterinary study on whales. 

The Britsh Veterinary Record 116:1-28. 

Connor, R. C., A. J. Read, and R. W. Wrangham. 2000. Male reproductive 

strategies and social bonds; pp. 247-269 in J. Mann, R. C. Connor, P. L. 

Tyack, and H. Whitehead (eds.), Cetacean Societies: Field Studies of 

Dolphins and Whales. The University of Chicago Press, Chicago. 

Corkeron, P. J., and R. C. Connor. 1999. Why do baleen whales migrate? 

Marine Mammal Science 15:1228-1245. 

Craig, A. S., L. M. Herman, and A. A. Pack. 2002. Male mate choice and male-

male competition coexist in the humpback whale (Megaptera 

novaeangliae). Canadian Journal of Zoology 80:745-755. 

Darling, J. D., K. E. Keogh, and T. E. Steeves. 1998. Gray whale (Eschrichtius 

robustus) habitat utilizations and prey species off Vancouver Island, B. C. 

Marine Mammal Science 14:692-720. 

Dawson, S. D., and M. D. Gottfried. 2002. Paleopathology in a Miocene 

Kentriodontid Dolphin (Cetacea: Odontoceti). Smithsonian Contributions to 

Paleobiology 93:263-270. 

Deméré, T. A., and R. A. Cerutti. 1982. A Pliocene shark attack on a 

cethotheriid whale. Journal of Paleontology 56:1480-1482. 

Deméré, T. A., M. R. McGowen, A. Berta, and J. Gatesy. 2008. Morphological 

and Molecular Evidence for a Stepwise Evolutionary Transition from Teeth 

to Baleen in Mysticete Whales. Systematic Biology 57:15 - 37. 

Domning, D. P., and V. d. Buffrénil. 1991. Hydrostasis in the Sirenia: 

Quantitative Data and Functional Interpretations. Marine Mammal Science 

7:331-368. 

Dooley, A. C. 2007. Barstovian (middle Miocene) Land Mammals from the 

Carmel Church Quarry, Caroline County, Virginia. Jeffersoniana 18:1-17. 

Dooley, A. C., N. C. Fraser, and Z.-X. Luo. 2004. The earliest known member 

of the rorqual-gray whale clade (Mammalia, Cetacea). Journal of Vertebrate 

Paleontology 24:453-463. 

Dormer, K. J., M. J. Denn, and H. L. Stone. 1977. Cerebral blood flow in the sea 

lion (Zalophus californianus) during voluntary dives. Comparative 

Biochemistry and Physiology Part A: Physiology 58:11-18. 

Douglas, A. B., J. Calambokidis, S. Raverty, S. J. Jeffries, D. M. Lambourn, and 

S. A. Norman. 2008. Incidence of ship strikes of large whales in 

Washington State. Journal of the Marine Biological Association of the UK 

88:1121-1132. 



Jeffersoniana 24 

Dunham, J. S., and D. A. Duffus. 2001. Foraging patterns of gray whales in 

central Calyoquot Sound, British Columbia, Canada. Marine Ecology 

Progress Series 223:299-310. 

Edinger, T. 1942. The Pituitary Body in Giant Animals Fossil and Living: A 

Survey and a Suggestion. The Quarterly Review of Biology 17:31-45. 

Félix, F., B. Haase, and W. E. Aguirre. 2007. Spondylitis in a humpback whale 

(Megaptera novaeangliae) from the southeast Pacific. Diseases of Aquatic 

Organisms 75:259-264. 

Fitzgerald, E. M. G. 2006. A bizarre new toothed mysticete (Cetacea) form 

Australia and the early evolution of baleen whales. Proceedings of the 

Royal Society B 273:2955-2963. 

Fitzgerald, E. M. G. in press. The morphology and systematics of Mammalodon 

colliveri (Cetacea: Mysticeti), a toothed mysticete from the Oligocene of 

Australia. Zoological Journal of the Linnean Society. 

George, J. C., C. Clark, G. M. Carroll, and W. T. Ellison. 1989. Observations on 

the ice-breaking and ice navigation behavior of migrating bowhead whales 

(Balaena mysticetus) near Point Barrow, Alaska, Spring 1985. Arctic 42:24-

30. 

George, J. C., L. M. Philo, K. Hazard, D. Withrow, G. M. Carroll, and R. S. 

Suydam. 1994. Frequency of killer whale (Orcinus orca) attacks and ship 

collisions based on scarring on bowhead whales (Balaena mysticetus) of the 

Bering-Chukci-Beaufort Seas stock. Arctic 47:247-255. 

Godfrey, S. J., and J. Altman. 2005. A Miocene Cetacean Vertebra Showing a 

Partially Healed Compression Fracture, the Result of Convulsions or Failed 

Predation by the Giant White Shark, Carcharadon megalodon. 

Jeffersoniana 16:1-12. 

Hain, J. H. W., S. L. Ellis, R. D. Kenney, P. J. Clapham, B. K. Gray, M. T. 

Weinrich, and I. G. Babb. 1995. Apparent bottom feeding by humback 

whales on Stellwagen Bank. Marine Mammal Science 11:464-479. 

Hoese, H. D. 1971. Dolphin feeding out of water in a salt marsh. Journal of 

Mammalogy 52(1):222-223. 

Ichishima, H., E. Sato, T. Sagayama, and M. Kimura. 2006. The Oldest Record 

of Eschrichtiidae (Cetacea: Mysticeti) from the Late Pliocene, Hokkaido, 

Japan. Journal of Paleontology 80:367-379. 

Kasuya, T., and D. W. Rice. 1970. Note on baleen plates and on arrangement of 

parasitic barnacles of gray whale. Scientific Reports of the Whales Research 

Institute 22:39-43 

Kellogg, A. R. 1968a. A hitherto unrecognized Calvert cetothere. U.S. National 

Museum Bulletin 247:133–161. 

Ketten, D. R. 2000. Cetacean Ears; pp. 43-108 in W. W. L. Au, A. N. Popper, 

and R. R. Fay (eds.), Hearing by Whales and Dolphins. Springer, New 

York. 



Beatty and Dooley: Injured Baleen Whale 25 

Klevezal, G. A., and E. D. Mitchell Jr. 1971. Year Layers in Bones of 

Whalebone Whales. Zoological Journal (URSS) 50:1114–1116. 

Kooyman, G. L. 1989. Diverse Divers: Physiology and Behavior. Springer-

Verlag, Berlin, 200 p. 

Kooyman, G. L., D. D. Hammond, and J. P. Schroeder. 1970. Bronchograms 

and trachograms of seals under pressure. Science 169:82-84. 

Kraus, S. D. 1990. Rates and potential causes of mortality in North Atlantic gray 

whales (Eubalaena glacialis). Marine Mammal Science 6:278-291. 

Krupnik, I. I. 1993. Prehistoric Eskimo whaling in the Arctic: slaughter of calves 

or fortuitous ecology? Arctic Anthropology 30:1-12. 

Laist, D. W., A. R. Knowlton, J. G. Mead, A. S. Collet, and M. Podesta. 2001. 

Collisions between ships and whales. Marine Mammal Science 17:35-75. 

Lambertsen, R. H., N. Ulrich, and J. Straley. 1995. Frontomandibular Stay of 

Balaenopteridae: A Mechanism from Momentum Recapture During 

Feeding. Journal of Mammalogy 76:877-899. 

Ledwell, W., S. Benjamins, J. Lawson, and J. Huntington. 2007. The Most 

Southerly Record of a Stranded Bowhead Whale, Balaena mysticetus, from 

the Western North Atlantic Ocean. Arctic 50:17–22. 

Levermann, N., A. Galatius, G. Ehlme, S. Rysgaard, and E. Born. 2003. Feeding 

behaviour of free-ranging walruses with notes on apparent dextrality of 

flipper use. BMC Ecology 3:9. 

Lusseau, D. 2003. The emergence of cetaceans: phylogenetic analysis of male 

social behaviour supports the Cetartiodactyla clade. Journal of Evolutionary 

Biology 16:531-535. 

Marino, L. and J. Stowe. 1997. Lateralized behavior in two captive bottlenose 

dolphins (Tursiops truncatus). Zoo Biology 16(2):173-177. 

Marsh, D. 1998. Concepts of fracture union, delayed union, and nonunion. 

Clinical Orthopaedics and Related Research 355:22-30. 

Mathog, R. H., V. Toma, L. Clayman, and S. Wolf. 2000. Nonunion of the 

mandible: An analysis of contributing factors. Journal of Oral and 

Maxillofacial Surgery 58:746-752. 

Mitchell, E. D. 1989. A new cetacean from the Late Eocene La Meseta 

Formation, Seymour Island, Antarctic Peninsula. Canadian Journal of 

Fisheries and Aquatic Sciences 46:2219-2235. 

Moore, M. J., A. R. Knowlton, S. D. Kraus, W. A. McLellan, and R. K. Bonde. 

2004. Morphometry, gross morphology and available histopathology in 

North Atlantic right whale (Eubalaena glacialis) mortalities (1970-2002). 

Journal of Cetacean Research Management 6:199-214. 

Moore, M. J., A. L. Bogomolni, R. Bowman, P. K. Hamilton, C. T. Harry, A. R. 

Knowlton, S. Landry, D. S. Rotstein, and K. E. Touhey. 2006: Fatally 

entangled right whales can die extremely slowly. OCEANS 2006, 2006. 

Moore, M. J., , A. L. Bogomolni, S. E. Dennison, G. A. Early, M. M. Garner, B. 

A. Hayward, B. J. Lentell, and D. S. Rotstein. 2009. Gas Bubbles in Seals, 



Jeffersoniana 26 

Dolphins, and Porpoises Entangled and Drowned at Depth in Gillnets. 

Veterinary Pathology 46(3):536-547. 

Mulder, E. W. A. 2001. Co-Ossified Vertebrae of Mosasaurs and Cetaceans: 

Implications for the Mode of Locomotion of Extinct Marine Reptiles. 

Paleobiology 27:724-734. 

Nemoto, T. 1970. Feeding pattern of baleen whales in the ocean; pp. 241-252 in 

J. H. Steele (ed.), Marine Food Chains. University of California Press, 

Berkeley. 

Nerini, M. K., and J. S. Oliver. 1983. Gray whales and the structure of the 

Bering Sea benthos. Oecologia 59:224-225. 

Nilsson, L. P., and G. Granström. 1987. Experimental Mandibular Fracture: 

Effect on Bone Circulation and Metabolism After Treatment with 

Anticoagulants. Scandinavian Journal of Plastic and Reconstructive Surgery 

and Hand Surgery 21:167 - 174. 

Nowacek, D. P., M. P. Johnson, P. L. Tyack, K. A. Shorter, W. A. McLellan, 

and D. A. Pabst. 2001. Buoyant balaenids: the ups and downs of buoyancy 

in right whales. Proceedings of the Royal Society B: Biological Sciences, 

268(1478):1811-1816. 

Nowak, R. M. 2003. Walker's Marine Mammals of the World. Johns Hopkins 

University Press, Baltimore, 264 pp. 

Pack, A. A., D. R. Salden, M. J. Ferrari, D. A. Glockner-Ferrari, L. M. Herman, 

H. A. Stubbs, and J. M. Straley. 1998. Male humpback whale dies in 

competitive group. Marine Mammal Science 14:861-873. 

Payne, R. S. 1995. Among whales. Simon and Schuster, New York. 

Payne, R. S., and E. M. Dorsey. 1983. Sexual dimorphism and aggressive use of 

callosities in right whales (Eubalaena australis); pp. 295-329 in R. C. 

Payne (ed.), Communication and behavior of whales. Westview Press, 

Boulder. 

Philo, L. M., C. Hanns, and J. C. George. 1990. Fractured mandible and 

associated oral lesions in a subsistence-harvested bowhead whale (Balaena 

mysticetus). Journal of Wildlife Diseases 26:125-128. 

Pilleri, G. 1988. Mandibular Pathology in a Fossil Sirenid (Metaxytherium sp.) 

from Catalonia, Spain; pp. 105-109 in G. Pilleri (ed.), Contributions to the 

Paleontology of Some Tethyan Cetacea and Sirenia (Mammalia). Brain 

Anatomy Institute, University of Berne, Berne. 

Rasubala, L., H. Yoshikawa, A. A. S. Islam, K. Nagata, T. Iijima, and M. 

Ohishi. 2004. Comparison of the healing process in plated and non-plated 

fractures of the mandible in rats. British Journal of Oral and Maxillofacial 

Surgery 42:315-322. 

Ray, R. D., B. Sankaran, and K. O. Fetrow. 1964. Delayed Union and Non-

Union of Fractures. Journal of Bone & Joint Surgery (America) 46:627-643. 



Beatty and Dooley: Injured Baleen Whale 27 

Rhinelander, F. W. 1968. The Normal Microcirculation of Diaphyseal Cortex 

and Its Response to Fracture. Journal of Bone & Joint Surgery (America) 

50:784-800. 

Rhinelander, F. W., R. S. Phillips, W. M. Steel, and J. C. Beer. 1968. 

Microangiography in Bone Healing: II. Displaced Closed Fractures. Journal 

of Bone & Joint Surgery (America) 50:643-662. 

Ricqles, A. d., and V. d. Buffrénil. 2001. Bone histology, heterochronies and the 

return of Tetrapods to life in water: were are we?; pp. 289-310 in J.-M. 

Mazin and V. d. Buffrénil (eds.), Secondary Adaptation of Tetrapods to Life 

in Water. Verlag Dr. Friedrich Pfeil, Munchen. 

Rogachev, K. A., E. C. Carmack, and M. G. G. Foreman. 2008. Bowhead 

whales feed on plankton concentrated by estuarine and tidal currents in 

Academy Bay, Sea of Okhotsk. Continental Shelf Research 28:1811-1826. 

Schäfer, W. 1972. Ecology and Palaeoecology of Marine Environments. 

University of Chicago Press, Chicago, 568pp. 

Scholander, P. F. 1940. Experimental investigation on the respiratory function in 

diving mammals and birds. Hvalradets Skrifter 22:1–131. 

Scholander, P. F. and L. Irving. 1941. Experimental investigations on the 

respiration and diving of the Florida manatee. Journal of Cellular and 

Comparative Physiology 17(2):169-191. 

Sekiguchi, K., P. B. Best, and B. Z. Kaczmaruk. 1992. New information on the 

feeding habits and baleen morphology of the pygmy right whales Caperea 

marginata. Marine Mammal Science 8:288-293. 

Slijper, E. J. 1979. Whales. second Edition. Cornell University Press, Ithaca, 

NY, 511 pp. 

Spitz, S. S., L. M. Herman, A. A. Pack, and M. H. Deakos. 2002. The relation of 

body size of male humpback whales to their social roles on the Hawaiian 

winter grounds. Canadian Journal of Zoology 80:1938-1947. 

Stein, B. R. 1989. Bone Density and Adaptation in Semiaquatic Mammals. 

Journal of Mammalogy 70:467-476. 

Stroud, R. K., and T. J. Roffe. 1979. Causes of death in marine mammals 

stranded along the Oregon coast. Journal of Wildlife Diseases 15:91-97. 

Swartz, S. L. 1986. Gray whale migratory, social and breeding behavior; pp. 

207-229 in G. P. Donovan (ed.), Behaviour of whales in relation to 

management: Incorporating the proceedings of a workshop by the same 

name held in Seattle, Washington, 19-23 April 1982 Reports of the 

International Whaling Commission, special issue 8. International Whaling 

Commission, Cambridge. 

Tams, J., J. P. van Loon, E. Otten, F. R. Rozema, and R. R. M. Bos. 1997. A 

three-dimensional study of bending and torsion moments for different 

fracture sites in the mandible: an in vitro study. International Journal of Oral 

and Maxillofacial Surgery 26:383-388. 



Jeffersoniana 28 

Taylor, M. A. 1994. Stone, bone or blubber? Buoyancy control strategies in 

aquatic tetrapods; pp. 151-161 in L. Maddock, Q. Bone, and J. M. V. 

Rayner (eds.), Mechanics and physiology of animal swimming. Cambridge 

University Press, Cambridge. 

Thomas, H. W., L. G. Barnes, J. E. Klein, and S. A. McLeod. 2008. Examples of 

paleopathologies in some fossil Cetacea from the North Pacific realm. 

Natural History Museum of Los Angeles County Science Series 41:153-

179. 

Tyack, P., and H. Whitehead. 1983. Male Competition in Large Groups of 

Wintering Humpback Whales. Behaviour 83:132-154. 

Uhen, M. D., 2007.The earliest toothless mysticete: a chaeomysticetan from the 

early Oligocene Alsea Formation, Toledo, Oregon. Journal of Vertebrate 

Paleontology 27(Supp. To 3):161A. 

Watkins, W. A., and W. E. Schevill. 1979. Aerial Observation of Feeding 

Behavior in Four Baleen Whales: Eubalaena glacialis, Balaenoptera 

borealis, Megaptera novaeangliae, and Balaenoptera physalus. Journal of 

Mammalogy 60:155-163  

Weinrich, M. T. 1995. Humpback whale competitive groups observed on a high-

latitude feeding ground. Marine Mammal Science 11:251-254. 

Werth, A. 2000. Feeding in Marine Mammals; pp. 487-526 in K. Schwenk (ed.), 

Feeding. Academic Press, New York. 

Werth, A. 2004. Models of hydrodynamic flow in the bowhard whale filter 

feeding apparatus. The Journal of Experimental Biology 207:3569-3580. 

Wiley, D. N., R. A. Asmutis, T. D. Pitchford, and D. P. Gannon. 1995. 

Stranding and mortality of humpback whales, Megaptera novaengliae, in 

the mid-Atlantic and southeast United States, 1985-1992. Fishery Bulletin 

93:196-205. 

Woodward, B. L., and J. P. Winn. 2006. Apparent lateralized behavior in gray 

whales feeding off the central British Columbia coast. Marine Mammal 

Science 22:64-73. 

Woodward, B. L., J. P. Winn, and F. E. Fish. 2006. Morphological 

specializations of baleen whales associated with hydrodynamic performance 

and ecological niche. Journal of Morphology 267:1284-1294. 

 



Parts published to date 
1. On the taxonomy of the milliped genera Pseudojulus Bollman, 1887, and 

Georgiulus, gen. nov., of southeastern United States. Richard L. Hoffman. Pp. 1-19, 
figs. 1-22. 1992. $2.00  

2. A striking new genus and species of bryocorine plant bug (Heteroptera: Miridae) 
from eastern North America. Thomas J. Henry. Pp. 1-9, figs. 1-9. 1993. $1.00.  

3. The American species of Escaryus, a genus of Holarctic centipeds (Geophilo-morpha: 
Schendylidae). Luis A. Pereira & Richard L. Hoffman. Pp. 1-72, figs. 1-154, maps 
1-3. 1993. $7.00  

4. A new species of Puto and a preliminary analysis of the phylogenetic position of the 
Puto Group within the Coccoidea (Homoptera: Pseudococcidae). Douglass R. 
Miller & Gary L. Miller. Pp. 1-35, figs. 1-7. 1993. $4.00.  

5. Cambarus (Cambarus) angularis, a new crayfish (Decapoda: Cambaridae) from the 
Tennessee River Basin of northeastern Tennessee and Virginia. Horton H. Hobbs, 
Jr., & Raymond W. Bouchard. Pp. 1-13, figs. 1a-1n. 1994. $2.00.  

6. Three unusual new epigaean species of Kleptochthonius (Pseudoscorpionida: 
Chthoniidae).  William B. Muchmore. Pp. 1-13, figs. 1-9. 1994. $1.50.  

7.  A new dinosauromorph ichnogenus from the Triassic of Virginia. Nicholas  C. Fraser 
& Paul E. Olsen. Pp. 1-17, figs. 1-3. 1996. $2.00.  

8. “Double-headed” ribs in a Miocene whale. Alton C. Dooley, Jr.  Pp. 1-8, figs. 1-5. 
2000. $1.00.  

9. An outline of the pre-Clovis Archeology of SV-2, Saltville, Virginia, with special 
attention to a bone tool dated 14,510 yr BP. Jerry N. McDonald. Pp. 1-60, figs.  1-
19. 2000. $3.00.  

10. First confirmed New World record of Apocyclops dengizicus (Lepishkin), with a 
key to the species of Apocyclops in North America and the Caribbean region  
(Crustacea: Copepoda: Cyclopidae). Janet W. Reid, Robert Hamilton, & Richard M. 
Duffield.  Pp. 1-23, figs. 1-3. 2002. $2.50  

11. A review of the eastern North American Squalodontidae (Mammalia:Cetacea). Alton 
C. Dooley, Jr.  Pp. 1-26, figs. 1-6. 2003.  $2.50.  

12.  New records and new species of the genus Diacyclops (Crustacea: Copepoda) from 
subterranean habitats in southern Indiana, U.S.A.  Janet W. Reid.  Pp. 1-65, figs. 1-
22. 2004. $6.50.  

13.  Acroneuria yuchi (Plecoptera: Perlidae), a new stonefly from Virginia, U.S.A. Bill P. 
Stark & B. C. Kondratieff. Pp. 1-6, figs. 1-6. 2004. $0.60.  

14. A new species of woodland salamander of the Plethodon cinereus Group from the 
Blue Ridge Mountains of Virginia.  Richard Highton. Pp. 1-22. 2005. $2.50.  

15. Additional drepanosaur elements from the Triassic infills of Cromhall Quarry, 
England. Nicholas C. Fraser & S. Renesto. Pp. 1-16, figs. 1-9. 2005. $1.50.  

16. A Miocene cetacean vertebra showing partially healed compression fracture, the 
result of convulsions or failed predation by the giant white shark, Carcharodon 
megalodon. Stephen J. Godfrey & Jeremy Altmann. Pp. 1-12.  2005. $1.50.  

17.  A new Crataegus-feeding plant bug of the genus Neolygus from the eastern United 
States (Hemiptera: Heteroptera: Miridae). Thomas J. Henry.  Pp. 1-10. $1.50.  

!8. Barstovian (middle Miocene) Land Mammals from the Carmel Church Quarry, 
Caroline Co.,Virginia. Alton C. Dooley, Jr. Pp. 1-17. $2.00.  

19. Unusual Cambrian Thrombolites from the Boxley Blue Ridge Quarry, Bedford 
County, Virginia. Alton C. Dooley, Jr. Pp 1-12, figs. 1-8, 2009. $ 3.00. 

20. Injuries in a Mysticete Skeleton from the Miocene of Virginia, With a Discussion of 
Buoyancy and the Primitive Feeding Mode in the Chaeomysticeti. Brian L. Beatty 
& Alton C. Dooley, Jr., Pp. 1-28. 



21 Starling Avenue
Martinsville, VA 24112


