Journal of Vertebrate Paleontology

ISSN: (Print) (Online) Journal homepage: https://www.tandfonline.com/loi/ujvp20

Carpal Morphology and Function in the Earliest
Cetaceans
L. M. Gavazzi , L. N. Cooper , F. E. Fish , S. T. Hussain & J. G. M. Thewissen
To cite this article: L. M. Gavazzi , L. N. Cooper , F. E. Fish , S. T. Hussain & J. G. M. Thewissen
(2020): Carpal Morphology and Function in the Earliest Cetaceans, Journal of Vertebrate
Paleontology, DOI: 10.1080/02724634.2020.1833019
To link to this article: https://doi.org/10.1080/02724634.2020.1833019

Published online: 09 Nov 2020.

Submit your article to this journal

View related articles

View Crossmark data

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalInformation?journalCode=ujvp20

Journal of Vertebrate Paleontology e1833019 (10 pages)
© by the Society of Vertebrate Paleontology
DOI: 10.1080/02724634.2020.1833019

ARTICLE
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ABSTRACT—During the land-to-water transition in the Eocene epoch, the cetacean skeleton underwent modiﬁcations to
accommodate life in the seas. These changes are well-documented in the fossil record. The forelimb transformed from a
weight-bearing limb with mobile joints to a ﬂipper with an immobile carpus. We used micro-CT imaging to assess
evolutionary changes in carpal size, orientation, and articulation within Eocene cetacean taxa associated with the transition
from a terrestrial to amphibious niche. We compared Ambulocetus natans, a well-preserved amphibious archaeocete, with
other archaeocetes, and with Eocene terrestrial artiodactyls, the sister group to Cetacea. A cylindrical carpus in terrestrial
taxa evolved into a mediolaterally ﬂattened, cambered carpus in the semi-aquatic and fully aquatic cetaceans. Speciﬁcally,
the pisiform bone shifted from a ventral orientation in terrestrial taxa to a lateral orientation, in plane with the carpus,
within semi-aquatic and fully aquatic taxa. Flattening of the carpus, including lateral rotation of the pisiform, likely relates
to functional shifts from weight-bearing terrestrial locomotion to aquatic locomotion. This laterally projecting pisiform
morphology is retained in all extant cetaceans. Our results suggest this shift, along with other modiﬁcations to the carpus,
predominantly occurred during the middle Eocene and facilitated an obligatorily aquatic lifestyle in late Eocene cetaceans.
Citation for this article: Gavazzi, L. M., L. N. Cooper, F. E. Fish, S. T. Hussain, and J. G. M. Thewissen. 2020. Carpal morphology
and function in the earliest cetaceans. Journal of Vertebrate Paleontology. DOI: 10.1080/02724634.2020.1833019

INTRODUCTION
Cetaceans (whales, dolphins, and porpoises) have a dramatic
evolutionary history, moving from an initially terrestrial to a
fully aquatic niche. This transition involved major modiﬁcations
to the generalized mammalian bodyplan to accommodate life in
the seas, including modiﬁcations to the vertebral column and
pelvis (Buchholtz, 2007; Uhen, 2014; Moran et al., 2015; Bebej
and Smith, 2018), loss of hind limbs and emergence of ﬂukepowered locomotion (Fish, 1998; Bejder and Hall, 2002; Uhen,
2004; Thewissen et al., 2006; Geisler, 2019), and emergence of a
dorsopalmarly ﬂattened forelimb embedded within a soft-tissue
ﬂipper (Richardson and Oelschläger, 2002; Uhen, 2004; Cooper
et al., 2007b, 2018; Sears et al., 2018). Speciﬁcally, this transition
occurred during the Eocene, and whales from this period document these major skeletal changes related to the shift from a
semi-terrestrial to a fully aquatic environment (Thewissen et al.,
1996; Gingerich et al., 2001, 2009; Madar, 2007; Houssaye et al.,
2015; Lambert et al., 2019; Vautrin et al., 2019) (Fig. 1). Prior to
the colonization of the sea, the earliest archaeocetes occupied
shallow waters, probably returning to land for shelter and reproduction (Thewissen et al., 2009a). Evidence of adaptations for
aquatic life became more pronounced within the fossil record
over the span of approximately nine million years. The forelimb
transformation included a shift from a cylindrical carpus to a mediolaterally ﬂattened carpus in cross section. The cylindrical carpus
is optimal for weight-bearing locomotion on land, whereas a ﬂattened carpus would reduce drag on the appendage in the water
(Fig. 1). Further adaptations, such as maintenance of interdigital
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webbing and hyperphalangy, also evolved to facilitate forelimbbased paddling and steering during swimming (Cooper et al.,
2018). In modern cetaceans, the carpus is immobile within the
ﬂipper, and the whole forelimb functions as a control surface
during locomotion (Fish and Lauder, 2006; Cooper et al., 2007a,
2008; Weber et al., 2009).
As evidenced by fossil remains, the earliest archaeocetes, the
pakicetids, had weight-bearing limbs and utilized a digitigrade
posture for terrestrial locomotion (Thewissen et al., 2001b;
Madar, 2007). Their skeleton is systemically pachyostotic, resulting in most postcranial bones displaying thickened cortices, indicating some early adaptations towards an aquatic niche (Wall,
1983; Fish and Stein, 1991; Gray et al., 2007; Madar, 2007). This
pachyostotic phenotype acts as ballast to counteract bodybuoyancy and is found in extant water-dwelling taxa such as
Hippopotamus (Wall, 1983; Fish and Stein, 1991; Gray et al.,
2007; Thewissen et al., 2007). Only two carpals, the pisiform
and the unciform, are described for pakicetids (Madar, 2007),
so little could be said about the overall wrist morphology. Here
we describe an additional element, the trapezium, and suggest
that the previously described unciform in Madar (2007) is
instead a lunate.
Ambulocetus, a moderately complete and well-preserved
archaeocete, is inferred to have had a more plantigrade forelimb
posture and spent more time in the water hunting and swimming
than pakicetids (Thewissen et al., 1996). Ambulocetus demonstrates numerous anatomical adaptations for both terrestrial
and aquatic locomotion, including large hindfeet for propulsion
within the water and evidence of powerful back musculature.
These features are consistent with pelvic paddling and caudal
undulation as a mode of straight-line swimming (Thewissen
et al., 1994; Thewissen and Fish, 1997; Buchholtz, 1998; Madar
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FIGURE 1. A truncated phylogeny of Cetartiodactyla based on Thewissen et al. (2007) with taxa referenced in this study. Individual outlines of the left
carpus for each taxon are located above the species names. The outline of Dorudon has been mirrored from the original image, a right carpus, for standardization across the taxa. Gray represents cartilage and white represents bone. All outlines are provided in dorsal view (top row). Lateral views of the
same wrist are provided for the pig, Sus scrofa, and Ambulocetus (H-GSP 18507) to highlight rotation of the pisiform (middle row). The bottom row
shows the proximal carpal row of Sus scrofa, Ambulocetus, and a minke whale, Balaenoptera acutorostrata, in cross-sectional view. Information on
Diacodexis (H-GSP 300-5023) from Thewissen and Hussain (1990), on the Senegalese protocetid (SNTB 2011-11) from Vautrin et al. (2019), on
Dorudon (UM 101222) from Uhen (2004), and on the minke whale from Cooper et al. (2007a). Abbreviations: Ce, centrale; Cu, cuneiform; D,
dorsal; L, lunate; M, magnum; P, pisiform; S, scaphoid; Tm, trapezium; Tz, trapezoid; U, unciform; V, ventral. I–V correspond to digit numbers.

et al., 2002), though Bebej and Smith (2018) found evidence of a
dorsoventrally stable vertebral column in Ambulocetus,
suggesting a reliance on hindfoot based locomotion. The forelimb
shows reduced pronation/supination, as well as large insertions
for musculature that supported ﬂexion and extension of the
cubital joint (Thewissen et al., 1996). Increased ﬂexion and extension power may have compensated for the inability to rotate the
forelimb during terrestrial and aquatic locomotion. The carpus of
Ambulocetus as known from the fossil record is nearly complete,
with only partial loss of the lunate and the cuneiform. Conversely,
no carpal elements are currently known for the remingtonocetids.
It is likely that this group still relied on hindlimb powered locomotion over tail-based locomotion; analysis of Remingtonocetus
lumbar vertebrae indicates that this taxon relied on pelvic paddling for swimming, similar to Ambulocetus (Bebej et al., 2012;
Bebej and Smith, 2018).
Protocetids are also described as semi-aquatic, and different
taxa within the group are inferred to have employed different
locomotor patterns (Gingerich, 2003; Lambert et al., 2019;
Vautrin et al., 2019). There is a considerable amount of forelimb
material described for this family, particularly for Maiacetus
(Gingerich et al., 2009), Rodhocetus (Gingerich et al., 2001),
Peregocetus (Lambert et al., 2019), and the newly published Senegalese protocetid (Vautrin et al., 2019). The carpi of these protocetids appear dorsopalmarly ﬂattened as in modern cetaceans,
and likely serve as a swimming adaptation. The limb morphology
of both Rodhocetus and Peregocetus suggests that both taxa
engaged in pelvic paddling or caudal undulation, similar to
Ambulocetus (Gingerich et al., 2001; Lambert et al., 2019).
There is also suggestion that the Senegalese protocetid utilized
forelimbs for power during swimming in addition to pelvic

paddling, which is a locomotor pattern not inferred for any
other protocetid (Vautrin et al., 2019).
Late Eocene basilosaurids, such as Dorudon, were obligatorily
aquatic with a body plan more similar to modern cetaceans,
including dramatically reduced hindlimbs that were not functional in locomotion, soft-tissue ﬂippers, and short tail vertebrae
to accommodate ﬂukes (Uhen, 2004). The carpus of Dorudon is
dorsoventrally ﬂattened and mediolaterally expanded, with the
trapezoid and magnum fused. The pisiform is robust and lies in
plane with the rest of the carpals (Uhen, 2004). Cynthiacetus,
another basilosaurid, shares morphological similarities to
Dorudon (Martínez-Cáceres et al., 2017). This taxon is hypothesized to have seven carpals, with trapezoid-magnum fusion,
and its carpus appears to be dorsopalmarly ﬂattened. The pisiform and the trapezium of Cynthiacetus are not currently
known (Martínez-Cáceres et al., 2017). For Zygorhiza, there is
only one carpal element known, making functional interpretations difﬁcult. It is either an unciform (Kellogg, 1936) or a
lunate (Gingerich and Smith, 1990). This transition from land to
sea was facilitated by the emergence of the ﬂukes and the modiﬁcation of forelimb to become embedded within a soft-tissue
ﬂipper.
Cetaceans share a common ancestor within terrestrial artiodactyls (Gatesy, 1998; Gingerich et al., 2001; Thewissen et al., 2001b,
2007). Of particular interest is the raoellid Indohyus, which has
several post-cranial elements preserved. Indohyus, another terrestrial taxon, has reduced pronation and supination at the
elbow, a double-trochleated astragalus, and reduced ﬁrst digits
like other fossil artiodactyls (Thewissen et al., 2007; Cooper
et al., 2012). The cuboid tarsals of Indohyus are similar to other
artiodactyls, which may have functioned to reduce mediolateral
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movement and enhance ﬂexion and extension (Cooper et al.,
2012). Limb bones of Indohyus were osteosclerotic, with a
highly reduced medullary cavity (Thewissen et al., 2007; Madar,
2007; Cooper et al., 2012). This is similar to pachyostotic adaptations in the pakicetid skeleton.
Modern artiodactyls have derived appendicular skeletons for
unguligrade postures and locomotion. The carpals of an artiodactyl are generally cuboidal or rectangular in shape, stacking in a
serial pattern. As in the tarsals, this morphology facilitates dorsoventral ﬂexion but greatly limits all mediolateral movements and
stabilizes the foot (Yalden, 1971; Clifford, 2010). This highly
canalized morphology is present in the earliest artiodactyls.

Some of the earliest primitive Eocene artiodactyls, such as
Messelobunodon and Diacodexis, show evidence for cursorial
locomotion adaptations within the carpals that are common
amongst more derived taxa (Rose, 1982; Franzen, 1983; Thewissen and Hussain, 1990). Diacodexis pakistanensis is an early
Eocene taxon with a complete but poorly preserved carpus that
reduced pronation/supination in the forelimb, reduced the
pollex, and had paraxonic digits (Thewissen and Hussain, 1990).
The present study utilizes the abundant evidence of cetartiodactyl fossil forelimbs to investigate morphological shifts along
the land-to-water transition. Whereas the hindlimbs have been
lost in obligatorily aquatic cetaceans, there is a continued presence of a forelimb in all cetartiodactyls, making the carpus an
important region of study. It is our goal to elucidate the relationship between carpal form and function in Eocene cetartiodactyls.
To achieve this, we used micro-CT scans to reconstruct the carpus
of Ambulocetus natans (Thewissen et al., 1994, 1996) and identiﬁed several new carpals for Indohyus and Pakicetus. We utilized
carpal data from Ambulocetus to compare with modern and fossil
cetaceans, Eocene artiodactyls, and mesonychids. Mesonychids
are fossil ungulates that were previously thought to be closely
related to Cetacea, although are now known to have no special
relationship with cetaceans (Geisler and Theodor, 2009; Thewissen et al., 2009b). We choose to include mesonychids as a point of
comparison with Cetacea based on their known carpal morphology for multiple fossil taxa and unguligrade posture for comparison with the artiodactyl carpus, which is derived for cursorial
locomotion. Information on forelimb morphology for the mesonychids (Scott, 1888; Rose and O’Leary, 1995), Messelobunodon
(SMF ME 510) (Franzen, 1983), Diacodexis (H-GSP 300-5023)
(Thewissen and Hussain, 1990), Maiacetus (GSP-UM 3475a)
(Gingerich et al., 2009), Peregocetus (MUSM 3580) (Lambert
et al., 2019), the Senegalese protocetid (SNTB 2011-11)
(Vautrin et al., 2019), Dorudon (UM 101222) (Uhen, 2004), and
modern cetaceans (Cooper et al., 2007a) was taken from previously published data. Only one carpal element has been previously described for Indohyus, the magnum (Cooper et al.,
2012), and we describe two additional carpals for this study. We
also discuss the evolutionary and locomotor signiﬁcance of
these elements.
Institutional Abbreviations—GSP-UM, Geological Survey of
Pakistan-University of Michigan collection, Quetta, Pakistan;
H-GSP, Howard University-Geological Survey of Pakistan, Pakistan; MUSM, Museo de Historia Natural, Universidad Nacional
Mayor de San Marcos, Lima, Peru; RR, Obergfell-Ranga Rao
Trust of the Geosciences, Dehradun, India; SMF, Senckenbergischen Naturforschenden Gesellschaft, Frankfurt am Main,
Germany; SNTB, Department of Geology of the University
Cheikh Anta Diop, Taïba Ndiaye collection, Dakar, Senegal;
UM, University of Michigan Museum of Paleontology, Ann
Arbor, Michigan, U.S.A.; UMMP, University of Michigan,
Museum of Paleontology, U.S.A.
MATERIALS AND METHODS

FIGURE 2. Virtual reconstruction of H-GSP 18507, the left manus of
Ambulocetus, in dorsal view. Abbreviations: Ce, centrale; Cu, cuneiform; L,
lunate; M, magnum; P, pisiform; S, scaphoid; Tm, trapezium; Tz, trapezoid;
U, unciform. Labels I–V indicate the individual digits, from anterior to
posterior.

Materials from Ambulocetus natans (H-GSP 15807) and pakicetid taxa Pakicetus and Ichthyolestes (H-GSP 30169, H-GSP
96570, H-GSP 96581) are part of the collections of the H-GSP.
Pakicetid material reported here was found in the Ganda Kas
Area of the Kala Chitta Hills in Punjab, Pakistan. At H-GSP
locality 62 (33° 38′ N, 72° 11.25′ E), where all postcranial fossils
were found, 61% of the recovered dental specimens are attributed to pakicetids, and so we expect a similar ratio for postcranial
elements as well (Thewissen et al., 2001b). There are three species
of pakicetids at this locality, from small to large body size:
Ichthyolestes pinfoldi, Pakicetus attocki, and Nalacetus ratimitus.
Pakicetids represent a discrete size range within that faunal
assemblage and do not overlap with other mammalian groups.
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Anthracobunids found at this locality (Cooper et al., 2014) are
larger than both Pakicetus and Nalacetus, whereas raoellids recovered from this region are signiﬁcantly smaller than Ichthyolestes
(Thewissen et al., 2001b; Madar, 2007; Cooper et al., 2014). Isotopic analysis of some postcranial elements recovered from this
locality conﬁrms cetacean identity (Thewissen et al., 2001b),
although no such analysis was carried out on the bones described
herein. It is likely that these carpals are from either Pakicetus or
Nalacetus, and not Ichthyolestes, based on the size differences
between previously identiﬁed Ichthyolestes limb bones and the
new carpals (Thewissen et al., 2001b).
Indohyus material (RR 3 and RR 48) is part of the collections
of the Obergfell-Ranga Rao Trust of the Geosciences, Dehradun,
India. All specimens were collected at a single locality (33° 14.5′
N, 74° 22.5′ E) in the state Jammu and Kashmir in India. This
locality is called Sindkhatudi and is near the village of Kalakot.
Faunal lists were presented by Kumar (1998) and Thewissen
et al. (2001a). Hundreds of vertebrate fossils have been collected
at this locality, and the vast majority of the identiﬁable specimens
are jaws of Indohyus. A few taxa are similar in size to Indohyus,
but these are exceedingly rare. The hyaenodontid Paratritemnodon
indicus was based on one specimen described by Ranga Rao
(1973), with two others referred to by Kumar (1992). The raoellid
Khirtharia inﬂatus was based on two specimens by Ranga Rao
(1972), with Sahni and Khare (1972) adding two more, and
there is an undescribed dichobunid that is larger than Gujaratia
pakistanensis and possibly referred to as Haqueina haquei (one
specimen, Sahni and Khare, 1972). The tapiroid Sastrilophus
dehmi was based on two specimens by Sahni and Khare (1971).
Approximately 20 specimens of the derived tapiroid Kalakotia
have been described (Ranga Rao, 1972; Sahni and Khare, 1972;
Kumar and Sahni, 1985). The most complete survey of Indohyus
specimens is published by Thewissen et al. (2020), which
describes well over 100 specimens of dental and cranial elements
of Indohyus and did not include fragmentary specimens such as
isolated teeth or postcranial material. Evidence from dental
remains indicates that Indohyus is by far the most common
taxon in the fossil assemblage. This implies that most postcranials
recovered will pertain to Indohyus. Morphological evidence supports that the carpals described herein do not pertain to Kalakotia
or Sastrilophus, based on comparisons with the tapiroid
Karagalax (Maas et al., 2001). Furthermore, the trapezoid
described here for the ﬁrst time directly articulates with the
magnum previously attributed to Indohyus in Cooper et al.
(2012). Specimens used here are currently housed at the Northeast Ohio Medical University (NEOMED), Rootstown, Ohio,
but will be returned to their repository.
All identiﬁed carpal and zeugopodial elements of these specimens were imaged on a micro-CT scanner (Scanco Medical,
Viva70) at 70 kVp, with a voxel range of 20.4–40 microns.
Scanned fossil data were virtually segmented from the matrix in
Avizo2019.1 (Thermo Fisher Scientiﬁc) and reconstructed in
Maya 2019 (Autodesk). The carpus of Ambulocetus is nearly complete, although parts of the lunate and the cuneiform are missing.
The relationships of the species are shown in Figure 1. The carpal
nomenclature used within this text, from proximal row to distal
row, are: scaphoid, lunate, cuneiform, pisiform, trapezium, trapezoid, centrale, magnum, and unciform.

for attachment of the ﬂexor carpi ulnaris muscle. Proximally,
the pisiform has two articular facets with a slight ridge between.
These facets are oriented craniocaudally. The pisiform is oriented
in plane with the rest of the carpus and laterally projecting from
the wrist (Fig. 2). In cross section, the shaft of the pisiform is
rounded. Previously, Thewissen et al. (1996) suggested that the
pisiform had contacted the ulna. Based on micro-CT reconstruction we now hypothesize that the pisiform articulates with the
cuneiform proximally and with the unciform distally.

Ambulocetus Centrale
The Ambulocetus carpus is unusual in having an os centrale (HGSP 18507.3418; Thewissen et al., 1996). The os centrale of
Ambulocetus is the smallest of carpal elements, craniocaudally
long, and mediolaterally ﬂattened compared with other carpals.
The os centrale articulates predominantly with the trapezoid
and the magnum; it also slightly contacts the lunate and the scaphoid in the proximal row, as well as metacarpals II and III.

Ambulocetus Trapezium
First described by Thewissen et al. (1996), the trapezium of
Ambulocetus (H-GSP 18507.3414) was found in situ and articulated with the trapezoid and the scaphoid. The trapezium is
roughly pyramidal in shape. Superiorly, there is a broad,
slightly sloping surface for articulation with MC I and a
smaller, concave groove for MC II. The articular surface for
MC I is medially deviating from MC II. There is an articulation
with the scaphoid along a small inferior medial portion of the
trapezium, which is reﬂected by a groove in the scaphoid. The
entire length of the medial aspect of the trapezium is in direct
contact with the trapezoid. The lateral face of the trapezium is
notched, with the notch oriented towards the scaphoid. This
unique notch does not articulate with any other skeletal element.

Ambulocetus Metacarpal I
MC I (H-GSP 18507.3421) was described by Thewissen et al.
(1996) and is the shortest of the metacarpals; it is also mediolaterally ﬂattened and dorsoventrally expanded. There is a broad,
slightly convex surface on the proximal end to articulate with the
trapezium. The corresponding surface on the trapezium slightly
offsets MC I from the rest of the metacarpals, suggesting some
medial deviation of digit I from the rest of the digits. A small
shallow pit on the proximal end of MC I also articulates with
MC II.

RESULTS
Ambulocetus Pisiform
The carpus of Ambulocetus was collected with most bones
in situ. The pisiform of Ambulocetus (H-GSP 18507.3413) has
been previously described in Thewissen et al. (1996) (Figs. 2, 3).
It is ca. 44 mm long and robust. Its distal end is cranially curved
and craniocaudally ﬂared (Figs. 2, 3). There is a large surface

FIGURE 3. Lateral view micro-CT images of H-GSP 30169, the left pisiform of Pakicetus (left), and H-GSP 18507.3413, the left pisiform of
Ambulocetus (right). In both taxa the articular surfaces are oriented craniocaudally; in Ambulocetus those articular surfaces are canted at an
angle to face more mediolaterally than Pakicetus, suggesting rotation of
the pisiform.
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Pakicetid Pisiform
This pisiform (H-GSP 30169) was previously described by
Madar (2007). It is 17 mm long and the distal end is absent
(Fig. 3). The bone is long and curved, similar to that of
Ambulocetus. In addition, it is mediolaterally compressed, and
the shaft is ovoid in shape. The proximal surface is divided into
cranial and caudal facets by a sharpened ridge. The cranial
facet is deeply angled towards the manus, while the caudal facet
is more rounded. This facet morphology is consistent with a ventrally oriented pisiform, similar to most terrestrial mammals. We
lack contextual information from a distal ulna, an unciform, or a
magnum to determine articular relationships concretely. The pisiform is usually robust and prominent in the archaeocete carpus;
however, this pisiform is small in comparison to the remaining
pakicetid carpals described here. We suspect that this pisiform
is from the pakicetid Ichthyolestes instead of Pakicetus, as it was
attributed in Madar (2007).
Pakicetid Trapezium
The pakicetid trapezium (H-GSP 96570) has not been
described (Fig. 4A). It is 10 mm wide mediolaterally, 13.4 mm
deep dorsoventrally, and 11 mm tall proximodistally. The trapezium is overall triangular or pyramidal in shape. The caudal
aspect of the trapezium is expanded and wider than the proximal
region. There is a concave facet for MC I; this facet is surrounded
mediolaterally by two ridges. There is a facet for the trapezoid,
with a ridge that is inferior and dorsal to the articular facet. The
middle of the medial aspect has a shallow pit, likely for additional
contact with the trapezoid. The articular surface for the scaphoid
is crescent-shaped on the cranial surface of the bone. The scaphoid surface is only present on the medial third of the proximal
surface of the trapezium, with a ridge separating this articular
surface from the rest of the bone.

MC II. The lateral surface has a large, rounded facet for the trapezoid, with a small region on the superior aspect of the bone that
is not in direct contact with the trapezoid. The cranial surface is
diminished and separated into two rounded ridges, which also
articulate around the trapezoid. There is a small ﬂattened area
between these two ridges that may serve as an articular surface
for the scaphoid, although the contact between these two bones
was likely small.
Indohyus Trapezoid
The Indohyus trapezoid (RR 48) is described here for the ﬁrst
time (Fig. 4D). This trapezoid is from the right carpus. This carpal
is unusually shaped with a large expanded caudal portion that
tapers proximally. The medial face is craniocaudally linear,
whereas the lateral side of the trapezoid tapers from distal to
proximal. The trapezoid is 7.5 mm wide, 6.2 mm deep at the
widest part, 4 mm at proximal depth, and 6.7 mm tall. The
anterior ridge of the trapezoid articulates within the trapezium
facet. The facet is distally expanded and proximally reduced.
There is a crest between dorsal and ventral surfaces on the
anterior side, which is located between the two ridges found on
the trapezium. Laterally, the trapezoid has an articular surface
for the magnum that is proximodistally oblique. This surface is
generally smooth and ﬂattened, with a small protuberance in
the center of the surface, and articulates with RR 250, the
Indohyus magnum described by Cooper et al. (2012). MC II is
not preserved from Indohyus, so the articular relationship with
the trapezoid is not known. There is a small protuberance on
the caudal edge of the trapezoid that articulates with MC III.
The cranial surface of the trapezoid is ﬂat and triangular, with a
small crest that sits between the two ridges of the trapezium. Dorsally on the cranial surface, there is a small ﬂattened area that is
angled away from the ﬂattened surface. We were unable to determine if this is due to postmortem damage or an articular region
for the scaphoid.

Pakicetid Lunate
Madar (2007) previously described this bone (Fig. 4B, H-GSP
96581) as a magnum. After further analysis, we propose that
this carpal is the left lunate of a pakicetid based on articular
facets for the scaphoid, the cuneiform, the trapezoid, the radius,
and the ulna. This carpal is larger than both the trapezium and
the pisiform. The dimensions are 12.4 mm mediolaterally wide,
22 mm dorsopalmarly deep, and 14 mm proximodistally tall.
The lateral aspect of the carpal is dominated by a curved,
convex facet for the scaphoid. There are also two small recessed
areas dorsally and ventrally on the lateral facet for articulation
with the trapezoid. Caudally, there is a rounded facet for
contact with the magnum; this facet is separated from a surface
for the trapezoid by a small crest. On the cranial side, there is a
large surface for contact with the radius and a smaller triangular
surface for the ulna. These two ulnocarpal and radiocarpal facets
are separated by a sharp ridge. The ulnar facet is also bordered by
two facets for articulation with the cuneiform.
Indohyus Trapezium
We identiﬁed the right trapezium for Indohyus (RR 3), a previously undescribed carpal (Fig. 4C). The trapezium for Indohyus
is only 5 mm mediolaterally wide, 6 mm dorsopalmarly deep, and
6.6 mm proximodistally tall. It is generally triangular with a large
concave articular surface for the trapezoid that dominates the
proximal and medial aspect of the bone. The Indohyus trapezium
articulates strongly with the trapezoid, the scaphoid, and MC
I. There is a rounded facet for MC I on the caudal surface. This
facet is slightly laterally and posteriorly displaced, suggesting an
offset MC I. There is no evidence of an articular surface for

DISCUSSION
The early evolution of the cetacean wrist is characterized by a
shift from the highly specialized, cylindrical wrist to a dorsopalmarly ﬂattened carpus (Fig. 1). The artiodactyl forelimb is optimized for movement in the ﬂexion-extension plane at all joints
of the wrist and the digits (Yalden, 1971; Clifford, 2010). A
small degree of ulnar deviation occurs in conjunction with
ﬂexion, but this movement cannot happen in isolation. Modern
artiodactyls are unable to perform any noticeable degree of
rotation or radial deviation at the wrist joint (Yalden, 1971; Clifford, 2010). Early taxa such as Diacodexis had more ﬂexibility
within the wrist and were likely capable of these deviation and
rotation movements to some degree (Rose, 1982; Thewissen
and Hussain, 1990). In Eocene whales, the carpus is clearly not
constrained to movement solely in the ﬂexion-extension plane.
Even the earliest semi-aquatic cetaceans demonstrate the
capacity for moderate ulnar deviation and abduction of the
digits. Rotation of the forelimb, however, is highly limited in
some archaeocete taxa, like Ambulocetus (Thewissen et al.,
1996). While the dichobunids display a more ﬂexible forelimb
than many other artiodactyls, the early cetacean hand demonstrates an even greater capacity for deviation and abduction
than previously seen within Cetartiodactyla.
These modiﬁcations to the archaeocete wrist for increased
ﬂexibility and power coincide with dorsoventral ﬂattening of
the hand skeleton embedded within a cambered ﬂipper. Along
with these broad, sweeping changes, there are several carpalspeciﬁc modiﬁcations that potentially facilitated the shift from a
terrestrial habitat to an aquatic one. Particularly, the transition
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FIGURE 4. Micro-CT data of the newly identiﬁed carpals. All are shown in dorsal (left column), lateral (middle left column), palmar (middle right
column), and medial (right column) views. A, HGSP 96570, left trapezium of a pakicetid. B, HGSP 96581, left lunate of a pakicetid. C, RR 3, right
trapezium of Indohyus. D, RR 48, right trapezoid of Indohyus. Articular facets on each carpal are highlighted by the dashed lines; labels indicate
element that contacts facet. Abbreviations: Cu, cuneiform; M, magnum; MC I, metacarpal I; S, scaphoid; Tm, trapezium; Tz, trapezoid; U, ulna.

from limb to ﬂipper includes lateral rotation of the pisiform and
alignment of digit I with the rest of the carpus.
Lateral Rotation of the Pisiform
The pisiform serves as an attachment point for the ﬂexor carpi
ulnaris, allowing for ﬂexion and adduction of the ulnocarpal joint
(Howell, 1930; Cooper et al., 2007b). Early in cetacean evolution,
the pisiform transitions from a ventrally projecting orientation to
a lateral one. A ventral position within the carpus is the common
pisiform morphology found in most terrestrial taxa, including
Eocene artiodactyls Messelobunodon and Diacodexis (Franzen,
1983; Thewissen and Hussain, 1990). A pisiform is not known
for Indohyus. The pakicetid pisiform was likely ventrally
oriented, as the proximal facets strongly resemble those of an
artiodactyl. It is unsurprising that pakicetids would maintain a
ventrally oriented pisiform, given that they are the most terrestrial of the cetaceans. A shift in pisiform orientation occurs
early in cetacean evolution with Ambulocetus and coincides
with the increased reliance on aquatic locomotion over terrestrial
locomotion. A laterally oriented pisiform is also reported in the

Senegalese protocetid (Vautrin et al., 2019), Basilosaurus (Gingerich and Smith, 1990), and Dorudon (Uhen, 2004). No information on the pisiform is provided for Rodhocetus (Gingerich
et al., 2001), Cynthiacetus (Martínez-Cáceres et al. 2017), or
Peregocetus (Lambert et al., 2019). In contrast, Maiacetus (GSPUM 3551) is reported to have a ventrally projecting pisiform
(Gingerich et al., 2009). All other known archaeocete wrists for
which a pisiform is known, aside from the pakicetids and possibly
Maiacetus, have a laterally oriented pisiform. Extant cetaceans
appear to maintain a laterally orienting pisiform, although the
carpus may not ossify in baleen whales (Cooper et al., 2007b).
Interestingly, the ﬂexor carpi ulnaris is conserved in modern cetaceans, while other forelimb and intrinsic hand muscles show variability between taxa (Cooper et al., 2007a).
While the lateral orientation of the pisiform remains constant
across semi-aquatic and aquatic archaeocetes except for pakicetids and possibly Maiacetus, the articular relationships of the pisiform are not conserved. Our new interpretation of the
Ambulocetus wrist suggests that the pisiform of Ambulocetus
articulates with both the unciform and cuneiform, having no
contact with the ulna. This morphology is hypothesized for
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Pakicetus as well (Madar, 2007). The articular relationships of the
Maiacetus pisiform are unclear. Little information is provided on
individual carpal elements within Gingerich et al. (2009), and the
provided illustrations of the Maiacetus specimen (GSP-UM
3475a) do not appear to align with other publicly available information on that taxon. The illustration (GSP-UM 3475a) in Gingerich et al. (2009) indicates that all carpals are known for
Maiacetus and suggests that the pisiform articulates between
the cuneiform and unciform, which is the same morphology
found in Ambulocetus. However, the 3D cast of Maiacetus
(GSP-UM 3551) that is publicly available online (https://umorf.
ummp.lsa.umich.edu/wp/specimen-data/?Model_ID=1340) shows
the pisiform articulating with the cuneiform and the ulna. While
sexual dimorphism within a taxon can affect the allometry of
carpal bone relationships, there are no documented cases of variation in carpal articulations within a single taxon based on sex.
In comparison, the wrist of Dorudon, which is both published in
Uhen (2004) and available online (https://umorf.ummp.lsa.umich.
edu/wp/specimen-data/?Model_ID=1339) is visually identical in
the photographs and the 3D rendering. The Dorudon pisiform
articulated with the ulna and the cuneiform (Uhen, 2004). The
Senegalese protocetid (Vautrin et al., 2019) shares this morphology
with Dorudon. The pisiform articular relationships in modern cetaceans are highly variable, with no discernible pattern within or
between odontocete and mysticete taxa (Cooper et al., 2007a).
Once the cetacean forelimb became immobile within the ﬂipper,
the articular relationship of the pisiform to the rest of the wrist
would have become less important. While pisiform articular patterns change throughout archaeocetes, a mediolateral pisiform
that is in plane with the rest of the carpus is found in all cetaceans
except for the pakicetids and potentially Maiacetus. A distal shift of
the pisiform to lose contact with the ulna may have increased the
range of ulnar deviation within those taxa. However, the beneﬁts
of that ﬂexibility may not have been enough to remain ﬁxed
throughout archaeocetes.
The transition from a ventrally projecting pisiform to a laterally
oriented pisiform in plane with the carpus is the most dramatic
carpal modiﬁcation in the cetacean wrist. Not only is this morphology consistent across nearly all Eocene fossil taxa discussed
here but it is also present in all modern cetaceans analyzed in
Cooper et al. (2007a). The modern cetacean carpus is immobile
and a laterally oriented pisiform in plane with the rest of ﬂipper
is maintained. Furthermore, while the neuromuscular anatomy
afﬁliated with the carpus varies widely, the ﬂexor carpi ulnaris
is consistently found attached to the pisiform in modern taxa
(Cooper et al., 2007b). Given that this morphology is only
known in semi-aquatic and aquatic species, the change in bone
arrangement was likely correlated with increased swimming efﬁciency by drag reduction and use of the forelimb as a control
surface.
Digit I Deviation
The trapezium is an attachment point for the abductor pollicis
brevis and ﬂexor pollicis brevis muscles. The abductor pollicis
brevis both abducts and extends digit I; the ﬂexor pollicis brevis
ﬂexes and medially rotates digit I. Both muscles belong to the
lateral volar aspect of the hand and are critical for digit I ﬂexibility
(Howell, 1930; Cooper et al., 2007b). MC I of Ambulocetus
articulates with the trapezium and MC II. It is suggested
that Ambulocetus was capable of moderate pollical deviation
(Thewissen et al., 1996). Pentadactyl artiodactyls, such as
Diacodexis, have a posteriorly displaced digit I with respect to the
rest of the manus (Thewissen and Hussain, 1990). Ambulocetus
maintains this morphology.
Messelobunodon has a highly reduced MC I that is approximately half the size of MC III and MC IV (Franzen, 1983). The
trapezium is not visible in Messelobunodon, but trapezium

shape would likely reﬂect this MC I diminution. The trapezium
solely articulates with the MC I in Diacodexis, which also has a
reduced MC I (Thewissen and Hussain, 1990). Given the
overall reduction in size of both MC I and the trapezium, it is unlikely that either taxa utilized pollical deviation during locomotion.
This is unsurprising, given that the artiodactyl wrist predominantly functions in ﬂexion with highly reduced capabilities for
deviation and rotation (Yalden, 1971). The articular surface for
MC I of Indohyus appears to be posteriorly displaced from the
other digits, similar to other early pentadactyl Eocene artiodactyls (Fig. 4D). Digit I was likely reduced in comparison to the
other four digits and posteriorly displaced from the rest of the
hand. The trapezium of Ambulocetus has an articular surface
that is dorsoventrally deep and spans the majority of the distal
surface. MC I is within the same plane as the other digits, although
medially displaced compared with MC II–V, and the robusticity of
the trapezium indicates a larger surface for attachment of lateral
volar musculature. The pakicetid trapezium shares many of these
features found in Ambulocetus, suggesting that the MC I may
have also been medially displaced in pakicetids, which would
allow for more independent movement of digit I (Fig. 4A).
While the pakicetids are the most terrestrial of the archaeocetes,
this may suggest that subtle modiﬁcations to the wrist already
conferred some advantages for moving through water. The scaphoid, the trapezoid, and MC I were not recovered for the pakicetids, so the overall relationship of trapezium size to the rest of
the carpals is unknown. The trapezium in Maiacetus appears to
articulate with MC I and then traverses the proximal and distal
carpal rows to contact the radius directly (Gingerich et al.,
2009). This is the only known instance of this particular morphology in archaeocetes. Functional interpretations of this
unique morphology are difﬁcult, given that a singular carpal
element stacking between the radius and MC I would greatly
inhibit radial deviation. However, the 3D scan of the Maiacetus
cast (UMMP VP 118197) that is available publicly does not
have this morphology. There are four carpals in the distal row
of the right limb, with the trapezium articulating between the scaphoid and MC I. The cast and illustration are based on two different specimens; however, carpal articular relationships are
invariant within a taxon. The trapezium on the cast represents a
typical articular relationship that is observed in other archaeocete
taxa, such as Ambulocetus. The Senegalese protocetid appears
more similar to Ambulocetus and Pakicetus than to Maiacetus
as presented in Gingerich et al. (2009), with a trapezium that
articulates with MC I and possibly with MC II (Vautrin et al.,
2019). The MC I of Dorudon is in line with the rest of the
digits, articulates exclusively with the trapezium, and shows no
medial deviation. At this point, the forelimb was likely embedded
in a soft-tissue ﬂipper and did not require pollical deviation
during swimming like many of the semi-aquatic Eocene whales.
It does not appear that many extant taxa have a trapezium
(Cooper et al., 2007a). Instead, digit I, or the anteriormost digit
in tetradactylous mysticetes, frequently articulates with the scaphoid. Additionally, nearly all modern cetaceans examined in
Cooper et al. (2007b) display reduced manus musculature.
Centrale
Although the functional implications of the centrale are currently unknown, the complex evolutionary history of this carpal
is worth noting. The centrale is absent in dichobunids; neither
Diacodexis nor Messelobunodon has a centrale (Franzen, 1983;
Thewissen and Hussain, 1990), nor do any modern artiodactyl
taxa. The centrale appears and disappears throughout the archaeocete lineage with it being present ﬁrst in Ambulocetus between
the trapezoid and magnum. Basilosaurus isis has a centrale (Gingerich and Smith, 1990), but Dorudon does not (Uhen, 2004) and
it is unlikely that Cynthiacetus possessed a centrale either
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(Martínez-Cáceres et al., 2017). The bone is absent in most protocetids such as Rodhocetus (Gingerich et al., 2001), Peregocetus
(Lambert et al., 2019), and the Senegalese protocetid (Vautrin
et al., 2019).
In addition to an inconsistent evolutionary history within cetaceans, the articular relationships of the centrale vary greatly. A
centrale is found in the mesonychids Mesonyx and Pachyaena
(Scott, 1888; O’Leary and Rose, 1995; Rose and O’Leary,
1995). The Pachyaena centrale is reduced in size and located
between the proximal and distal carpal rows, articulating with
the trapezoid, the magnum, the lunate, and the scaphoid (Rose
and O’Leary, 1995). The Mesonyx centrale articulates between
the trapezium, the trapezoid, and the scaphoid (Scott, 1888).
Ambulocetus has a centrale that articulates between the trapezoid
and the magnum (Thewissen et al., 1996). The Basilosaurus centrale is hypothesized to articulate with the scaphoid (Gingerich
and Smith, 1990). Although these taxa all possess a centrale,
the articular relationship between the centrale and the rest of
the carpals varies greatly and shows no obvious patterning or
clear functional beneﬁt.
CONCLUSIONS
In summary, we categorize and compare changes within the
archaeocete wrist. Our study shows that during the Eocene,
during the cetacean land-to-sea transition, the pisiform underwent
lateral rotation until it was positioned to lie in the plane with the
rest of the carpus; this change occurred between pakicetids and
ambulocetids. A laterally projecting pisiform is maintained in all
other fossil and modern cetaceans, except for possibly Maiacetus,
and likely facilitated increased ulnar deviation in semi-aquatic
taxa and increased surface area for the ﬂipper of fully aquatic
taxa. For comparison, two fossil pinnipeds, Pliophoca etrusca
(Berta et al., 2015) and Enaliarctos mealsi (Berta and Ray, 1990),
have laterally oriented pisiforms, making these taxa examples of
convergent evolution that further suggests the importance of this
morphological shift for aquatic locomotion. Conversely, the functional importance of the centrale in Ambulocetus is difﬁcult to
discern, though the emergence and loss of this carpal throughout
the evolutionary history of Cetartiodactyla is worth noting. In
addition to the presence of a centrale, Ambulocetus exhibits a deviating ﬁrst digit and robust trapezium. The trapezium is an attachment
point for several palmar muscles. This increased musculature, in
additional to pollical deviation, indicates that Ambulocetus has a
robust ﬁrst digit that helped power the autopod. It is possible that
the ability to maintain a medially deviated thumb in abduction
during swimming would increase the overall surface area of the
hand and increase the thrust generated during a paddling downstroke, much like the laterally oriented pisiform. Other Eocene
whales display a digit I that is in plane with the rest of the manus,
which highlights an overall ﬂattening of the forelimb into a
paddle-like morphology and eventually the formation of a ﬂipper
(Uhen, 2004). While this movement of digit I was functionally relevant to the limb to ﬂipper transition, the lateral rotation of the pisiform likely played a greater role during this shift.
The shift from a ventrally oriented pisiform in Eocene artiodactyls
to a laterally oriented pisiform in all cetacean taxa except for pakicetids and possibly Maiacetus suggests that this modiﬁcation is
important for swimming and other aquatic behaviors. A robust, laterally oriented pisiform would increase power for ulnar deviation.
As the carpus became immobile within the ﬂipper ca. 40 million
years ago (Uhen, 2004), a laterally projecting pisiform would also
increase surface area of the soft-tissue ﬂipper for the displacement
of water during steering. In addition, the reorientation of the pisiform would increase streamlining of the forelimb to reduce drag
on the appendage and energy consumption, thus permitting
greater swimming speeds. As Eocene whales became more competent in the water and shifted reliance from the hindlimb to the tail for

power during locomotion, these other adaptations may have
become less critical for locomotion. While many amphibious archaeocetes are interpreted as hindfoot powered swimmers (Thewissen
et al., 1994; Gingerich et al., 2001, 2009; Bebej and Smith, 2018;
Lambert et al., 2019), there is some evidence to suggest that the
Senegalese protocetid used the forelimb for propulsion (Vautrin
et al., 2019). The Senegalese protocetid also demonstrates a
massive pisiform that dominates in size over every other carpal,
affording this specimen tremendous strength in ﬂexion and adduction, which supports the reconstruction of a forelimb-powered protocetid. Further recovery and identiﬁcation of more archaeocete
carpals will only improve our understanding of the relationship
between form and function in the cetacean wrist.
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