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Convergence and constraint in the cranial evolution of mosasaurid
reptiles and early cetaceans

Rebecca F. Bennion* , Jamie A. MacLaren, Ellen J. Coombs, Felix G. Marx*,
Olivier Lambert , and Valentin Fischer

Abstract.—The repeated return of tetrapods to aquatic life provides some of the best-known examples of
convergent evolution. One comparison that has received relatively little focus is that of mosasaurids
(a group of Late Cretaceous squamates) and archaic cetaceans (the ancestors of modern whales and
dolphins), both of which show high levels of craniodental disparity, similar initial trends in locomotory
evolution, and global distributions. Here we investigate convergence in skull ecomorphology during
the initial aquatic radiations of these groups. A series of functionally informative ratios were calculated
from 38 species, with ordination techniques used to reconstruct patterns of functional ecomorphospace
occupation. The earliest fully aquatic members of each clade occupied different regions of ecomorpho-
space, with basilosaurids and early russellosaurines exhibiting marked differences in cranial functional
morphology. Subsequent ecomorphological trajectories notably diverge: mosasaurids radiated across eco-
morphospace with no clear pattern and numerous reversals, whereas cetaceans notably evolved toward
shallower, more elongated snouts, perhaps as an adaptation for capturing smaller prey. Incomplete
convergence between the two groups is present among megapredatory and longirostrine forms,
suggesting stronger selection on cranial function in these two ecomorphologies. Our study highlights
both the similarities and divergences in craniodental evolutionary trajectories between archaic cetaceans
and mosasaurids, with convergences transcending their deeply divergent phylogenetic affinities.
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Introduction

Over their 390 Myr history, more than 60
lineages of tetrapods have independently rein-
vaded aquatic ecosystems (Vermeij andMotani
2018). The shared constraints they faced as part
of this transition led to many textbook

examples of evolutionary convergence in
terms of feeding ecology, sensory biology,
and locomotion, among others (Kelley and
Pyenson 2015). One comparison that has
received relatively little attention is that
between archaic cetaceans (the Eocene and
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Oligocene ancestors of modern whales, dol-
phins, and porpoises) and mosasaurids
(a clade of Late Cretaceous marine squamates).
Both groups show similar raptorial ecomor-
photypes, such as putative megapredators
(Gallagher 2014; Voss et al. 2019); changes in
postcranial anatomy, such as loss of sacral
attachment and changes in limb morphology
(Uhen 2010; Lindgren et al. 2011); and a shift
from axial propulsion in the form of undulation
to more efficient locomotion based on caudal
oscillation (Buchholtz 2001; Lindgren et al.
2010, 2011).
The earliest fully aquatic cetaceans (the basi-

losaurid lineage of archaeocetes) existed for
more than 7 Myr before giving rise to the two
neocete groups that survive to the present
day: the odontocetes (toothed whales) and the
mysticetes (baleen whales) (Lambert et al.
2017; Coombs et al. 2022). Mosasaurids, on
the other hand, diversified into three parallel
lineages early on in their evolutionary history
(Russellosaurina, Mosasaurinae, and the more
basal Halisaurinae), and radiated in a series of
different waves until their extinction at the
Cretaceous/Paleogene (K/Pg) boundary
(Everhart 2005). Both mosasaurids and early
cetaceans ultimately achieved near global dis-
tributions (Polcyn et al. 2014; Buono et al.
2019), high levels of taxonomic diversity (Pol-
cyn et al. 2014; Marx and Fordyce 2015), and
notable craniodental disparity (Fitzgerald
2010; Boessenecker et al. 2017b; Coombs et al.
2022; Cross et al. 2022; MacLaren et al. 2022).
Despite being frequently cited as a classic

example of evolutionary convergence (Kelley
and Pyenson 2015), similarities in ecomorphol-
ogy between extinct marine tetrapods have
only recently begun to be investigated using
rigorous quantitative methods. Much of the
focus of this research has been on cranial and
dental morphology due to the wealth of fossi-
lized remains and the ecological information
that can be extracted (Kelley and Motani 2015;
Motani et al. 2015; Stubbs and Benton 2016;
Fischer et al. 2017; Reeves et al. 2021; Cross
et al. 2022). In this paper, we quantitatively ana-
lyze cranial evolution in mosasaurids and early
(fully aquatic) cetaceans during the first ca.
20 Myr of their evolutionary histories. We
explicitly test for possible instances of

ecomorphological convergence in the skulls
and teeth between the groups; based on previ-
ous qualitative comparisons (Gallagher 2014;
Kelley and Pyenson 2015), we predict a high
level of convergence between megapredatory
mosasaurids (e.g., Mosasaurus, Tylosaurus) and
basilosaurid archaeocetes. In addition, we
anticipate high convergence scores between
putative small-prey specialists with an elongate
snout. Finally, previous studies have suggested
that the shift from axial-based to caudal-based
locomotion resulted in increased efficiency
and more effective colonization of open-ocean
niches (Fish 2001; Lindgren et al. 2011), with
ramifications for feeding and sensory ecology;
we therefore hypothesize that skull ecomor-
phology will exhibit trajectory shifts with the
acquisition of new locomotor techniques.

Institutional Abbreviations.—CCNHM, Mace
Brown Museum College of Charleston,
Charleston, South Carolina, U.S.A.; ChM, the
Charleston Museum, Charleston, South Caro-
lina, U.S.A.; FHSM, Fort Hays State University
Sternberg Museum of Natural History, Hays,
Kansas, U.S.A.; FMNH, Field Museum Chi-
cago, Chicago, Illinois, U.S.A.; HUJ, Hebrew
University of Jerusalem, Israel; IRSNB, Institut
Royal des Sciences Naturelles de Belgique,
Brussels, Belgium; KUVP, University of Kansas
Natural History Museum, Lawrence, Kansas,
U.S.A.; MHNM, Museum of Natural History
ofMarrakech at Cadi AyyadUniversity,Marra-
kech, Morocco; MNHN, Muséum National
d’histoire Naturelle, Paris, France; MUSM,
Museo de Historia Natural, Universidad
Nacional Mayor de San Marcos, Lima, Peru;
NMV, National Museums Victoria, Melbourne,
Australia; OU, University of Otago, Dunedin,
NewZealand; SMU, ShulerMuseum of Paleon-
tology, Southern Methodist University, Dallas,
Texas, U.S.A.; TATE, Tate Geological Museum,
Casper, Wyoming, U.S.A.; TMP, Royal Tyrrell
Museum of Palaeontology, Drumheller,
Alberta, Canada; UALVP, University of
Alberta Laboratory for Vertebrate Palaeon-
tology, Edmonton, Canada; UCMP, Museum
of Paleontology, University of California,
Berkeley, California, U.S.A.; UMMP, Univer-
sity of Michigan Museum of Palaeontology,
Ann Arbor, Michigan, U.S.A.; UMORF, the
University of Michigan Online Repository of
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Fossils; USNM, U.S. National Museum of Nat-
ural History, Smithsonian Institution, Wash-
ington, D.C., U.S.A.

Methods

Data Sampling.—Our analyses focus on the
skulls of 21 mosasaurid species (1 halisaurine,
11 russellosaurines, and 9 mosasaurines) and
17 cetacean species (4 archaeocetes, 5 toothed
mysticetes, and 8 odontocetes) (Table 1). The
Oligocene cetacean Kekenodon has uncertain
phylogenetic affinities; we follow previous
work in placing the taxon as sister to the Neo-
cete node (Clementz et al. 2014) and group it
in our analyses with the other archaeocetes
belonging to the family Basilosauridae. We
took 12 linear measurements of each skull and
jaw, either directly on the specimen or from
high-precision 3D models (Fig. 1). Where nei-
ther option was available, measurements were
taken from figured specimens using ImageJ
(v. 1.53), and these data were cross-checked
using other photographs and information
from associated papers. We used our measure-
ments to calculate 10 morphofunctional ratios
with well-established functional and biomech-
anical outcomes, for example, mechanical
advantage for jaw adduction calculated from
mandibular lever arms (Anderson et al. 2011;
Table 2). Functional ratios were adapted from
previous studies (Anderson et al. 2011; Stubbs
and Benton 2016; MacLaren et al. 2017; Fischer
et al. 2020) and selected specifically to enable
viable comparisons between mosasaurids and
cetaceans (Supplementary Material).
To place our results into ecological context,

we searched the literature for observations
and evidence regarding the feeding and loco-
motor ecology of our study species (Supple-
mentary Tables 1, 2). Given the breadth of
taxa in this dataset, as well as inevitable uncer-
tainties on paleoecology and life history for fos-
sil species, we used relatively broad categories
of diet (apex, fish/squid, benthic) and locomo-
tion (anguilliform, sub-carangiform, and caran-
giform) following published studies (Pauly
et al. 1998; Kelley and Motani 2015; Gutarra
and Rahman 2022). Inferences about feeding
ecology were not based on morphological
information considered in our dataset so as to

avoid circular reasoning; rather, we considered
preserved stomach contents and craniodental
features such as tooth wear, which fell outside
the scope of our measurements.

Ecomorphospace Occupation, Phylogeny, and
Disparity.—All analyses were carried out in
the statistical software R v. 4.1.0 (R Core Team
2021). The ecomorphological dataset was
passed through a completeness threshold of
45% per taxon, then z-transformed and con-
verted to a Euclidian distance matrix. Pairwise
biplots and correlations between all traits were
computed using the psych v. 2.1.3 package. We
employed two different types of ordination: (1)
principal coordinates analysis (PCoA) using
the ape v. 5.5 package, applying the Caillez cor-
rection for negative eigenvalues (Paradis et al.
2004); and (2) nonmetric multidimensional
scaling (NMDS), using the vegan v. 2.5-7 pack-
age (Oksanen et al. 2007), with two dimensions
predefined. NMDS is better for visualizing
morphospace (as it can account for all variation
in two axes); however, as it is nonmetric and
cannot be used for statistical analyses, PCoA
was also computed for quantitative use.
Skull size is an important factor in marine

vertebrate ecology (McCurry et al. 2017b), and
here we visualize it via two proxy measure-
ments: skull length (commonly used for marine
reptiles) and bizygomatic width, here defined
as the maximum distance between the outer
edges of the squamosals (commonly used in
cetaceans) (Pyenson and Sponberg 2011). In
an attempt to assimilate marine reptile and cet-
acean datasets, we chose to employ both mea-
surements. Size was used here for scaling data
points in ordination analyses; it was not used
as an independent ecomorphological trait in
itself. The natural logarithm of size metrics
was used to explore frequency of different-
sized taxa within and between the two groups.
We created a phylomorphospace to visualize

ecomorphological trends across the evolution
of both groups and test for convergence. Our
composite tree combines recently published
topologies for cetaceans and mosasaurids
(Martínez-Cáceres et al. 2017; Strong et al.
2020). Taxa not included in these studies were
grafted on the phylogeny using the phytools
v. 0.7-80 and paleotree v. 3.3.25 packages
(Bapst 2012; Revell 2012), based on their
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TABLE 1. List of specimens used and data sources. Institutional abbreviations are provided in the main text.

Taxon Specimen Clade
Age range

(Ma) Source of measurements 3D model location (if applicable)

Cynthiacetus peruvianus MNHN F PRU10 (cast at
IRSNB)

Basilosaurid
archaeocete

41.3–33.9 3D model Morphosource Project 000391764

Dorudon atrox UMMP VP 118183 Basilosaurid
archaeocete

41.3–33.9 3D model, measured online UMORF

Basilosaurus isis UMMP VP 118204 Basilosaurid
archaeocete

41.3–33.9 3D model, measured online UMORF

Kekenodon sp. OU 22294 Archaeocete 27.3–25.2 3D model Specimen currently being described—
contact curators.

Mystacodon selenensis MUSM 1917 Mysticete 38–33.9 3D model Morphosource Project 000391764
Coronodon havensteini CCNHM 108 Mysticete 33.9–28.1 3D model Skull—CCNHM Sketchfab

Mandible—Morphosource Project
000391764

Janjucetus hunderi NMV P216929 (cast at
MNHN)

Mysticete 28.1–23.03 3D model Morphosource Project 000391764

Aetiocetus weltoni UCMP 122900 Mysticete 28.1–23.03 3D model Morphosource Project 000391764
Aetiocetus cotylalveus USNM 25210 Mysticete 33.9–23.03 3D model Morphosource Project 000391764
Simocetus rayi USNM 256517 Odontocete 33.9–23.03 3D model Morphosource Project 000391764
Agorophius sp. CCNHM 204 Odontocete 33.9–23.03 3D model Specimen currently being described—

contact curators.
Cotylocara macei CCNHM 101 Odontocete 28.1–23.03 3D model CCNHM Sketchfab
Waipatia maerewhenua OU 22095 (cast at IRSNB) Odontocete 27.3–25.2 3D model Morphosource Project 000391764
Ankylorhiza tiedemani CCNHM 103 Odontocete 33.9–13.82 3D model Morphosource Project 000391764
Xenorophus sp. CCNHM 168 Odontocete 28.1–20.44 3D model Specimen currently being described—

contact curators.
Eosqualodon sp. CCNHM 170 Odontocete 28.1–20.44 3D model Specimen currently being described—

contact curators.
OU 22397 OU 22397 Odontocete 28.4–23.03 3D model Specimen currently being described—

contact curators.
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Halisaurus arambourgi UALVP 56123 Halisaurine 70.6–66 Photographs
(Jiménez-Huidobro et al.
2017)

Russellosaurus coheni SMU 73056 Russellosaurine 93.5–89.3 3D model; CT scan data
provided by Mike Polcyn
(Polcyn and Bell 2005),
model reconstructed by
authors.

Morphosource Project 000391764

Tethysaurus nopcsai MNHN 1999 9 GOU1 Russellosaurine 93.5–89.3 3D model Morphosource Project 000391764
Ectenosaurus clidastoides FHSM VP401 Russellosaurine 86.3–72.1 3D model Morphosource Project 000391764
Selmasaurus johnsoni FHSM VP13910 Russellosaurine 85.8–70.6 3D model; specimen

reconstructed by authors
Morphosource Project 000391764

Platecarpus tympaniticus KUVP 1007 Russellosaurine 89.3–70.6 3D model Morphosource Project 000391764
Plesioplatecarpus planifrons FHSM VP2181 Russellosaurine 86.3–85.8 3D model Morphosource Project 000391764
Plioplatecarpus sp. TATE VOO87 Russellosaurine 83.6–66 3D model Morphosource Project 000391764
Tylosaurus proriger FHSM VP3 Russellosaurine 85.8–72.1 3D model Morphosource Project 000391764
Tylosaurus bernardi IRSNB R23A Russellosaurine 83.5–66 3D model Morphosource Project 000391764
Tylosaurus nepaeolicus FHSM VP2295 Russellosaurine 89.3–85.8 3D model Morphosource Specimen 000S26455
Gavialimimus almaghribensis MHNM KHG 1231 Russellosaurine 70.6–66 Photographs (Strong et al.

2020)
Clidastes sp. USNM 11719 Mosasaurine 86.3–72.1 3D model Morphosource Project 000391764
Mosasaurus sp. (aff. hoffmanni;
Lingham-Soliar 1995; Street 2016)

IRSNB R303 (formerly
IRSNB R12)

Mosasaurine 72.1–66 3D model Morphosource Project 000391764

Mosasaurus missouriensis KUVP 1034 Mosasaurine 83.5–72.1 3D model Morphosource Project 000391764
Mosasaurus lemonnieri IRSNB R376 Mosasaurine 83.5–66 3D model Morphosource Project 000391764
Globidens dakotensis FMNH PR846 Mosasaurine 83.5–70.6 3D model Morphosource Project 000391764
Prognathodon solvayi IRSNB R33b Mosasaurine 72.1–66 3D model; specimen

reconstructed by authors
Morphosource Project 000391764

Prognathodon overtoni TMP 2002.400.0001 Mosasaurine 83.5–72.1 Photographs (Konishi et al.
2011)

Prognathodon currii HUJ OR 100 Mosasaurine 83.5–66 Photographs (Christiansen
and Bonde 2002)

Plotosaurus bennisoni UCMP 32778 Mosasaurine 72.1–66 3D model Phenome10k
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placements in the following studies: Mosa-
saurus sp. (IRSNB R303) andMosasaurus lemon-
nieri as sister lineages to Mosasaurus hoffmanni
(Street 2016), Halisaurus arambourgi as grouped
with other species of Halisaurus (Polcyn et al.
2012), Coronodon havensteini as sister lineage to
Mammalodon (Geisler et al. 2017), Ankylorhiza
tiedemani as sister lineage to Agorophius (Boes-
senecker et al. 2020), Eosqualodon sp. as sister
lineage to Squalodon (Muizon 1991), unde-
scribed Oligocene odontocete OU 22397 as sis-
ter lineage to Waipatia (Coste et al. 2018), an
undescribed species of Xenorophus (called
Xenorophus sp.), as sister lineage to Xenorophus
sloani (Boessenecker et al. 2017a), Cotylocara
macei as sister lineage to Echovenator (Geisler
et al. 2014), and Kekenodon sp. as sister lineage
to Mysticeti + Odontoceti (Clementz et al.
2014; Fig. 2A). We then dropped all tips for
which we have insufficient (i.e., not passing
the completeness threshold) or no data, using
the ape v. 5.6-2 package (Paradis et al. 2004).
The resulting tree was time-scaled using the
minimum branch length algorithm (minimum
= 3 Myr), using the paleotree v. 3.3.25 package
(Bapst 2012). The temporal data were obtained
from the Paleobiology Database. For the

undescribed OU 22397 (Coste et al. 2018), we
used the dates of the Chattian stage of the
Oligocene. The Paleobiology Database entries
for two mosasaurs (Platecarpus tympaniticus
and Plioplatecarpus) had outlying data points
based on isolated teeth, which we chose to
remove, as they extended their respective tem-
poral ranges by more than 10 Myr. The oldest
age of the range was used to calibrate the tree
(dateTreatment=“firstLast” argument in the
timePaleoPhy function). The root was then
manually increased to ensure a mid-
Carboniferous (318 Ma) split between Reptilia
and Synapsida (Brocklehurst et al. 2022).
Disparity (both sum of ranges and sum of

variances) was calculated via the dispRity
v. 1.6.1 package (Guillerme 2018) for both ceta-
ceans and mosasaurids, as well as for major
subclades (Russellosaurina, Mosasaurinae,
Halisaurinae, Basilosauridae, Odontoceti, and
Mysticeti), without rarefaction. All PCoA axes
were used to calculate disparity, as the loadings
on each axis are low.

Convergence Analyses.—Upon reviewing the
results of ordination analyses, we chose a num-
ber of taxon pairs to be tested for inter- and
intraclade ecomorphological convergence

FIGURE 1. Measurements used to calculate ecomorphological ratios, shown on the 3D models of the cetacean Cynthiacetus
peruvianus in lateral view (A) and the skull of the mosasaurid Prognathodon solvayi in (B) dorsal view, (C) lateral view, and
(D) labial view of a tooth from the left dentary. JAIn, jaw adductor inlever; JDIn, jaw depressor inlever.
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(Table 3). We applied the C1 metric of Stayton
(2015), which compares the morphological dis-
tance of two taxa with the morphological dis-
tance between their respective ancestral
nodes, and thus quantifies how much of this
difference has been lost through putative evolu-
tionary convergence. A C1 value closer to 1
indicates greater convergence (Grossnickle
et al. 2020). We used the first two PCoA axes
(17.9% of variation) and all axes (100% of vari-
ation), with significance tested using the conve-
vol v. 1.3 package (Stayton 2014) using 1000
Brownian simulations of character evolution
for each pair. To test for the influence of long
branches, we also ran these tests with the
node determined by the minimum branch
length (i.e., divergence in the Aptian).

Results

Morphological Evolution.—The earliest mosa-
saurids in our sample, the Turonian russello-
saurines Russellosaurus and Tethysaurus, had
small, relatively gracile skulls (Fig. 2B), likely
limiting their diet to small prey items. Later rus-
sellosaurines and all mosasaurines radiate
throughout the ecomorphospace, with no
clear trajectory (Fig. 2B). Several back-and-forth
occupations of novel and more ancestral phe-
notypes are observed; for example, the early
mosasaurine Clidastes and the later (and larger)
mosasaurine Plotosaurus both exhibit more
longirostrine skulls with elongate teeth and a
relatively small area of temporal musculature
(Fig. 2B). Ecomorphological variation is present
within genera with multiple species, such as
Mosasaurus and Prognathodon (Fig. 2B).

Mosasaurid apex predators like Prognathodon,
Mosasaurus, and Tylosaurus are split into two
distinct regions of ecomorphospace, with Prog-
nathodon exhibiting more robust snout and
mandibles, indicating higher stress-resistance
during biting in this genus (Fig. 2B). The duro-
phagous mosasaurid Globidens dakotensis is not
separate from other mosasaurids, rather plot-
ting among the large apex predators (Fig. 2B).
In both the sum of variances and sum of ranges
disparity analyses, mosasaurids demonstrate
higher mean disparity than cetaceans
(Fig. 3A, Supplementary Fig. 1). Furthermore,
in the sum of ranges analysis, both individual
mosasaurid subclades (Russellosaurina and
Mosasaurinae) exhibit higher disparity than
the cetacean subclades (Fig. 3B). However,
when sum of variance is used, the unusual
mysticete Janjucetus hunderi drives a higher dis-
parity result in this subclade (Fig. 3A, Supple-
mentary Fig. 2).
Unlike their mosasaurid counterparts, the

earliest fully aquatic cetaceans (basilosaurid
“archaeocetes”) had large skulls with extensive
areas of temporal musculature and robust teeth
(low crown aspect ratio) and plot close to the
megapredatory mosasaurids Mosasaurus and
Tylosaurus (Fig. 2B, Supplementary Fig. 3). All
“archaeocetes” plot in a similar region of eco-
morphospace (Fig. 2B) and show low ecomor-
phological disparity when compared with
both mosasaurid clades andmore derived ceta-
ceans (Fig. 3B). Variation in this group is spread
along an axis describing postorbital robusticity,
with the basilosaurid Basilosaurus exhibiting a
deep postorbital skull and large, robust anter-
ior dentition comparedwith themore flattened,

TABLE 2. Measurements and ratios used in analyses.

Ratio Calculation

Tooth shape Tooth crown height:crown base width
Absolute tooth crown size Tooth crown height raw measurement
Relative orbit diameter Orbit diameter:skull length
Relative snout length Snout length:skull length
Relative snout depth Snout depth at the midpoint:snout length
Relative snout width Snout width just before orbit:snout length
Anterior mechanical advantage Distance between fulcrum and coronoid process:distance between

fulcrum and anterior tip of dentary tooth row (mandible length)
Opening mechanical advantage Distance between fulcrum and retroarticular process (mosasaurs)/

angular process (cetaceans):distance between fulcrum and
anterior tip of dentary tooth row (mandible length)

Relative temporal musculature Temporal fenestra length:skull length
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shallow-snouted cranium of Kekenodon
(Supplementary Fig. 4). Oligocene toothed
mysticetes are more disparate than both

odontocetes and basilosaurids (Fig. 3B),
which is reflected in both the results of the dis-
parity analysis as well as their spread across the

FIGURE 2. A, Phylogenetic supertree of all taxa used in analyses, based on Martínez-Cáceres et al. 2017 (cetaceans) and
Strong et al. 2020 (mosasaurids). B, Craniodental phylo-ecomorphospace occupation by mosasaurids and early cetaceans
(based on nonmetric multidimensional scaling [NMDS] axes). Taxon names in bold are included in the convergence tests.
Taxon abbreviations: A.c, Aetiocetus cotylalveus, B.i, Basilosaurus isis; C sp, Clidastes sp., E.c, Ectenosaurus clidastoides; G.a,
Gavialimimus almaghribensis; G.d, Globidens dakotensis; H.a, Halisaurus arambourgi; M.l, Mosasaurus lemonnieri; M.m, Mosa-
saurus missouriensis; M sp,Mosasaurus sp.; P.o, Prognathodon overtoni; S.j, Selmasaurus johnsoni, S.r, Simocetus rayi; T.b, Tylo-
saurus bernardi; T.no, Tethysaurus nopcsai; W.m, Waipatia maerewhenua, X sp, Xenorophus sp. Point sizes scaled to log skull
length.
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ecomorphospace (Figs. 2B, 3B). However, as
already mentioned, this high disparity is pri-
marily driven by the presence of J. hunderi
(Supplementary Fig. 2). Archaic mysticetes
(Mystacodon selenensis and Coronodon haven-
steini) plot close to basilosaurids, whereas
more crownward forms (aetiocetids) occupy a
region of ecomorphospace characterized by
long, thin snouts and smaller, narrower teeth.
The mammalodontid J. hunderi consistently
stands apart from the other cetaceans; it has a
large relative temporal fenestra size, with high
ratios for snout width, snout depth, and orbit
diameter (Supplementary Fig. 5) and plots as
an outlier to both cetacean and mosasaurid
ecomorphospace occupation (Fig. 2B). Early
odontocetes evolved a suite of features asso-
ciated with more longirostrine snouts and
smaller teeth, indicating a somewhat more con-
stricted ecomorphospace occupation by early
odontocetes and aetiocetes. The basal odonto-
cete Simocetus rayi plots within the center of
mosasaurid ecomorphospace, despite notable
morphological differences between Simocetus
and the majority of mosasaurids.
With the exception of the toothedmysticete J.

hunderi (see below), cetaceans in general have
shallower snouts, smaller orbits, andmore vari-
ably sized—and often larger—temporal fenes-
trae (Supplementary Figs. 5, 6) than
mosasaurids. Furthermore, cetaceans show a
wider range of adductor mechanical advan-
tage, including the species with the lowest
(Aetiocetus weltoni) and highest (J. hunderi)

values (Supplementary Figs. 5, 6). The size
range for mosasaurids and cetaceans (using
both metrics) is similar, with the cetacean distri-
bution indicating larger skulls overall than
mosasaurids (Fig. 3C,D).Only two pairs of func-
tional traits are significantly correlated across
both mosasaurs and cetaceans: snout depth to
temporal fenestra length (mosasaurR = 0.67; cet-
acean R = 0.84) and snout depth to snout width
(mosasaur R = 0.80; cetacean R = 0.75) (Supple-
mentary Figs. 5, 6). Some of the other correlated
traits in cetaceans are likely due to one outlying
taxon (J. hunderi; Supplementary Fig. 5). Neither
the NMDS nor the PCoA plots clearly distin-
guish long- from robust-snouted species (Fig. 2,
Supplementary Fig. 7). Putative apex predators,
inferred as active hunters of large vertebrate
prey, plot at higher values onbothaxes irrespect-
ive of the ordinationmethod (e.g., themosasaur-
idsTylosaurus bernardi andPrognathodon overtoni,
and the cetacean Basilosaurus isis). There is no
obvious association between locomotion guild
and either skull ecomorphology or dietary class
(Supplementary Figs. 3, 8). However, it should
be noted that both dietary class and locomotion
guild have a high percentage (around 65%) of
missing data (Supplementary Material).

Convergence Tests.—Statistical analyses iden-
tify a number of different taxa as convergent in
their skull ecomorphology, albeit at different
levels (Table 3). Three mosasaurid–cetacean
pairs were statistically convergent for both sets
of PCoA axes tested:Gavialimimus almaghribensis
versus Waipatia maerewhenua; T. bernardi versus

TABLE 3. Results of Stayton convergence tests, reported to four decimal places. M, Mosasauridae; C, Cetacea; Mos,
Mosasaurina; Rus, Russellosaurina; Odo, Odontoceti; Mys, Mysticeti. PCo, principal coordinates. Asterisks in p-value
column indicate significance at: *p < 0.05; **p < 0.01; ***p < 0.001.

Taxon pair PCo axes C1 p-value

Janjucetus hunderi (C)– PCo1-2 0 0.9990
Prognathodon solvayi (M) All 0 0.9990
Basilosaurus isis (C)– PCo1-2 0.6137 0.0150*
Tylosaurus bernardi (M) All 0.2936 0***
Mosasaurus sp. (M)– PCo1-2 0.9202 0.0010***
Cynthiacetus peruvianus (C) All 0.4207 0***
Tethysaurus nopcsai (Rus)–Plotosaurus PCo1-2 0.0180 0.5205
bennisoni (Plo) All 0.3131 0.0180*
Waipatia maerewhenua (C)– PCo1-2 0.8383 0.0070**
Gavialimimus almaghribensis (M) All 0.5713 0***
Aetiocetus cotylalveus (Mys)– PCo1-2 0.8571 0.0070**
Xenorophus sp. (Odo) All 0.2073 0.0330*
Simocetus rayi (C)– PCo1-2 0.7747 0.0040**
Selmasaurus johnsoni (M) All 0.1116 0.1079
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B. isis; and Mosasaurus sp. (IRSNB R 12) versus
Cynthiacetus peruvianus. Convergence was also
recovered for the mysticete–odontocete pair
Aetiocetus cotylalveus versus Xenorophus sp.
(Table 3). Evidence for convergence between
other selected pairs was less strongly supported
(e.g., Tethysaurus nopcsai versus Plotosaurus ben-
nisoni; S. rayi vs. Selmasaurus johnsoni) or absent
entirely (J. hunderi vs. Prognathodon solvayi).
When the divergence date was set to the min-
imum branch length, the exact values of the C1
metric and associated p-values change slightly
but the same pairs remain significant (Supple-
mentary Table 3).

Discussion

Differences in Evolutionary Trajectory.—Early
mosasaurids and archaeocete cetaceans occupy
clearly distinct regions of the ecomorphospace,

possibly reflecting their different terrestrial
ancestries. Little is known about the ecology
of semiaquatic mosasauroids (“aigialosaurs”),
with most research instead focusing on their
phylogenetic relationships to other squamates
(Carroll and Debraga 1992). However, these
were small reptiles with skulls and teeth com-
parable to those of early mosasaurids and a
probable diet of small prey (Carroll and Deb-
raga 1992; Bardet et al. 2008; Cross et al.
2022). By contrast, semiaquatic archaeocetes
not included in this study (e.g., Protocetus)
were relatively large and powerful, with a
diet that likely consisted of a wide variety of
prey types and sizes (Fahlke et al. 2013). The
difference in ecomorphospace occupation
between basilosaurids and early mosasaurids
could also reflect available niche space. In
the aftermath of the K/Pg mass extinction,
early cetaceans likely faced relatively little

FIGURE 3. Comparisons of ecomorphological disparity (A) betweenmosasaurids and early cetaceans and (B) between sub-
clades. Sum of ranges metric, 1000 bootstrap replications. Histograms showing size distribution among the two clades
using two metrics: (C) log skull length and (D) log bizygomatic width.
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competition other than selachians (Lindberg
and Pyenson 2006). This was not the case dur-
ing the Cenomanian–Turonian radiation of
mosasauroids, which had to navigate coexist-
ence with other marine reptiles, including
large platypterygiine ichthyosaurians, both
long- and short-necked plesiosaurians, sharks,
and large teleosts (Bardet 1994; Fischer 2016;
Reeves et al. 2021; Cross et al. 2022). It is pos-
sible that marine ecosystem turnover and the
demise of ichthyosaurs at the end of the Ceno-
manian allowed mosasaurids to diversify and
occupy higher trophic levels (Bardet et al.
2008; Cross et al. 2022).
Mosasaurids and cetaceans both radiated

during times of high marine productivity (Pol-
cyn et al. 2014; Pyenson et al. 2014), but did so
at different stages in their respective evolution-
ary histories. Our results suggest that mosa-
saurids radiated in skull ecomorphology soon
after becoming fully aquatic; however, it
should be noted that the fossil record of these
early forms is poor (Cross et al. 2022). This is
in contrast to basilosaurid cetaceans, whose
skulls remained comparatively ecomorphologi-
cally conserved until the origin of neocetes dur-
ing the latest Eocene (Boessenecker et al. 2017b;
Coombs et al. 2022; Fig. 2B). The ecomorpholo-
gical evolution of mosasaurids lacks an obvi-
ous pattern. In several cases, later and highly
derived forms plot in proximity to less-derived
predecessors; one striking example of this is the
mosasaurine Plotosaurus bennisoni, which occu-
pies a region of cranial ecomorphospace similar
to that of more basal mosasaurids (Fig. 2) such
as Clidastes and Tethysaurus (Fig. 2B, Supple-
mentary Fig. 4), despite its highly derived akin-
etic skull and postcranial anatomy (Lindgren
et al. 2007; LeBlanc et al. 2013). In fact, our ana-
lysis recovered Plotosaurus as statistically con-
vergent with one of the oldest mosasaurid
species in the analysis, the russellosaurine
Tethysaurus nopcsai (Table 3), demonstrating
that for the craniodental characteristics investi-
gated in this study, both early (basal) and late
(derived) mosasaurids from a wide range of
phylogenetic clades may have adopted similar
functional roles, albeit likely at different scales
given the discrepancy in body sizes between
the taxa (Fig. 2). At least six mosasaurid taxa
occupy a region of low NMDS 2 values, with

many of these species exhibiting elongate rostra
and narrow dentition (e.g., Ectenosaurus, Ploto-
saurus, Tethysaurus) often associated with
rapid jaw adduction and fast-prey capture.
Although specimen selection may have influ-
enced overall values and placement in ecomor-
phospace (e.g., P. bennisoni UCMP 32778 is
possibly a juvenile; LeBlanc et al. 2013), the
size-independent nature of most of the func-
tional characteristics used precludes large dif-
ferences to be expected from ontogeny, and
we find no evidence for severe ontogenetic
allometry in mosasaurids in the literature.
Rather than radiating out from one common
source and not reverting, mosasaurids from
different times and phylogenetic clades are
recovered in similar regions of ecomorpho-
space, indicating a recurring longirostrine eco-
morphology transcendent of phylogenetic
relatedness (Fig. 2B). Overall, mosasaurids do
not follow a clear trajectory within ecomorpho-
space occupation in relation to phylogeny or
temporal occurrence, but rather occupy a
range of ecomorphospace indicative of wide-
spread niche partitioning within and between
clades (Schulp et al. 2013).
The trajectory of early cetacean skull ecomor-

phological evolution is much easier to discern
than for mosasaurids. Basilosaurids all occupy
a similar region of ecomorphospace (Fig. 2B,
high NMDS 2). The earliest mysticetes in the
study (Mystacodon and Coronodon) plot near
basilosaurid ecomorphospace; subsequently,
both mysticetes and odontocetes evolved
along similar (but nonidentical) trajectories
toward shallower, longer snouts with smaller
teeth. We interpret these changes as
adaptations to feeding on smaller prey (redu-
cing the necessity for high bending resistance
in the snout and mandible), as also reflected
in the gradual emergence of simplified teeth
and the attendant need to swallow prey
whole (Peredo et al. 2018). Innovations in feed-
ing ecology may have been a major driver of
neocete (mysticetes + odontocetes) diversifica-
tion (Marx and Fordyce 2015; Boessenecker
et al. 2017b). Some highly distinctive taxa like
the odontocete Inermorostrum and the toothed
mysticete Mammalodon were too incomplete to
include in our analysis, and early toothless
mysticetes were not considered ecologically
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comparable to mosasaurids; the inclusion of
these taxa would likely have increased the eco-
morphological disparity of Oligocene neocetes
even more so than is recovered with the taxa
sampled here (Figs. 2B, 3).
Some cetaceans diverge significantly from

the trajectories seen in the rest of the clade.
For example, the earliest odontocete Simocetus
rayi plots among the mosasaurids and is at
least slightly convergent with the small pliopla-
tecarpine mosasaurid Selmasaurus johnsoni
(Table 3). This result may be spurious, as
Simocetus has a highly unusual skull shape—
including edentulous premaxillae and a ven-
trally deflected rostrum (Fordyce 2002)—not
captured by our functional trait measurements.
These and other features have led to Simocetus
being interpreted as a benthic suction feeder,
a lifestyle seemingly never adopted by
mosasaurids. Any similarities between the
two, such as a relatively short and deep
snout, are thus likely superficial rather than
functional in nature.
The same may be true for the unusual Oligo-

cene toothed mysticete Janjucetus hunderi,
whose deep, blunt snout and large eyes may
reflect a route to a megapredatory ecomorphol-
ogy quite removed from that of mosasaurids
(e.g., Mosasaurus spp. and Prognathodon currii);
these morphological features may also be dir-
ectly involved in suction feeding (Fitzgerald
2010, 2012; Young et al. 2012). This taxon is
an outlier in our analyses, and despite plotting
closest to the mosasaurid Prognathodon solvayi,
the two are not significantly convergent. Janju-
cetus hunderi has the largest relative temporal
fenestra size and anterior mechanical advan-
tage of all the species in this study, suggesting
a slow and powerful bite, whereas P. solvayi
has values that are comparatively unremark-
able compared with other taxa in the analysis.
Janjucetus has been compared with various
other secondarily aquatic tetrapods, including
the plesiosaur Rhomaleosaurus (Fitzgerald
2006), the metriorhynchid Dakosaurus (Young
et al. 2012), and the pinniped Hydrurga
(Fitzgerald 2006). The deep snouts of all these
taxa are well adapted for resisting torsional
stress during grip and tear feeding (Taylor
1992; Fitzgerald 2006; Young et al. 2012), and
their size range suggests that this feeding

stylewas possible for both apex and lower-level
megapredators. The stark contrast between the
stout, brevirostrine snouts of mammalodontid
odontocetes (such as Janjucetus) compared
with the elongate, latirostrine crania of both
aetiocetid mysticetes (e.g., Aetiocetus) and
many Oligocene odontocetes (e.g., Xenorophus)
indicates a clear divergence in ecomorphologi-
cal trajectory in Oligocene cetaceans. Interest-
ingly, occupation of ecomorphospace by all
three of these groups is not shared with any
group of mosasaurids.
One of themore surprising results of our ana-

lysis was the apparent decoupling of swim-
ming ability and cranial ecomorphology, with
sub-carangiform and carangiform species plot-
ting broadly with their anguilliform ancestors.
Despite the limitations of our postcranial data-
set, this result is consistent with other studies
indicating distinct evolutionary pressures on
craniodental and postcranial regions—for
example, in short-necked plesiosaurs (Fischer
et al. 2020) and ichthyosaurs (Gutarra et al.
2019).

Convergence, Heritage, and Context.—Despite
being statistically significant, the convergence
recovered between three mosasaurid-cetacean
pairs (Basilosaurus isis vs. Tylosaurus bernardi,
Cynthiacetus peruvianus vs. Mosasaurus sp.
(IRSNB R 12), and Waipatia maerewhenua vs.
Gavialimimus almaghribensis) is not reflected in
a complete overlap of ecomorphospace occupa-
tion between the two clades. They are thus
examples of incomplete convergence, wherein
taxa are ecomorphologically similar—for
example, the presence of a robust skull and
elongate snout in B. isis/T. bernardi and C. per-
uvianus/Mosasaurus sp.—yet exhibit unique
morphological traits (Grossnickle et al. 2020;
Watanabe et al. 2021). The latter may be unique
adaptations, such as the predental rostrum of T.
bernardi (Jiménez-Huidobro and Caldwell
2016) and the distinctive prismatic cutting
edges on the teeth of Mosasaurus (Lingham-
Soliar 1995), or ancestral constraints, such as
pterygoid teeth and cranial kinesis in mosa-
saurids (LeBlanc et al. 2013) and heterodont
teeth and the mammalian jaw joint in early
cetaceans (Uhen 2018).
One previous study interpreted Basilosaurus

as an “Elvis taxon” that filled a niche vacated
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by megapredatory mosasaurids at the K/Pg
boundary (Gallagher 2014). The term “Elvis
taxon” was erected to describe a phenomenon
seen during postextinction recovery among
invertebrate communities whereby a morph-
ology reappears long after it was thought to
have become extinct (Erwin and Droser 1993).
The original extinct species is replaced by a
new, unrelated form that is morphologically
indistinguishable from its predecessor (Erwin
and Droser 1993). This situation clearly does
not apply to B. isis and T. bernardi, which are
not morphologically identical. In addition to
these ecomorphological differences, substantial
changes took place in oceanic ecosystems at the
K/Pg boundary and in the 15 Myr of subse-
quent recovery before the first semiaquatic
archaeocetes evolved (Thewissen et al. 2009).
Late Cretaceous oceans were particularly hot
and deep and sometimes poorly oxygenated
(Skelton et al. 2003), whereas the late Eocene
oceans were cooler and punctuated at the
Eocene–Oligocene boundary by the onset of
Antarctic glaciation and the precursor of the
Antarctic Circumpolar Current (Marx and For-
dyce 2015). Rather than filling a specifically
mosasaurid-shaped hole, B. isis emerged in
the context of an ecosystem that had recovered
from the bottom up and lacked any large sec-
ondarily aquatic tetrapod predators. Instead
of one impersonating the other, B. isis and T.
bernardi might be better understood as large
open-oceanmegapredators with similar cranio-
dental proportions, reflecting the constraints of
their shared ecological niche.
Convergence between the longirostrine

mosasaurid G. almaghribensis and the odonto-
cete W. maerewhenua (Table 3) also highlights
the repeated evolution of longirostrine (puta-
tively piscivorous) ecomorphologies in marine
amniotes. Longirostry is thought to increase
hydrodynamic efficiency during sweep feeding
on small, fast prey (McCurry et al. 2017a;
Strong et al. 2020), and longirostrine species
have jaws that are biomechanically adapted to
open swiftly and capture prey (Anderson
et al. 2011). Our results suggest that early odon-
tocetes were able to explore longirostry to a
greater extent than mosasaurids. Whereas
G. almaghribensis is one of the most longiros-
trine mosasaurids in this study, W.

maerewhenua has a shorter rostrum than several
other early odontocetes and may have been a
ram feeder (Tanaka and Fordyce 2017). Longir-
ostry in early odontocetes perhaps evolved in
tandemwith both cranial telescoping and echo-
location (Geisler et al. 2014; Boessenecker et al.
2017b). While we cannot know how mosasaur-
ids would have evolved had they survived the
K/Pgmass extinction, it is clear that later odon-
tocetes evolved extremely elongate rostra
(Lambert and Goolaerts 2021).
Our results add to increasing evidence that

incomplete convergence is more common in
the natural world than previously realized
(Meloro et al. 2015; Grossnickle et al. 2020;
Watanabe et al. 2021; Alfieri et al. 2022) and
suggest that the textbook convergence in mar-
ine tetrapods may be superficial and likely
restricted to general body shape (Motani
2002).When one focuses in on the details of cra-
niodental architecture, strong ecomorphologi-
cal convergence appears rare, especially when
analyzing distant clades that colonized marine
niches in widely distinct biosphere contexts,
such as mosasaurids and early cetaceans.
Strong ecomorphological convergence has
been theorized to occur when considering a
specific, restricted niche with a single optimal
morphology (Alfieri et al. 2022); this has been
observed in short-necked plesiosaurs, which
have an adaptive landscape defined by
“peaks” of optimal morphology (Fischer et al.
2020). However, incomplete convergence may
result in an adaptive landscape better
described as a “slope,” where groups show
similar or parallel trajectories in ecomorpholo-
gical evolution that are offset by their ancestral
heritage (Grossnickle et al. 2020; Alfieri et al.
2022). Our results fit this pattern, with no
clear optimal peaks of ecomorphology and tra-
jectories that appear to be strongly influenced
by intrinsic phylogenetic constraints. We posit
that extrinsic environmental influences, such
as differences in ocean temperature and oxy-
genation between the Late Cretaceous and
Eocene–Oligocene (Skelton et al. 2003; Marx
and Fordyce 2015), as well as available eco-
logical niche space in the pelagic ecosystem,
were of importance. These distinct contexts
likely combined with phyletic heritage and his-
torical contingency to limit marine tetrapod
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convergence. While we did not consider con-
vergence in postcranial anatomy during this
study, it is likely that this would show a similar
trend—broad similarities in axial or appen-
dicular morphology that are limited by con-
straint inherited from mammalian or reptilian
ancestors (e.g., dorsoventral vs. lateral axial
movement).
Incomplete convergence can also occur as a

result of multiple morphologies performing
the same purpose, a “many-to-one” relationship
between formand function (Zelditch et al. 2017).
This has been seen in a number of terrestrial
groups, including pack-hunting carnivorans
(Meloro et al. 2015), gliding mammals (Gross-
nickle et al. 2020), and slowarboreal xenarthrans
(Alfieri et al. 2022). Modern (and presumably
also extinct) marine raptorial predators are usu-
ally opportunistic and often overlap in prey
choice and capture methods (Hocking et al.
2017). Our study highlights the complicated
relationship between form and function in
these animals, which may best be described as
“many-to-many” (Zelditch et al. 2017).

Conclusions

Despite their superficial similarities, mosa-
saurids and early cetaceans show different evo-
lutionary trajectories in skull ecomorphology.
The earliest mosasaurids were small, low-level
predators that rapidly radiated into a range of
different ecomorphologies and inferred
niches. By contrast, early fully aquatic
cetaceans were likely all megapredatory and
show a general evolutionary trend toward
adaptations for smaller prey. The evolutionary
pathways in these groups are strongly influ-
enced by intrinsic phylogenetic constraints as
well as extrinsic environmental influences.
We found several examples of convergence in

skull ecomorphology between megapredatory
forms, but also between longirostrine forms.
Despite numerous shared features, convergence
is generally incomplete and neither overrides
ancestral constraints nor precludes the presence
of unique adaptations in certain species. Our
results suggest that qualitative assessment of
marine tetrapod convergence is too superficial
and can overlook the more nuanced differences

in ecomorphology between different secondar-
ily aquatic tetrapod radiations.
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