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SUMMARY
Modern whales and dolphins are superbly adapted for marine life, with tail flukes being a key innovation
shared by all extant species. Some dolphins can exceed speeds of 50 km/h, a feat accomplished by thrusting
the flukes while adjusting attack angle with their flippers [1]. These movements are driven by robust axial
musculature anchored to a relatively rigid torso consisting of numerous short vertebrae, and controlled by
hydrofoil-like flippers [2–7]. Eocene skeletons of whales illustrate the transition from semiaquatic to aquatic
locomotion, including development of a fusiform body and reduction of hindlimbs [8–11], but the rarity of
Oligocene whale skeletons [12, 13] has hampered efforts to understand the evolution of fluke-powered,
but forelimb-controlled, locomotion. We report a nearly complete skeleton of the extinct large dolphin Anky-
lorhiza tiedemani comb. n. from the Oligocene of South Carolina, previously known only from a partial
rostrum. Its forelimb is intermediate in morphology between stem cetaceans and extant taxa, whereas its
axial skeleton displays incipient rigidity at the base of the tail with a flexible lumbar region. The position of
Ankylorhiza near the base of the odontocete radiation implies that several postcranial specializations of
extant cetaceans, including a shortened humerus, narrow peduncle, and loss of radial tuberosity, evolved
convergently in odontocetes and mysticetes. Craniodental morphology, tooth wear, torso vertebral
morphology, and body size all suggest that Ankylorhizawas a macrophagous predator that could swim rela-
tively fast, indicating that it was one of the few extinct cetaceans to occupy a niche similar to that of killer
whales.
RESULTS

Systematic Paleontology
Order Cetacea; Suborder Odontoceti; Ankylorhiza gen. nov.

Etymology. Ankylorhiza. Genus is Greek for ‘‘fused roots,’’

referring to the advanced degree of postcanine tooth root fusion

for stem Odontoceti.

Ankylorhiza tiedemani, comb. nov.

Holotype. AMNH 10445, partial rostrum, Ashley Formation,

South Carolina [14].

Referred Specimens. CCNHM 103, partial skeleton (Figure 1);

Chandler Bridge Formation, late Oligocene (24.7–23.5 Ma),

South Carolina; CCNHM 220, partial skull and associated verte-

brae; Ashley Formation, early Oligocene (29.0–26.57 Ma), South

Carolina (Methods S1).

Diagnosis. Ankylorhiza tiedemani is a large (425 mm bizygo-

matic width; body length est. 4.8 m) stem odontocete with

limited polydonty (10 postcanine teeth) and moderate
Current
heterodonty. Ankylorhiza differs from all other odontocetes in

the extreme development of nuchal crests and differs from all

other stem odontocetes in its larger size and combination of

derived (mostly single-rooted teeth; simplified tooth crowns)

and plesiomorphic characters (e.g., parietal exposed at vertex,

symmetrical skull, prominent intertemporal constriction, and

longer humerus with long deltopectoral crest; Methods S1: Sup-

plemental Diagnosis of Ankylorhiza tiedemani). Ankylorhiza

differs from all crown Odontoceti in possessing some double-

rooted teeth, prominent intertemporal constriction, and widely

open mesorostral gutter along the entire length of the rostrum.

Feeding Morphology
Ankylorhiza possesses unusually simplified teeth (relative to ba-

silosaurid whales) that lack large accessory cusps and cingula;

these teeth possess mesial and distal carinae (occasionally

serrated), longitudinally ridged enamel, and sharp apices (Fig-

ures 1E and S2). Lower incisors are procumbent and tusk-like.
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Figure 1. Skull and Skeleton of Ankylorhiza tiedemani, CCNHM 103

(A–M) Skull in lateral view (A); vertex in dorsal view (B); sternum in dorsal view (C); selected vertebrae in anterior view (D); skeletal reconstruction with preserved

elements in white and missing elements in red (E); selected teeth in labial view (F); proximal phalanx III in lateral (top) and distal (bottom) views (G); proximal

phalanx IV in proximal (top) and lateral (bottom) views (H); metacarpals in lateral view (I); ulna, pisiform, and pyramidal in lateral view (J); and humerus in medial (K),

lateral (L), and anterior (M) view.

Abbreviations: c, capitulum; dpc, deltopectoral crest; fr, frontal; gt, greater tuberosity; if, infraspinatus fossa; ip, interparietal; lt, lesser tuberosity; mx, maxilla; na,

nasal; nc, nuchal crest; of, olecranon facet; op, olecranon process; os, occipital shield; p, parietal; pi, pisiform; pmx, premaxilla; pop, postorbital process; py,

pyramidal; rf, radial facet; tf, temporal fossa; tn, trochlear notch; uf, ulnar facet; zp, zygomatic process. See also Figures S1–S3 and Methods S1.
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Some cheek teeth exhibit catastrophic apical breakage; i1 ap-

pears worn to the gumline. The rostrum is somewhat elongate

with a rostral proportion index (RPI) of 2.13–2.17 [15]. Themaxilla

is thickened around C1-PC5, forming bony buttresses separated

by deep lateral embrasure pits for precise dental interlocking

during jaw closure. The temporal fossae are the largest among

Odontoceti (greatest length = 24% of condylobasal length;

greatest width = 36% of bizygomatic width). Vertical neck move-

ment ranges from +4.4� to �21.2� [16]. At 4.8 m, Ankylorhiza tie-

demani is the largest of a diverse assemblage of Oligocene

odontocetes from the Charleston Embayment.

Reevaluation of ‘‘Squalodon’’ tiedemani

The holotype of ‘‘Squalodon’’ tiedemani, a large partial rostrum

(AMNH 10445) recovered in the late 1800s [14], was originally

placed in Squalodon, now considered a taxonomic waste-

basket [17, 18]. New data on the provenance of the holotype

and morphological comparisons support our conclusion that

CCNHM 103 and AMNH 10445 are conspecific. Both have

anteriorly widening premaxillae bearing elongate sulci, an up-

turned rostrum, deep maxillary embrasure pits with clusters
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of foramina, and maxillary teeth with thickened cementum

and cylindrical roots. Calcarenite matching the lithology of the

Ashley Formation is preserved in AMNH 10445, like other dis-

coveries from the Wando River [15, 19]. Phylogenetic analysis

(see below) places ‘‘Squalodon’’ tiedemani (CCNHM 103, 220)

and other similar specimens along the odontocete stem well

removed from Squalodon. Because of craniodental differences

(Methods S1) and phylogenetic separation, this species is as-

signed to Ankylorhiza n.g.

Vertebral Morphology
Centrum width and height increase from the posterior thoracics

to the anterior caudals without dimensional discontinuities

across the thoracic-lumbar and lumbar-caudal boundaries.

The dimensional peak of width and height is caudal (Figure 2),

not lumbar, an indicator that the major site of axial undulation

was caudal [20]. In contrast to archaeocetes but similar to crown

odontocetes, the anterior two-thirds of the tail is subdivided into

an anterior stabilized unit and a peduncle. Foreshortened poste-

rior lumbar and anterior caudal centra stabilize the anterior unit,

as short vertebrae undergo minimal displacement. The subtle



Figure 2. Vertebral Proportions of Ankylo-

rhiza tiedemani, CCNHM 103

See also Figure S2, Methods S1, and Data S1.
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peduncle is marked by centrum width decrease in the mid-cau-

dals (Ca7-Ca11), producing vertebrae with essentially equidi-

mensional cross-sections. Lumbar transverse processes are

ventrally deflected like basilosaurids.

Forelimb
The partial scapula of CCNHM 103 preserves a shallow gle-

noid fossa; a small, cylindrical coracoid process, and bluntly

triangular posterior apex. The humerus of CCNHM 103 (Fig-

ure 1) possesses several derived features including a short-

ened diaphysis relative to basilosaurids (but relatively longer

than in extant Odontoceti), enlarged and posterolaterally

canted humeral head, and flattened radial and ulnar facets.

Plesiomorphic features include an elongate deltopectoral

crest and distal end that is anteroposteriorly narrower than

at midshaft. The ulna (Figure 1) is elongate, widens distally,

and bears a large hatchet-shaped olecranon process.

Several joints in the manus of CCNHM 103 are pathologically

fused, including the ulnar-pisiform, pisiform-pyramidal, and

proximal articulation between metacarpals I and II (Figures

1H and 1I). Remaining unfused articular surfaces on the distal

ulna, pyramidal, and proximal metacarpals are smooth and

thus appear to indicate the presence of synovial joints (Fig-

ures 1F and 1G). Relative to extant Odontoceti, the metacar-

pals and phalanges are quite long, with the latter being

subconical and tapering distally rather than rectangularly. At

least one phalanx includes a muscle attachment scar

posterodistally.

PCA Results
Separate principal-component analyses (PCAs) for the forelimb

and vertebral column situate Ankylorhiza between earlier basilo-

saurids and extant odontocetes (Figure 3A). While Ankylorhiza

plots within the morphospace of modern odontocetes for PC 1

(~40% of variation), it occupies an intermediate position on PC

2 (~19% of variation), between archaeocetes (negative scores)

and extant odontocetes (positive scores or nearly so), but closer

to the latter. Positive scores denote cetaceans with proportion-

ally short lumbar regions and peduncles, whereas negative

scores denote proportionally longer lumbar regions and no
Current Bi
peduncle. Ankylorhiza possesses a short

peduncle and lumbar region similar toCyn-

thiacetus, longer than that exhibited by

most crown odontocetes.

Within the forelimb data (Figure 3B), PC 1

(~36% of variation) represents size of the

deltopectoral crest, olecranon process,

and thickness of the ulna; negative scores

correspond to taxa where these are robust

(including Ankylorhiza). Positive scores

indicate reduction of these features (Fig-

ure 3B). Two clusters of whales are pre-

sent, one cluster with positive scores (river
dolphins and delphinoids), and another with negative scores (ar-

chaeocetes, Ankylorhiza, Squalodon, Kogiidae, and Ziphiidae).

Phylogenetic Results
Ankylorhiza tiedemani (CCNHM 103 + 220) is situated in a basal

position along the odontocete stem (Figure 4), diverging after

Xenorophidae but before the Squalodontidae. As such, it joins

Mirocetus as being one of the only basal odontocetes that is rep-

resented by substantial postcrania. Two other undescribed fossil

odontocetes from the Oligocene of Charleston (CCNHM 1075,

ChM PV2764) form a clade with Ankylorhiza tiedemani, at pre-

sent best interpreted as a second as-yet unnamed species of

Ankylorhiza. In our preferred phylogeny recovered under implied

weighting, the Ankylorhiza clade is in turn the sister group to

Agorophius pygmaeus and an unnamed taxon represented by

ChM PV5852. While we recognize that Ankylorhiza may be a

candidate for inclusion within a redefined node-based Agoro-

phiidae, we hesitate to formally redefine this clade, because

this clade was not recovered under an analysis with equal

weights.

DISCUSSION

With a body length of ~4.8 m, Ankylorhiza is the largest Oligo-

cene odontocete—a size not surpassed until the early Miocene

by spermwhales [21, 22]. As compared to ancestral values along

the odontocete stem, the rostrum of Ankylorhiza tiedemani is

shorter and stronger, with an RPI of 2.13 (Methods S1: Feeding

Morphology and Ecology; [15]); this indicates raptorial feeding

and shortening relating to strengthening of the rostrum. Ankylo-

rhiza tiedemani possesses subconical teeth with longitudinal

fluting, indicating raptorial feeding and puncturing dentition

[23, 24]. Thickened cementum may relate to higher point loads

[25] and is linked with macrophagy and high bite force in extinct

killer spermwhales [26], consistent with the cavernous fossae for

large jaw-closing muscles in Ankylorhiza [27]. Further evidence

includes maxillary bone thickening around the anterior dentition,

perhaps analogous to that reported in macrophagous sperm

whales [28]. Catastrophic breakage of some postcanines indi-

cates mechanically risky use of these teeth, likely from impacting
ology 30, 3267–3273, August 17, 2020 3269



Figure 3. PCA Results for Archaeocete and

Odontocete Whales Based on Measurements

of the Vertebrae and Forelimb

Boxes denote Archaeocete whales and circles

denote Odontocete whales.

(A) PCA plot based upon the proportional length of

four regions of the vertebral column (cervical,

thoracic, lumbar, anterior caudal, and peduncle), as

well as average proportional depth and length of

vertebrae from each of these regions.

(B) PCA plot based upon eight proportional mea-

surements of the humerus and five proportional

measurements of the ulna.

Further analyses are depicted in Figure S3, and

more details on measurements can be found in

Methods S1 and Data S1.
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bones of prey items, also demonstrated in macrophagous

Miocene sperm whales [26]. The enigmatic procumbent incisor

tusks may be related to intraspecific combat or prey ramming

behavior. Extremewear of the i1 indicatesmechanically stressful

impacts or repeated wear against hard prey items. Fossils of An-

kylorhiza have not yet revealed evidence of sexual dimorphism,

and perhaps procumbent incisor tusks were used during prey

‘‘ramming’’ (e.g., [29]) rather than combat as in ziphiids. Neck

mobility measurements of Ankylorhiza correspond directly to

the morphospace occupied by modern killer whales and false

killer whales (Supplemental Information; [16]). Thus, multiple

lines of evidence indicate that Ankylorhiza was the first large

macrophagous odontocete, reoccupying a niche vacated by ba-

silosaurids 4–5 My earlier at the close of the Eocene. Interest-

ingly, around this same time, some toothed mysticetes were

either entirely macrophagous [30] or engaged in dental filtration

and macrophagy [19, 31], blurring the ecological roles that

widely differentiate extant odontocetes and mysticetes. Ankylo-

rhiza became extinct by the early Miocene, and this niche was

later filled by some species of Squalodon, macroraptorial sperm

whales, and the extant killer whale.

Key morphological innovations in the evolution of the ceta-

cean axial skeleton, such as formation of a stabilized caudal

peduncle and differentiation of a terminal fluke, first appeared

in basilosaurid archaeocetes [20]. The vertebral traits seen in

Ankylorhiza imply the continued modification of these early in-

novations for caudally based locomotion in early neocetes.

Although its vertebral counts are similar to those of
3270 Current Biology 30, 3267–3273, August 17, 2020
archaeocetes, dimensional profiles differ.

Centrum width and height peak in the

anterior caudal vertebrae, indicating a

caudal center of undulation rather than

lumbar (Figure 2). Centrum width exceeds

height throughout most of the column but

is reduced in the mid caudals; equidimen-

sional caudal vertebrae indicate incipient

peduncle narrowing that enhances verti-

cal displacement of the terminal fluke,

but is still wider than the narrow peduncle

of extant Cetacea. Reduced centrum

length in posterior lumbars and anterior

caudals indicates the evolution of a stabi-
lized peduncle, placing Ankylorhiza within ‘‘pattern 2’’ swim-

mers [3]. These traits suggest that Ankylorhiza could have

swum faster than similarly sized basilosaurids, and when

coupled with its large size, suggests it had the speed to pursue

many contemporary cetaceans, sirenians, sea turtles, sea

birds, sharks, and fish as potential prey.

Ankylorhiza indicates that several axial skeletal changes

evolved convergently in Odontoceti and Mysticeti, including

the reduction of thoracic capitular articulations (Char 282) and

evolution of a narrow (Char 290), stabilized peduncle (Figure 2).

A wide peduncle, inferred for xenorophids [12] based on a frag-

mentary skeleton, is now corroborated by the presence of a wide

peduncle in the more complete Ankylorhiza (Figure 2). Ankylo-

rhiza therefore indicates independent derivation of narrow

peduncle in CrownMysticeti and the Xiphiacetus +CrownOdon-

toceti clade (Figure 4). The presence of approximately 23 caudal

vertebrae in Ankylorhiza (Methods S1: Supplemental Description

of Ankylorhiza tiedemani, CCNHM 103) suggests an increase to

24 or more caudals evolved convergently three times within

Odontoceti (Delphinoidea, Physeter, and Platanista) and twice

within Mysticeti (Balaenidae and Balaenoptera) (Figure 4). Sub-

sequent reversals to 16–19 caudals independently occurred in

Mysticeti (Caperea) and within Odontoceti (Tasmacetus, Berar-

dius, Lipotes, Hadrodelphis, and Inia).

One unexpected finding of our work is a strong pattern of

convergence between the forelimbs of odontocetes and mysti-

cetes (Figures 2–4). Within stem Odontoceti and again in stem

Mysticeti, the brachium was dramatically shortened (Char 299),



Figure 4. Relationships of Ankylorhiza and Convergent Postcranial Evolution in Neoceti Illustrated on a Simplified Cladogram

Archaeocetes are in purple, mysticetes in blue, and odontocetes in red. Forelimb skeletons include one archaeocete, onemysticete,Ankylorhiza, and twomodern

odontocetes. Ten characters are mapped highlighting independent derivation as optimized in our ACSR. Topology derived from implied weighting tree (Methods

S1: Phylogenetic Methods and Analysis; Figure S4), pruned to show key taxa. Gray in forelimb skeletons indicates missing elements and blue denotes cartilage.

See also Data S2.
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the deltoid crest of the humerus was reduced or lost (Char

296), and the radial tuberosity was lost. After the elbow

became fixed at the base of Neoceti, enlarged shoulder mus-

cles assumed the role of moving the flipper for steering and lift

[2, 32]. In both mysticetes and odontocetes, the infraspinatus

insertion shifted distally and onto the lateral side of the humer-

us, probably to gain mechanical advantage [2]. The deltoid

crest is the distal attachment of the deltoid muscle, an

extensor and abductor of the cetacean flipper [2]. The biceps

brachii is lost in extant cetaceans, but a radial tuberosity [33]
in basal odontocetes and mysticetes suggests this muscle

was originally present and lost independently in both clades.

Additionally, forelimb elements become more simplified,

which, based on our PCA, appears to evolve separately in Pla-

tanistoidea and Delphinida.

The manus of Ankylorhiza indicates important changes in the

distal forelimb as well. Metacarpals II and III are ankylosed prox-

imally and have parallel shafts, suggesting that the digits were

not splayed. Phalanges are long and taper distally (Figures 1F

and 1G), similar to extant and extinct mysticetes, the odontocete
Current Biology 30, 3267–3273, August 17, 2020 3271
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Mirocetus, and the archaeocete Dorudon. Elongate phalanges

indicate primitive phalangeal counts, or at most, minor hyper-

phalangy, consistent with the addition of one extra phalanx in

digits III and IV at the origin of Neoceti [6]. A posterodistal muscle

scar on one phalanx of CCNHM 103 indicates the importance of

interossei or other intrinsic muscles within the flipper of Ankylo-

rhiza, similar to basilosaurids and unlike extant cetaceans [4].

Concavo-convex metacarpo-phalangeal and interphalangeal

joints are further suggestive of a flexible manus, perhaps indi-

cating proximal (elbow) to distal (manus) progression of joint

stiffening throughout the early evolution of the odontocete fore-

limb. Hyperphalangy, once established, was convergently elab-

orated in several clades. Few fossils preserve distal forelimb el-

ements, yet it is clear that in both odontocetes and mysticetes,

hyperphalangy coincided with the development of a fairly rigid

manus, through flattening of articular facets and reduction of sy-

novial joints, digital flexors and extensors, and intrinsic muscles

of the manus.

Morphological changes at the neocete node led to stiffer and

larger pectoral flippers, which improved stability and maneuver-

ability during aquatic locomotion [1]. Locking of the forearm in

the extended position provided a straight leading edge of the hy-

drofoil that was thickened and stiffened by bone. Extension at

the elbow, when coupled with an abducted forelimb, would

have increased the surface area of the hydrofoil. Limited hyper-

phalangy evolved at the base of or preceding Neoceti [6], and we

suggest that these two changes—elbow immobilization and hy-

perphalangy—had a cascading affect, driving subsequent

convergent evolution of the forelimb in mysticetes and

odontocetes.

Other speculative interpretations cannot be ruled out. The

narrow, elongate phalanges and wide interdigital spaces of

basilosaurid flippers are more typical of flexible flippers used

for propulsion, rather than stiffened ones used for steering

[34]. The prominent deltopectoral crest of the humerus and

robust sternum in Ankylorhiza, toothed mysticetes, and basilo-

saurids are suggestive of large pectoral muscles. Humpback

whales generate additional thrust during feeding with their

elongated flippers [35], and it is possible that basilosaurids

and early neocetes benefited from pectoral flapping at a

time when the peduncle was still wide and the fluke more

equidimensional. Future discoveries of early neocete skele-

tons, like those of Ankylorhiza, promise to shed considerable

light on the origins of modern cetacean locomotion.
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Morphological Matrix [15, 36] N/A

Software and Algorithms
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RESOURCE AVAILABILITY

Lead Contact
Further information and requests for resources and reagents should be directed to andwill be fulfilled by the Lead Contact, RobertW.

Boessenecker (boesseneckerrw@cofc.edu).

Materials Availability
All newly reported fossils from this study (CCNHM103, CCNHM 220) are permanently curated at theMace BrownMuseum of Natural

History (CCNHM) at the College of Charleston in Charleston, South Carolina.

Data and Code Availability
The final matrix used in the phylogenetic analysis for this study and all relevant measurements used for PCA are included in Data S1

associated with this article, available online at XXX.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

The description of Ankylorhiza tiedemani (Methods S1) is based (in order of importance) on CCNHM 103, CCNHM 220, and the ho-

lotype, AMNH 10447. Comparative material observed includesAnkylorhiza sp. (ChMPV 2764, CCNHM1074),Agorophius pygmaeus

(ChM PV 4256), Squalodon calvertensis (USNM 10484), Squalodon whitmorei (USNM 103823), Squalodon sp. (USNM 22902), Kogia

breviceps (USNM 283625, 504737, 572970, 593400),Mesoplodon europaeus (USNM 504738, 572808, 672438),Mesoplodon mirus

(504612), Platanista gangetica (CAS 16340, USNM 172409, 23456), Pontoporia blainvillei (USNM 484942, 501168, 501186, 504920),

Inia geoffrensis (USNM 49582, 239667, 396166), Neophocoena asiaeorientalis (AMNH 57332, USNM 240001, 240002), Delphinap-

terus leucas (MCZ 16721, USNM 24225, 571021), Leucopleurus acutus (MCZ 62379, 62380, USNM 550996, 571390), Xiphiacetus

bossi (USNM 11867).

METHOD DETAILS

Phylogenetic Analysis
We determined the phylogenetic position of Ankylorhiza tiedemani using a modified version of a previously published dataset of mo-

lecular andmorphological characters [36] (SI). We conducted parsimony phylogenetic analyses with andwithout implied weighting to

assess the stability of our results tomethodological assumptions, but took the results of the former as our preferred tree based on the

superior performance of implied data inmodeled and actual data [38, 39]. Phylogenetic analyses were conducted and bootstrap sup-

port values estimated using TNT v. 1.1 [37]. We tested the degree of convergence in postcranial characters by excluding them from

the phylogenetic analyses and then optimizing them on the resulting trees using parsimony in Mesquite 3.40 [40](SI).

See also Data S2.

Functional Morphology
Feeding ecology was investigated by examining dental and rostral morphology [15, 24, 28], evaluating patterns of tooth wear and

breakage [26], and measuring vertical range of motion at the craniovertebral junction [16]. Body length was estimated by combining

skull length, vertebral length, estimated measurements of missing vertebra, and reconstructing the length of intervertebral disks

(Methods S1: Feeding Morphology and Ecology). Dimensional profiles of the vertebral column of CCNHM 103 (Figure 2) were

analyzed to evaluate locomotion, stability, and flexibility in the axial skeleton Ankylorhiza tiedemani [3, 20].

Principal-Component Analysis
Principal-component analysis (PCA) was used to examine vertebral and forelimb variation using recorded skeletal measurements.

Measurement data were converted to ratios; to avoid problems associated with differing vertebral counts, we used averaged ratios
e1 Current Biology 30, 3267–3273.e1–e2, August 17, 2020
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for segments of the column (cervical, thoracic, lumbar, caudal) and further included ratios of each segment length versus total column

length. Owing to incompleteness of the forelimb of Ankylorhiza tiedemani, only ratios of the humerus (n = 8) and ulna (n = 5) were

analyzed. Further description of PCA methods can be found in the SI.

See also Data S1.

Institutional Abbreviations
AMNH, American Museum of Natural History; CAS, California Academy of Sciences; CCNHM, College of Charleston Mace Brown

Museum of Natural History; ChM, Charleston Museum; MCZ, Harvard Museum of Comparative Zoology; USNM, National Museum

of Natural History.
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