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Early giant reveals faster evolution of large body
size in ichthyosaurs than in cetaceans
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Liam J. Revell, Lars Schmitz*

INTRODUCTION: The iterative evolution of sec-
ondarily marine tetrapods since the Paleozoic
offers the promise of better understanding how
the anatomy and ecology of animals change
when returning to the sea. Recurring patterns
of convergence in the geological past may sug-
gest predictability of evolution when transi-
tioning from full-time life on land to full-time
life in the ocean. Ichthyosaurs (fish-shaped
marine reptiles of the Mesozoic) and today’s
cetaceans (whales, dolphins, and porpoises)
are two of the most informative lineages to
exemplify secondary returns to the sea. The
notable resemblance in body shape and life-

0.6

N
~

[
N
2]
>
°
3
&
-
@
£
©
£
£
S
=

Cetacea

50 100

style of ichthyosaurs and cetaceans contrasts
with their separation in time by nearly 200 mil-
lion years, providing an often-cited example
of convergent evolution. Ichthyosaurs arose
249 million years ago and populated the oceans
for the next 150 million years. Cetaceans did
not evolve until about 56 million years ago.
As tail-propelled swimmers, ichthyosaurs and
cetaceans evolved not only convergent body
shapes but also large body sizes.

RATIONALE: The integration of fossil and extant

data can improve understanding of aquatic
adaptation and gigantism as patterns of con-
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Time in million years after the origin of the group

Ichthyosaurs evolved large body sizes earlier in their history than cetaceans. The Fossil Hill Fauna of the
Middle Triassic of Nevada, USA, is critical for recognizing this pattern. It features the first ocean giant among tetrapods, only
3 million years after ichthyosaurs first appeared. Whales took comparatively longer to attain similarly large body sizes.

Sander et al., Science 374, 1578 (2021)
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vergent evolution, particularly when interpreted
in an ecological context. Our paleontological
fieldwork in the Fossil Hill Member (Middle
Triassic, Nevada, USA) provided the basis for
the marine reptile data and resulted in finds
of giant ichthyosaurs as part of the pelagic
Fossil Hill Fauna. We compiled data for both
fossil and living whales from the extensive
literature. Together, these data provide the
basis for computational analyses of maximum
body size and its evolution over time. Modeling
of energy flux in the Fossil Hill Fauna helps in
understanding how the Fossil Hill ecosystem
could have supported several large to giant
tetrapod ocean consumers so early in ichthyo-
saur evolutionary history.

RESULTS: We describe an ichthyosaur with a
2-m-long skull from the Fossil Hill Fauna as a
new species of Cymbospondylus. At present,
this is the largest known tetrapod of its time,
on land or in the sea, and is the first in a series
of ocean giants. The Fossil Hill Fauna includes
several other large-bodied ichthyosaurs in
the Cymbospondylus radiation. The body-size
range in this Triassic fauna rivals the range
seen in modern whale faunas, from a total
length of about 2 m in Phalarodon to more
than 17 m in the new species. As preserved
in the fossil record, the Fossil Hill Fauna rep-
resents a stable trophic network and could
even have supported another large ichthyo-
saur if it bulk fed on small, but abundant, prey
such as ammonoids. In absolute time, the
new ocean giant lived 246 million years ago,
only about 3 million years after the appearance
of the first ichthyosaurs. Our research suggests
that ichthyosaurs evolved large body size very
early on in the clade’s history, comparatively
earlier than whales.

CONCLUSION: Ichthyosaurs and cetaceans
both evolved very large body sizes, yet their
respective evolutionary pathways toward
gigantism were different. Ichthyosaurs seem
to have benefited from the abundance of
pelagic conodonts and ammonoids after the
recovery from the end-Permian mass extinc-
tion, even in the absence of modern primary
producers. Cetaceans took different routes,
but all appear to be related to trophic spe-
cialization, including the loss of teeth in
baleen whales (Mysticeti) and the evolution
of raptorial feeding and deep diving in toothed
whales (Odontoceti). m
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size in ichthyosaurs than in cetaceans
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Liam J. Revell®’, Lars Schmitz>®*

Body sizes of marine amniotes span six orders of magnitude, yet the factors that governed the evolution of this
diversity are largely unknown. High primary production of modern oceans is considered a prerequisite for the
emergence of cetacean giants, but that condition cannot explain gigantism in Triassic ichthyosaurs. We
describe the new giant ichthyosaur Cymbospondylus youngorum sp. nov. with a 2-meter-long skull from the
Middle Triassic Fossil Hill Fauna of Nevada, USA, underscoring rapid size evolution despite the absence of many
modern primary producers. Surprisingly, the Fossil Hill Fauna rivaled the composition of modern marine
mammal faunas in terms of size range, and energy-flux models suggest that Middle Triassic marine food webs
were able to support several large-bodied ichthyosaurs at high trophic levels, shortly after ichthyosaur origins.

ody size is a fundamental attribute of

any organism, and extreme body sizes

are of special interest to evolutionary

biologists. Gigantism is found in differ-

ent guises in the terrestrial and marine
realms (7). Several lineages of mammals and
reptiles secondarily adapted to marine hab-
itats and diversified to become species-rich
clades (2), best exemplified by marine mam-
mals since the Paleogene and by marine reptiles
of the Mesozoic. Today, multiple species of
cetaceans (toothed whales, or odontocetes,
and baleen whales, or mysticetes) and pinni-
peds (seals and sea lions) inhabit the pelagic
ecosystem and differ in body size, feeding
strategy, and trophic level (3), ranging from
macropredatory raptorial feeding (top of the
food chain, e.g., killer whales or orcas, Orcinus
orca) to filter feeding (low in the food chain,
e.g., baleen whales). Large marine mammals,
especially cetaceans, have been pivotal com-
ponents of pelagic food webs since at least the
late Paleogene, superseding the ichthyosaurs,
plesiosaurs, and mosasaurs of the Mesozoic in
this role. Body size appears to be a major axis
of the phylogenetic and ecological diversifica-
tion of secondarily marine amniotes.
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Analyses of the evolution of body size in
independent lineages of pelagic amniotes offer
the promise to improve the understanding of
the patterns and processes of adaptation to life
in marine environments. Repeated transitions
from fully terrestrial to obligate marine habitats
document how the anatomy and ecology of each
lineage evolved in response to the shift from
terrestrial to aquatic habitats. Recurring evo-
lutionary patterns may suggest predictability of
ecology as well as physiological constraints to
maximum and minimum sizes (4, 5). Ich-
thyosaurs and cetaceans are among the most
prominent lineages to exemplify secondary
aquatic adaptations. Both clades offer a well-
suited model system to understand size evolu-
tion in secondary aquatic adaptation and in
the sea in general (2).

As tail-propelled pelagic tetrapods, ichthyo-
saurs and cetaceans not only evolved con-
vergent body shapes, lifestyles, physiologies,
and feeding strategies as an adaptation to
their habitat, but both lineages also evolved
after the near-complete collapse of marine
ecosystems. However, emerging evidence sug-
gests different trajectories of body-size evolu-
tion in the two groups. Mysticetes shifted from
gradual evolution of body size to rapid evolution
of exceptionally large body sizes late in the
history of the clade, concomitant with the
extinction of small species. This pattern is
presumed to have been facilitated by abun-
dant resources and coastal upwelling (6). By
contrast, the morphological disparity, the esti-
mated evolutionary rates of discrete characters,
and the evolution of skull size of ichthyosaurs
all reached an early peak in the Triassic (7).
The fast increases in disparity measures in early
ichthyosaurs reflect rapid lineage diversification
and dietary specialization (8), including the first
aquatic raptorial tetrapod, Thalattoarchon, from
the early Middle Triassic Fossil Hill Fauna of
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Nevada, USA (8). The presence of an orca-like
predator suggested the emergence of food webs
that are more similar to modern webs when
compared with preceding Paleozoic webs.

However, the giant body sizes of filter-
feeding mysticetes and suction-feeding sperm
whales (Physeter macrocephalus) seemed out of
reach for Early and Middle Triassic ichthyo-
saurs, especially given the absence of environ-
mental indicators of high productivity such as
diatoms, autotrophic dinoflagellates, and coc-
colithophores (9). By increasing the amount of
energy available for the higher trophic levels
of marine ecosystems, the evolution of these
relatively large-bodied, planktonic, primary
producers is considered to have been a critical
precondition for the emergence of modern
giants (3, 9). By contrast, small-bodied plank-
ton probably made up the bulk of the primary
producers in Triassic oceans, thus limiting
the amount of energy available to large-bodied
species at higher trophic levels (3). By this logic,
one would hypothesize that Triassic marine
ecosystems should have fewer large species at
high trophic levels than modern faunas.

In this contribution, we combine traditional
paleontology with computational trait evolu-
tion and food web modeling to compare the
patterns of body size evolution of ichthyosaurs
and cetaceans in an ecological context (Fig. 1).
We describe a new ichthyosaur from the early
Middle Triassic Fossil Hill Fauna of Nevada,
USA (10) as Cymbospondylus youngorum sp.
nov. (Fig. 2) of giant body size (tables S1 and
S2) from well-preserved material. The new
ichthyosaur lived close to the beginning of
Mesozoic marine reptile evolution as part of
the recovery from the end-Permian mass extinc-
tion (Fig. 3) 252 million years (Ma) ago. The
discovery reinforces the emerging pattern of
rapid evolution of body size in ichthyosaurs,
which, in contrast to cetaceans, must have
experienced their most active phase of size
evolution in their early evolutionary history,
despite the absence of modern primary pro-
ducers. We infer that the pelagic ecosystems
of the early Middle Triassic (244 Ma ago) could,
surprisingly, support several large tetrapod
ocean consumers.

Systematic Paleontology

Reptilia Linnaeus, 1758 (11)
Diapsida Osborn, 1903 (12)
Ichthyosauria Blainville, 1835 (13)
Cymbospondylus Leidy, 1868 (14)

Type species
Cymbospondylus piscosus Leidy, 1868 (14)

Referred species

Cymbospondylus petrinus Leidy, 1868 (14);
Cymbospondylus buchseri (15); Cymbospondy-
lus nichollsi (16); Cymbospondylus duelferi (17);
Cymbospondylus youngorum sp. nov.
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Fig. 1. Conceptual approach of our integrated
study. We combine traditional paleontology with
computational trait evolution and energy-flux
modeling to study macroevolutionary patterns of
body size evolution in marine amniotes.

Genus diagnosis

For a recent detailed diagnosis of the genus, see
(17). In addition, the results of the phylogenetic
analysis in this study offer an apomorphy-based
diagnosis.

Cymbospondylus youngorum sp. nov. (Fig. 2
and figs. S1 to S5)

Etymology

The species is named in honor of Tom and
Bonda Young.

Holotype and only specimen

LACM DI 157871 is the holotype and, as of
now, the only recognized individual. LACM
DI 157871 is largely articulated and complete
from the anterior of the trunk region to the
skull, preserved ventral side up. The cervical
column back to the middle dorsal vertebrae is
present with ribs in articulation. The shoulder
girdle is articulated, and the two humeri are
situated close to their respective glenoid. At
present, the skull (Fig. 2, A to F; figs. S1 and S2;
and table S1), the right humerus (Fig. 2, G to
K), parts of the shoulder girdle (fig. S3), and
some vertebrae are prepared (fig. S3)

Sander et al., Science 374, eabf5787 (2021)

Horizon and locality

LACM DI 157871 comes from the Anisian age
Fossil Hill Member of the Favret Formation at
Favret Canyon, Augusta Mountains, Pershing
County, Nevada, USA. The type locality, LACM
8025, is on the northern slope of the rear of
Favret Canyon at an elevation of 1676 m. Exact
coordinates are on file at the repository. LACM
DI 157871 originates from the same general
level as the holotype of the macropredatory
ichthyosaur Thalattoarchon saurophagis (8)
and the pistosaur Augustasaurus hagdorni
(10) in the lower third of the Fossil Hill mem-
ber and pertains to the middle Anisian Taylori
Zone (I18).

Diagnosis

C. youngorum sp. nov. is diagnosed by a
unique combination of the following eight
characters (see data S1 for character descrip-
tions and data S3 for a list of synapomorphies):
squamosal, participates in supratemporal fenes-
tra (character 72, state 0; Fig. 2); dentary, labial
shelf present (character 117, state 1; fig. S2C);
angular, extent of anterior lateral exposure is
extensive, at least as high and anteriorly as the
surangular’s exposure (character 120, state 1;
Fig. 2); angular, extent of posterior lateral ex-
posure is extensive, with surangular exposure
reduced to a thin strip on the lateral surface of
the retroarticular process (character 121, state
1; Fig. 2); lower jaw glenoid, deeply excavated
and present (character 126, state 1; Fig. 2);
dentition, definition of the base of the enamel
layer is well defined and precise (character 147,
state 1; fig. S2, E and F); humerus, anterior
flange is absent (character 200, state 0; Fig. 2
and fig. S6); and humerus, relative antero-
posterior width in dorsal view, excluding dorsal
and ventral processes, is approximately equal
or the proximal end is wider than the distal end
(character 206, state 1; Fig. 2 and fig. S6).
The new taxon is characterized by the fol-
lowing autapomorphies: a thick base of bone
of attachment of the teeth (Fig. 2 and fig. S2, C
and E), the distinctive shape of the scapula
with a very large and wide dorsal blade and a
narrow ventral part (figs. S3 and S6), the dis-
tinctive humerus morphology with a wider prox-
imal than distal end, and a triangular proximal
head and triangular shaft cross section (Fig. 2
and fig. S6). Note that these autapomorphies
were not added as characters to our character
matrix. A differential diagnosis and detailed ana-
tomical descriptions (figs. S2 and S3) and com-
parisons (figs. S4 to S6 and tables S2 and S3) are
provided in the supplementary materials (10).

Phylogenetic position

Phylogenetic analyses (10) (table S4) indicate
that C. youngorum sp. nov. is nested within a
clade of closely related Cymbospondylus species
that account for much of the lineage diversity
and morphological disparity of large-bodied
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Early and Middle Triassic ichthyosaurs (Fig. 3
and fig. S7). The close relationship of these
species points to an adaptive radiation (as
much as one can be recognized in the fossil
record of Mesozoic reptiles). Further evidence
for such a radiation is that there are no other
four seemingly sympatric species of any ichthyo-
saur genus in the ichthyosaur record and that
other finds of Cymbospondylus from the late
Early and early Middle Triassic are widely dis-
tributed across the Northern Hemisphere (16).
Our analysis with TNT (a software for
phylogenetic analysis) and its “new technology”
search algorithm resulted in a tree length of
1225 steps. The four most parsimonious trees
were retained (table S4), and the nearly fully
resolved strict consensus of the four trees is
shown in Fig. 3 and fig. S7. The consistency
index of this tree is 0.259, coupled with a
retention index of 0.627. The absolute Bremer
support of the nodes varies from 1 to 5 (fig. S7).
Additional analyses (table S4) confirmed the
placement of LACM DI 157871 in a clade with
other cymbospondylids, yet the position of the
Cymbospondylus clade varies with the selec-
tion of taxa that were included in the analyses
(10). We note that the interrelationships of
ichthyosaurs remain difficult to resolve, both
in the Triassic and the Jurassic part of the tree.
This uncertainty reflects the difficulty in resolv-
ing ichthyosaur interrelationships in general
(19) and the need for a concerted effort of
redefining and rescoring characters.

Inferred diet and estimated body size

The conical, bluntly pointed tooth crowns of
C. youngorum sp. nov., in conjunction with the
elongate snout, suggest a generalist diet of fish
and squid (20), as inferred for most ichthyosaurs
from teeth and stomach contents (21). Consid-
ering its size, C. youngorum sp. nov. could also
have preyed on smaller and juvenile marine
reptiles (Z0). The right lower jaw of C. youngorum
sp. nov. measures 1970 mm from the tip of the
dentary to the end of the retroarticular process
(table S1). At a total length of 1890 mm (table
S1), the skull of LACM DI 15787 is one of the
largest complete ichthyosaur skulls known.
Although post-Triassic ichthyosaurs never
reached the size of Triassic ones again (7),
there are skulls of Temnodontosaurus from
the Lower Jurassic of England and Germany
(22) that are the same length as that of LACM
DI 15787 within the limits of preservation. How-
ever, these large ichthyosaurs probably were
less than 9 m long, having proportionally larger
skulls (22). Larger skulls than those of LACM
DI 15787 and these largest Temnodontosaurus
specimens are only known from Late Triassic
ichthyosaurs, specifically Shonisaurus popularis
and Shastasaurus sikanniensis, with estimated
skull lengths of 2750 and 3000 mm, respectively (7).

Humerus length is another commonly used
proxy for ichthyosaurian body size [(16, 17, 23);
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Fig. 2. Skull of the holotype of
C. youngorum sp. nov. LACM DI
157871. (A) Skull in right dorso-
lateral view. (B) Skull sutures.
(C) Skull in left ventrolateral
view. (D) Skull sutures. (E) Snout
in left ventrolateral view. (F)
Middle part of dentary tooth row
in right dorsolateral view. Note the
bone of attachment. (G to K)
Right humerus in proximal (G),
dorsal (H), posterior (1), ventral
(J), and anterior view (K). a,
angular; ar, articular; at, anterior
terrace; d, dentary; en, external
nares; f, frontal; j, jugal; |, lacrimal;
Ite, lower temporal embayment;
mx, maxilla; n, nasal; o, orbita;
pa, parietal; pf, parietal foramen;
pmx, premaxilla; po, postorbital;
pra, prearticular; prf, prefrontal;
g, quadrate; gj, quadratojugal;

sa, surangular; sc, scleral ring;
sqg, squamosal; st, supratemporal;
uto, upper temporal opening;

v, cervical vertebra.

fig. S8A], even though it is available for fewer
ichthyosaur taxa than skull length. At 453 mm,
the humerus of the holotype of C. youngorum
sp. nov. is the second largest ichthyosaurian
humerus known, translating into a total length
of 17.65 m (10). The lower 95% prediction
interval of its length is 12.48 m; the upper 95%
prediction interval is 24.96 m (10) (fig. S8A).
We also estimated body mass based on a recent
dataset for ichthyosaurs (10, 24) (table S5). The
regression function (fig. S8B) yielded a body
mass estimate of 44,699 kg for the 17.65-m-
sized LACM DI 15787 specimen (table S5). The
lower mass based on the 95% prediction in-

Sander et al., Science 374, eabf5787 (2021)

Giant Middle Triassic Ichthyosaur
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terval of both regressions is 14,712 kg (lower
limit of the 95% prediction interval of body
mass against length evaluated for 12.48 m);
the upper mass is 135,809 kg (upper limit of
the 95% prediction interval of body mass
against length evaluated for 24.96 m). These
body size metrics of C. youngorum sp. nov.
result in one of the highest length and mass
estimates for any ichthyosaur and the largest
taxon of the Middle Triassic: Based on length
and scaled-up mass data in Gutarra et al. (24),
S. popularis from the late Carnian (about
230 Ma ago) was 13.5 m long and had a mass of
21,651 kg, whereas the middle Norian (about
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212 Ma ago) S. sikanniensis was 21 m long
and had an estimated body mass of 81,497 kg.
Taken together, these length and mass esti-
mates place ichthyosaurs in the range of body
sizes of living cetaceans, but it appears that
ichthyosaurs reached their largest sizes much
earlier in clade history than whales.

The fossil record of body-size evolution

Despite the recent interest in ocean gigantism
(4, 6, 23, 24)), detailed comparison of the evolu-
tionary paths to giant body size in cetaceans
and ichthyosaurs is lacking so far, as is a
phylogenetically comprehensive analysis of
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Fig. 3. Time-calibrated phylogenies and body-size illustrations of Ichthyosauria and Cetacea and the relationships of the new giant ichthyosaur

C. youngorum sp. nov. chthyosaurs originated in the late Early Triassic shortly after the end-Permian mass extinction (EPME), survived the end-Triassic mass
extinction (ETME), and went extinct in the early Late Cretaceous. Lilac stratigraphic ranges denote taxa from the Fossil Hill Fauna. Cetaceans originated in the late
Paleocene after the Cretaceous-Paleogene mass extinction (CPME). See (10) for sources of phylogenies and table S6 for image credits. mya, million years ago.

body-size evolution in all Cetacea, including
stem taxa (fig. S9). Both ichthyosaurs and
cetaceans evolved after mass extinction events
(Ichthyosauria after the end-Permian mass
extinction event and Cetacea after the Cretaceous-
Paleogene mass extinction; Fig. 3), with their
respective terrestrial ancestors invading marine
ecosystems that differed radically from those
that existed before each mass extinction.

The early-branching members of both ich-
thyosaurs and cetaceans are small compared
to later taxa, and both show aquatic adapta-
tions, but to various degrees. The ichthyosaur
Cartorhynchus lenticarpus from the Early
Triassic had a skull length of 55 mm (7, 25),
whereas the skull of the cetacean Pakicetus
attocki from the Eocene reached a width of
127 mm (10, 26). The limbs of C. lenticarpus

Sander et al., Science 374, eabf5787 (2021)

have been interpreted to allow limited ter-
restrial locomotion, where the cartilage-rich
forelimb may have functioned analogously to
seal flippers (25). The short trunk and snout
may have been beneficial for terrestrial loco-
motion, whereas pachyostotic ribs added to
the weight of the animals and perhaps helped
with navigating surging water near shores
(25). Pakicetus is interpreted to have inhabited
freshwater systems, wading and swimming in
shallow water similar to extant hippos, despite
its terrestrially adapted limbs (27). Upward
facing eyes are reminiscent of a crocodilian-
like lifestyle at the water surface, enabling
vision through air while being submerged in
water [analogous to Tiktaalik (28)]. Increased
bone mass through osteosclerosis, stable iso-
topes, and preferred diet inferred from tooth
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microwear (27, 29, 30) further corroborate an
aquatic lifestyle.

A literal reading of the geologic time scale
implies that body size evolved considerably
faster in ichthyosaurs than in cetaceans. Fossils
document a rapid size increase in ichthyosaurs
from Cartorhynchus (55-mm skull length) in the
Olenekian at 248.5 Ma ago (25) to C. youngorum
sp. nov. (1890-mm skull length) a mere 2.5 Ma
later. Fossils record slower evolution of body
size in cetaceans, for example, from P. attocki
(127-mm skull width) in the late Ypresian
(10, 26) to Basilosaurus isis (600-mm skull
width) in the Priabonian [(Z0) and data S5]
10 to 14 Ma later, and in odontocetes, from
Simocetus rayi (238-mm skull width) in the
Rupelian [(70) and data S5] to Livyathan melvillei
(1970-mm skull width) in the Tortonian [(10)
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Fig. 4. Body-size evolution in ichthyosaurs and cetaceans compared. Traitgram of body size, normalized such
that O corresponds to the smallest body size in each group and 1 to the largest for ichthyosaurs (lilac; based on an
early-burst model) and cetaceans (ochre; based on a Brownian motion model) (see Methods). Lilac dots indicate
Cymbospondylus species from the Fossil Hill Fauna. B., Balaenoptera musculus, blue whale; C., C. youngorum sp. nov.;
L., Llanocetus denticrenatus, early giant baleen whale; S., S. sikanniensis, the largest named ichthyosaur. The inset
shows model-fitting results expressed as Akaike weights for five different evolutionary models from 1000 iterations.
Boxes represent the interquartile ranges (IQRs), with whiskers extending 1.5 times the IQR outside the boxes.
Vertical lines inside the boxes show the median. BM, Brownian motion; EB, early burst; OU, Ornstein-Uhlenbeck.

and data S5] more than 25 Ma later. These
examples illustrate the short time spans of size
increases in ichthyosaurs compared with those
of cetaceans, but does this pattern hold when
analyzed in the context of time-calibrated
phylogenies?

Computational modeling of
body-size evolution

We first compared the evolutionary patterns
of body-size evolution through traitgrams that
account for the uncertainty tied to the time
calibration of the phylogenies (10). These
evolutionary traitgrams of ichthyosaur and
cetacean body sizes, normalized to maximum
body size to enable a better comparison of the
pattern, reinforce the notion of fast body-size
evolution in ichthyosaurs (Fig. 4). The maxi-

Sander et al., Science 374, eabf5787 (2021)

mum body size of ichthyosaurs increased
dramatically early in their history, whereas
cetacean maximum body size increased up
to the present day. In our clade-wide model-
fitting approaches, the early-burst and trend
models are strongly preferred over all other
evolutionary models for ichthyosaurs [Fig. 4
and fig. S10; see (10)]. By contrast, no strong
preference is indicated for any particular model
in cetaceans (Fig. 4). Resampling of the ceta-
cean dataset to adjust for differences in sample
size, trophic specialization, and the mixture of
fossil and extant data did not reveal strong
support for an early-burst model (see fig. S11).
When restricting the cetacean dataset to the
Pelagiceti to account for the differing degrees
of aquatic adaptation in the early-branching
lineages, an early-burst model is slightly preferred
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Fig. 5. Exploration of the rate heterogeneity

of body-size evolution. (A and B) Ichthyosaurs
(A) feature the fastest rates of body evolution
early in their history, whereas cetaceans (B) show a
more complex pattern, with fastest rates occurring
in later stages of their history. C, Cymbospondylidae;
M, Merriamosauria.

over the others tested (see fig. S11), but the pattern
is not nearly as strong as for ichthyosaurs.

To explore the evolutionary patterns at
smaller phylogenetic scales and therefore
avoid problems related to the impact of taxon
selection, we assessed the heterogeneity of
the rate of body-size evolution across both
the ichthyosaur and cetacean trees (Figs. 5 and
6 and fig. S12). Models that allow for rate
heterogeneity can identify specific regions of
the tree that signify evolutionary changes and
thus circumvent the problem of a clade-wide
approach that would ignore the various de-
grees of aquatic adaptations in the early ichthyo-
saurs and cetaceans.

Results from a variable-rate model based
on Brownian motion, which uses penalized
likelihood to estimate the evolutionary rates
along all branches in the tree (3I), support
fast evolution of body size in early ichthyosaurs
(Fig. 5A). In congruence with observations from
the fossil record and clade-wide model fitting,
the highest evolutionary rates are found in the
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Fig. 6. The adaptive landscape
of body-size evolution. (A and
B) Ichthyosaurs (A) feature two early
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adaptive shifts toward larger skull
length, whereas cetaceans (B) entered
selective regimes that promoted larger
skull width much later in their evolution.
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deep regions of the ichthyosaur tree, with
some indication that fastest size evolution
may have occurred in cymbospondylids and
the early phase of merriamosaurs (Fig. 5A).
After the initial burst, the estimated evolu-
tionary rates slowed over time.

The distribution of evolutionary rates in the
cetacean tree forms a stark contrast to the
ichthyosaur pattern (Fig. 5B). The deep parts

Sander et al., Science 374, eabf5787 (2021)

skull width 5 O
increase ’

skull width
increase

skull width
decrease

of the cetacean tree feature average rates.
Surprisingly, the body size of both early crown
mysticetes and odontocetes evolved slowly,
before accelerating in two clades of mysticetes
with living representatives, the Balaenidae
(right and bowhead whales) and Balaenopter-
idae (rorquals), as found in a previous study
(6). Among odontocetes, the fossil lineages of
the Pan-Physeteroidea, in particular, a clade
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Brachypterygius extremus

latypterygius

41 aaties

skull length 0 2000 mm
edentulous mysticetes
e
skull width 0 2000 mm

that contains living sperm whales, are charac-
terized by fast rates, whereas Ziphiidae (beaked
whales) have comparatively slow rates of size
evolution (Fig. 5B).

Whereas rate heterogeneity models can
identify phases of fast and slow morphological
evolution, the determination of the direction
of evolution, that is, evolution toward larger
and smaller body sizes in specific lineages,
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Fig. 7. Energy-flux model and food web stability. We
tested whether the food web as preserved is functional
and stable over ecological time. All shelled inverte-
brates (specifically ammonoids), fish, and amniote taxa
discovered in the Fossil Hill Fauna are modeled as
members of a food web. The member “shelled
invertebrates” is basal to the food web and comprises
primarily ammonoids but also halobiid bivalves and
crustaceans. The member “nonshelled invertebrates
plus fishes" (“fish") pools coleoid cephalopods such as
squid and small- to medium-sized fish. See Methods
and table S11 for food web members and their body
masses, total biomasses, and energetic demands.

(A) Trophic interaction matrix used for modeling
energy-flux across members. Stacked bars represent
the diet of predatory taxa. Filled squares within bars
indicate that a taxon is taken by the predator, whereas
white indicates that it is not. (B) Stability values
calculated by the model for different combinations of
total biomass of the two food web members “shelled
invertebrates” and “fish." More negative stability
values indicate a more stable food web. Error bars for
blue dots represent model results assuming maxi-
mum and minimum body mass estimates for
ichthyosaur taxa (table S11). Greater body masses
result in less-stable food webs than smaller body
masses. Stability values of extant food webs range
between -10 and O (41). Note that we multiplied
stability values by -1 for plotting. TB, total biomass
(kg); red circles, the total biomass of “shelled
invertebrates” equals that of “fish."

requires complementary approaches. We
chose a Bayesian implementation of the
Ornstein-Uhlenbeck model of trait evolution
(10, 32) to infer whether and when adaptive
shifts of body size occurred through evolution-
ary time and whether smaller or larger body
sizes were selected for in the new regime
(Fig. 6 and fig. S12). Analyses of the selective
regime also enable an evolutionary definition
of giants and dwarfs. Adaptive shifts toward
larger body size define clades comprising giants,
with evidence for selection of larger body

Sander et al., Science 374, eabf5787 (2021)

A Predators

@ Thalattoarchon
@ C. youngorum
@ C. petrinus

@ C. nicholisi

@ C. aquelferi

© Phalarodon spp.
© Omphalosaurus
© Augustasaurus

(O Coelacanth fishes

O Non-shelled invertebrates
plus fishes

© Shelled invertebrates

Kaid

> ] . P s
Vo o 2 < ) Q Q S ) S Qo
o}‘?}f é’@«é& f&& @0& ,8§~° & &\0\\ ~i~‘°\) -~ 4 \é\o
e 2 & O © © ) g 2
¥ ey X & o S S N S
) $ & r$ \)é\ & © o 0'(\ <) & &
N \@b \rbc‘ \\Q é\ 'b\,b Qo‘ ‘\q}
£ & v & S N
& @ 3
o

(81}
[}
o

(81
o

faoes W\

0.5

b

B et - |

sizes, whereas shifts toward smaller body
sizes identify dwarfs.

Analyses of the selective regime provide
support for two independent shifts toward
larger body sizes early in the evolution of
ichthyosaurs, defining two clades of giants.
One shift toward larger size is reconstructed
for the branch leading to the Cymbospondy-
lidae with C. youngorum sp. nov., and another
shift is placed on the branch leading to the
Merriamosauria (Fig. 6A). Both selective regime

B e | |

shifts thus occurred around the boundary be-
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tween the Early and Middle Triassic. Shifts
toward regimes selecting smaller body sizes
were inferred for the Hudsonelpidia brevir-
ostris and Ichthyosaurus communis tip branches
(Fig. 6A).

In cetaceans, the geologically oldest shift
toward a regime selecting larger body sizes
occurred in the late Eocene (Fig. 6B), coincid-
ing with the loss of functional teeth in some
lineages of mysticetes (33). The Pliocene ac-
celerations of body-size evolution in crown
mysticetes are not detected as distinct adaptive
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shifts. However, a second shift toward the
evolution of large body sizes occurred in the
Oligocene, fitted to the branch leading to
the Pan-Physeteroidea, which evolved a rapto-
rial feeding mode by the middle Miocene (i.e.,
Brygmophyseter shigensis). An evolutionary re-
duction of body sizes is inferred for the Kogiidae,
a clade nested within the Pan-Physteroidea,
with two living species, Kogia breviceps and
Kogia sima, the pygmy and dwarf sperm whales,
respectively. Another shift toward smaller
body-size evolution may have occurred early
in the history of cetacean evolution, in the
pakicetids, yet the support for this regime shift
is not nearly as strong as the other three iden-
tified shifts (Fig. 6B).

Estimates of the phylogenetic half-life [see
Methods and (10)] suggest that ichthyosaur
body size evolved an order of magnitude faster
than cetacean body size when entering a new
selective regime. Ichthyosaurs thus evolved
large body sizes very quickly and very early on
in their evolution (Fig. 4 and fig. S10), in
oceans thought to be less favorable for large-
bodied ecosystem members at higher trophic
levels (9). Intriguingly, many Cymbospondyli-
dae, which constitute one of the two shifts
toward large body sizes, were present in the
same assemblage, the Fossil Hill Fauna from
the Fossil Hill Member of the Favret and Prida
formations of northern Nevada, USA, includ-
ing C. youngorum sp. nov.

The composition of the Fossil Hill Fauna
of Nevada

The Favret Formation of the Augusta Moun-
tains (fig. S13), Nevada, USA, spans the middle
to late Anisian (Middle Triassic), a period
covering more than 2 Ma (34). The Fossil
Hill Member itself (fig. S13) is a black shale
unit of variable thickness deposited in anoxic
bottom waters below the storm wave base
(35). Surface waters were well aerated and must
have supported marine reptiles and abundant
ammonoids and other invertebrates (18, 35),
but there was no benthic life, with the possible
exception of halobiid bivalves. The fossils
found in the unit thus represent a pelagic
ecosystem and food web.

Fish fossils are only rarely preserved (8, 10),
but a diverse chondrichthyan fauna (36) from
just below the Fossil Hill Member suggests
that their rarity is due to preservational bias.
Comprising eight taxa, the most common
marine reptile fossils of the Fossil Hill Fauna
are ichthyosaurs (table S10), making it the most
speciose ichthyosaur fauna known. Sauropte-
rygia are only represented by a single taxon,
the pistosauroid A. hagdorni (8), in stark con-
trast to the rich record of sauropterygian fossils
from the Tethys Middle Triassic (37). Among
the ichthyosaurs, C. youngorum sp. nov. stands
out because of body size, T. saurophagis as
the oldest apex predator among secondarily

Sander et al., Science 374, eabf5787 (2021)

aquatic amniotes (8), and the holotype of
C. duelferi (17) as the geologically second-
oldest gravid ichthyosaur. There are two more
large Cymbospondylus species (table S3),
C. petrinus (38) and C. nichollsi (16). Two
species of small ichthyosaurs (Phalarodon
fraasi and P. callaway?) differ in the extent
of their crushing dentition (39). The enig-
matic medium-sized Omphalosaurus (40) is
interpreted as a specialized ammonoid feeder
(10). Notably, filter feeders appear to be absent
from the Fossil Hill Fauna.

The enormous size range of marine am-
niotes in the Fossil Hill Fauna (table S11) rivals
the size range seen in modern marine mam-
mal faunas. This range is perplexing given
that Middle Triassic oceans lacked the high
productivity that is thought to sustain such
ecosystems today (9). We therefore turned to
a new approach in paleontology, energy-flux
modeling, to explore whether the Fossil Hill
Fauna, as preserved in the fossil record, was
a stable food web.

Energy-flux modeling

To test for the stability of the trophic network
in the Fossil Hill Fauna, we modeled energy
flux with a new tool implemented in R and
derived from quantitative ecosystem ecology,
“fluxweb” (41), which is based on allometric
trophic network theory (42) and estimates
energy fluxes in a top-down approach. In our
new implementation for the fossil ecosystem,
the model input is preserved taxa and census
data and their estimated body masses, energy
demands (table S11), and potential prey (Fig. 7A
and fig. S14A) (10). This tool assesses the food
web’s stability as the smallest equilibrium total
biomass of all modeled food web members by
applying a predator-prey multispecies model.
Small-shelled invertebrates, including ammo-
noids, represent the trophically basal member
of the food web in the model. The small-
shelled invertebrates provide energy directly
or indirectly to all trophically higher food web
members.

We found that the Fossil Hill food web, with
its high phylogenetic diversity and morpho-
logical disparity of large to giant endothermic
(10) ichthyosaurs, was indeed stable (Fig. 7B
and fig. S16A). The preserved ammonoids
alone provided sufficient energy to the food
web as recorded by the fossils (fig. S16C and
table S12). Sensitivity analyses demonstrate
that the results of the energy-flux model are
robust with respect to errors in body mass
estimates for ichthyosaurs (figs. S16 and S17)
and basal shelled invertebrates (fig. S15) and
do not hinge on the assumption of ichthyo-
saurian endothermy (figs. S15 and S18). Thus,
the primary production in the middle to late
Anisian was sufficient to support the Fossil
Hill food web, including the giant ichthyosaur
C. youngorum sp. nov. The stability of the
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Fossil Hill Fauna is also consistent with the
lack of pre-Triassic ichthyosaur fossils and
the notion that gigantism in ichthyosaurs
evolved rapidly in the first few million years
of their known history because no hidden
Permian history of the clade needs to be in-
voked (43).

The results from our energy-flux model
challenge the hypothesis of energetic limita-
tion of maximum body size in Mesozoic food
webs (9) and provide insights into the function-
ing of a trophic network without modern
primary producers. An important functional
characteristic of food webs is the production
rate, which is the energy that an individual
stores in its body plus the energy that it allo-
cates to reproduction, normally about one-
quarter of its basal metabolic rate (44). Thus,
the sum of the production rates of all indivi-
duals in a given trophic level defines the
energy that can be transferred to the next
level. Our estimates for the production rate
of the preserved ammonoid population is
congruent with the average production rate
of multiple invertebrate species and several
modern marine ecosystems (tables S12 and
S13). Given that the primary producers of
Mesozoic food webs were less productive than
their modern equivalents (9) and that the
trophic level of the largest ichthyosaurs equaled
that of the largest living marine carnivores (8)
and assuming that the energy losses between
trophic levels had been the same as those in
modern marine ecosystems, the Fossil Hill
food web must have had shorter food chains
than modern marine food webs.

Although the inferred production rate of all
vertebrates in the Fossil Hill Fauna is similar
to modern marine ecosystems (table S13), the
contributions to this rate by nonamniotes and
amniotes differ substantially. The production
rates of modern marine amniotes (cetaceans,
pinnipeds, birds) are about two magnitudes
smaller than the inferred rates for the Fossil
Hill Fauna (marine reptiles; table S13), whereas
the rates of modern nonamniotes are up to
two magnitudes larger than the modeled rates
of nonamniotes from the Fossil Hill Fauna
(table S13). In comparison to modern marine
food webs, the trophic network of the Fossil
Hill Fauna was thus dominated by marine
amniotes, unlike modern marine food webs
that are dominated by nonamniotes. Thus,
ichthyosaurs likely occupied niches that are
held by fish and whales in modern ecosys-
tems. However, compared with their energetic
demands, modeled production rates of the
largest ichthyosaur species are small (table
S14) and suggest that their densities were
lower than suggested by the Fossil Hill Member
census.

Comparison of the production rate of pre-
served ammonites with that modeled for the
member “invertebrates” reveals an untapped

8 of 14

TZ02Z ‘v Jequieoad uo ARiqi sebs|(0D) Juowe. e Te BI0'8ous 195" MMM//SANY W) pepeoumod



RESEARCH | RESEARCH ARTICLE

energy surplus (fig. S16C and table S12). This
surplus may indicate that the food web of the
Fossil Hill Fauna as now known is incomplete,
perhaps lacking a bulk feeder or other taxa
yet to be discovered. Alternatively, the energy
surplus actually was untapped in the rather
young Fossil Hill food web, being only a few
million years old, and consumers of the sur-
plus might have been added in the course of
evolution later. Our energy-flux modeling indeed
shows that the food web could have supported
another giant marine amniote, if it fed in bulk
low in the food chain (fig. S19), for example, by
filter feeding (4). This mode of life possibly
arose later in ichthyosaurs, as suggested by the
existence of some Late Triassic giant toothless
ichthyosaurs (45). Filter feeding is important
in modern marine vertebrates, for example,
baleen whales, the whale shark Rhincodon typus,
and the basking shark Cetorhinus maximus
(46). Even with a giant bulk feeder, the esti-
mated energy flux from the trophic group
comprising the shelled invertebrates passed
on to higher trophic levels is still smaller than
the estimated amount of energy provided by
the preserved ammonoids (figs. S20 and S21
and table S13). Whereas there is no fossil
evidence for a filter-feeding ichthyosaur in the
Fossil Hill Fauna yet, the results of the energy-
flux model demonstrate that this fauna was
not only stable but, with its abundant ammo-
noids and short, amniote-dominated food chains,
also set the environmental stage that led to the
evolution of large body sizes early on in the
evolution of ichthyosaurs.

Implications for body-size evolution of
marine amniotes

The appearance of marine amniotes in the
Triassic followed on the heels of ameliora-
tion of environmental conditions in the first
2 Ma of the Triassic together with a general
recovery of marine ecosystems (47, 48). At an
estimated body mass of more than 40 tonnes
and a geologic age of 246 Ma, C. youngorum
Sp. nov. was a giant marine amniote, attaining
a body size comparable to that of today’s ocean
giants. This new giant may even have ap-
proached the size of today’s largest cetacean
Balaenoptera musculus (total length: mode of
25 m) [dataset in (46)], given that the Fossil
Hill energy-flux model remained stable when
we performed the analysis with the upper
limit of the body-mass estimate of C. youngorum
sp. nov. (24.96 m, 135,809 kg). On land, equiv-
alent body masses did not evolve until >40 Ma
later, among sauropod dinosaurs of the Jurassic.
Apparently, the pelagic environment may be
more conducive to the evolution of giant tet-
rapods. Alternatively, ecosystem recovery from
the end-Permian extinction was much slower
on land than in the sea. In the sea, only other
ichthyosaurs in the Late Triassic and ceta-
ceans since the late Paleogene (38 Ma ago)

Sander et al., Science 374, eabf5787 (2021)

reached this body size again. The discovery
of a giant ichthyosaur so early in the phyloge-
netic history of the clade underscores the
existence of major selective advantages of
large body size (49).

The Fossil Hill Fauna records a surprisingly
diverse and morphologically disparate fauna
of large-bodied to giant ichthyosaurs shortly
after the end-Permian mass extinction. Unlike
the contemporaneous faunas from the west-
ern Tethys and China, which are representa-
tive of shallow seas on continental shelves,
shallow basins, and lagoons (50), the Fossil
Hill Fauna provides a glimpse into the pelagic
habitats of the Middle Triassic. We propose
that ichthyosaurs initially benefited from the
rapid recovery of conodonts (51) and pelagic
ammonoid cephalopods (47), permitting giant
body size soon after oceanic geochemical con-
ditions had stabilized in the Middle Triassic
(48). Ichthyosaurs may have been able to in-
crease the total amount of resources available
to them by virtue of their large eyes (52). Large
eyes improve the range from which prey can
be detected in the clear water of the pelagic
realm, both in well-illuminated water near the
surface and at greater depth (53). Proportion-
ately large eyes seem to have evolved very early
in the evolutionary history of the group (52),
possibly enabling ichthyosaurs to better exploit
their food resources. Their energetically costly
endothermy could have increased their foraging
capacity (speed and success) and energy intake
in cold-water habitats, as found in colder geo-
graphic regions or in deeper waters (54).
Mesothermy, which enabled body temperatures
intermediate to those of ecto- and endotherms,
was important in the evolution of elasmobranch
gigantism (55).

We have identified two major evolutionary
pathways to large body size in cetaceans. Size
evolution in odontocetes may be linked to the
evolution of raptorial feeding mode in some
taxa and deep diving in others (4, 56). Rap-
torial feeding is one of the drivers for the
independent evolution of large body sizes in
different clades. This is further evidenced by the
earliest inferred raptorial feeder, Ankylorhiza
tiedemani, which is considered to be the largest
Oligocene odontocete with an estimated body
length of 4.8 m (57), and in the extant delphinid
O. orca. The evolution of echolocation, which
allowed odontocetes to forage at greater depths
in search of cephalopods unavailable to early
cetaceans lacking a biosonar, is not directly
coupled with evolution of size. Biosonar evolved
more than 14 Ma before our reconstructed shift
toward larger body sizes in the pan-physesteroids
(58). In mysticetes, the initial shift toward large
body sizes coincides with a loss of functional
teeth in some lineages of mysticetes and pre-
sumably a switch of diet preference. In addition
to evolving bulk-feeding adaptations, gigan-
tism in mysticetes appears to be driven by global
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oceanic changes, particularly over the past few
million years, which affected prey distribu-
tion and density (6, 59). C. youngorum sp. nov.
thus demonstrates that the lack of carbon
sinks and modern primary producers is not
a prerequisite for gigantism [contra (9)], chal-
lenging the notion that changes in ocean
productivity and ecological escalation are nec-
essary preconditions for the evolution of giant
body size. Although both cetaceans and ich-
thyosaurs evolved very large body sizes, their
respective evolutionary trajectories toward
gigantism were different.

Methods
Phylogenetic analysis of ichthyosaurs

‘We scored the holotype specimen of C. youngorum
sp. nov. (LACM DI 157871) into the character
matrix of (I7). This matrix (Z7) had been
modified from other recent work (7, 60) and
appeals because the character descriptions
are drawn from many different sources. We
could score 40% of the 287 characters in the
matrix with confidence for the new taxon
(data S1) but note that many characters in this
list were initially defined for post-Triassic
ichthyosaurs. We edited the character-taxon
matrix with Mesquite v. 3.02 (61). Our primary
analysis (analysis I; Fig. 3 and fig. S7) included
the taxon set of (17) with C. youngorum sp.
nov. added (totaling 60 taxa) and was per-
formed with TNT (62) using both “new tech-
nology” (search parameters: xmu=hit 20 drift
10) and “traditional” searches. See table S4: for
statistics of this and the following analyses. To
test for the influence of taxon sampling on the
phylogenetic relationships, we used a reduced
taxon set with a focus on Triassic ichthyosaurs
(analysis II). This reduced taxon set is equiva-
lent to the list of taxa used in (63) with the
addition of C. duelferi and C. youngorum sp.
nov. Note that we did not use the taxon-
character matrix of (63), only the same taxa
(data S2). A further modification was that we
included three representative parvipelvians
(H. brevirostris, I. communis, and Stenoptery-
gius quadriscissus), instead of a clade Parvipel-
via as in (63), to represent this derived clade
(analysis III). Finally, we analyzed this matrix
with PAUP* 4.1b (64) on a Mac computer (analy-
sis IV). Using the heuristic search algorithm
and 1000 replicates, 308 most parsimonious
trees (MPTs) of 843 steps in length were
retained (table S4). The strict consensus was
poorly resolved, but the 50% majority rule
consensus of these 308 trees shows the same
topology as that found by TNT using the
same matrix.

The major difference between the four analy-
ses is in the placement of the Cymbospondylus
clade. The analyses of the modified Klein et al.
(17) taxon set (analyses I and IT) recover the clade
as earlier branching than, or in a trichotomy
with, mixosaurids. The TNT analyses of the
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modified Huang et al. (63) taxon set (analysis
III) finds Cymbospondylus as later branching
than mixosaurids and the Carnian Toretocne-
mus, Qianichthyosaurus, and Californosau-
rus. The PAUP analysis (analysis IV) finds the
genus as later branching than the Carnian
Toretocnemus and in an unresolved trichot-
omy with the Carnian Qianichthyosaurus
and Californosaurus. Because the first anal-
ysis (analysis I) is the most conservative in
showing the greatest similarity with recently
published analyses of Triassic ichthyosaurs
(17, 63) and has a fully resolved strict con-
sensus and a low number of MPTs (table S4),
we consider analysis I to be our preferred
hypothesis (data S3).

Total length estimate for LACM DI 157871

Of the commonly used body-size proxies—
total length, skull length, humerus length,
and body mass—only two, skull length and
humerus length, can be directly measured in
LACM DI 157871 and the other two must be
estimated. We estimated the total body length
of LACM DI 15787 from its humerus length
after having conducted a revised regression
analysis on a published dataset for Triassic
ichthyosaurs (23) (fig. SSA and table S5).
Contrary to Scheyer et al. (23), we loglO0-
transformed total body length and humerus
length before linear regression analysis, related
body length to humerus length, and calculated
95% prediction intervals around the regres-
sion line (fig. S8A). This regression analysis
was conducted in the software R, version
3.5.2 (65).

Body-mass estimates for the Fossil Hill
Fauna ichthyosaurs

To estimate body mass of C. youngorum sp.
nov. (as represented by LACM DI 15787) and
the other ichthyosaur species in the Fossil Hill
Fauna from total length, we generated a new
dataset of body masses for Triassic ichthyo-
saurs (table S5) for a regression analysis of
body mass on total body length (fig. S8B). This
new dataset is based on a published compila-
tion of the total body lengths of selected
ichthyosaur fossil specimens (24). This pub-
lication further provides species-specific reference
body masses for 1-m-long digital models of
these fossils. To estimate body mass for each
of the ichthyosaurs in the dataset (table S5),
we used the respective reference mass (24)
for each and up- or down-scaled its body mass
to total body length. Note that we excluded
the Jurassic ichthyosaurs from consideration
because of their different body shape. After
having logl0-transformed total body length
and body mass data from table S4, we carried
out a linear regression analysis (fig. S8B) that
again includes 95% prediction intervals. This
regression analysis was conducted in the soft-
ware R, version 3.5.2 (65).
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Phylogenetic hypothesis for cetaceans

To look into body-size evolution in cetaceans,
we compiled a comprehensive phylogeny with
a special focus on early whales. This phylogeny
(fig. S9) includes 250 taxa from the earliest
cetaceans to representative extant species.
Most large morphological or combined phylo-
genetic analyses of cetaceans derive from
the character state matrix first published by
Geisler and Sanders (66), with modifications
made in subsequent works (10). However, taxon
sampling in those large data matrices tends to
fall short for specific groups (e.g., Ziphiidae,
Pan-Physeteroidea). To have a more complete
taxon sampling represented in our tree, we
used the results of morphological analyses
using character state matrices with less taxa,
but with a more thorough sampling for spe-
cific groups, for example, for Pan-Physeteroidea
(10). Our phylogeny is thus a combination of
the results of several analyses using a vari-
ety of different morphological matrices. Al-
though taxon sampling sometimes varies
among these works, the relationships between
different cetacean groups are generally stable
and consistent.

The topology of our composite phylogeny
agrees well with a new, comprehensive phylo-
genetic hypothesis presented in a recent study
(67) regarding the position and relationships
of major clades, only differing in a few minor
regards. The first is that our taxon sampling is
smaller, in large part because we prioritized
the inclusion of species for which proxy data
for body size (i.e., bizygomatic width or orbital
and postorbital width) were available. Because
of this requirement, we did not include Hima-
layacetus subathuensis, which is considered as
the earliest cetacean, because the specimen
consists of an incomplete mandible (68) and
instead chose P. attocki as our earliest ceta-
cean, which is known from more complete
cranial material (26). The topology of Lloyd
and Slater (67) differs from ours by having a
polytomy amongst some of the more basal
mysticetes (i.e., Llanocetus denticrenatus, Mys-
tacodon selenensis). Our topology differs in
the more inclusive definition of Aetiocetidae
that includes Borealodon osedax and Aetiocetus
(Niparajacetus) palmadentis, following (69).
Concerning the odontocete section of the phy-
logeny, we are using a more inclusive Plata-
nistoidea and Kentriodontidae (70, 7I). These
differences largely derive from the analyses
we used to construct our phylogeny but do
not affect our results.

Time calibration of phylogenies

We used stratigraphic ranges at the stage
level to time-calibrate the phylogenies (10).
First and last appearance dates of taxa were
defined as the beginning and end of each
geologic stage in which the tip taxon is found
(data S4 and S5). The geologic age in million
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years for each stage was taken from Walker et al.
(34). The time calibration of the trees was
performed using the R package “paleotree”
(10) (data S6). Given that the stratigraphic
occurrence of many ichthyosaurs and fossil
cetaceans is not well defined, we used the most
simplistic a posteriori dating approach, im-
plemented in the “timePaleoPhy” function of
“paleotree.” The initial root ages were set to
251.9 and 56 Ma ago for ichthyosaurs and
cetaceans, respectively. We generated sets of
time-calibrated trees with the “equal” method
(10) combined with the “minMax” option.
Polytomies were resolved randomly, and for
each random resolution, an internal branch
length of 1 Ma was added to the tree. This is
an arbitrary but, we think, reasonable estimate
given the overall tree height of the clades we
were working with. For plotting (Fig. 4) and
applying methods that allow heterogeneity of
parameters across the tree, we also generated
trees with the “firstLast” setting, with terminal
edges added. The “firstLast” option treats the
stratigraphic bins as hard constraints. Trees
shown in Fig. 4 were time calibrated with the
“DatePhylo” function of the R package “strap”
(10), also using the “equal” method, and then
plotted against the geologic time scale with
the “geoscalePhylo” function. The resulting
time-calibrated trees for ichthyosaurs agree
well with previously published phylogenies for
the group, and our cetacean tree generally agrees
with those of McGowen et al. (72) and Lloyd and
Slater (67). Our divergence estimates for major
clades are sometimes a few million years older
(e.g., Balaenidae), younger (e.g., Balaenopteri-
dae), or nearly identical (e.g., Pan-Physeteroidea).
Such discrepancies likely reflect differences in
taxon sampling and time-binning methods (10).

Computational analysis of body-size
evolution summary

We chose skull-related metrics because skull
width (bizygomatic width) is an established
size proxy in cetaceans [e.g., (73)], as is skull
length in ichthyosaurs (7). We used the latter
dataset for ichthyosaurs, including some ad-
ditional data from the recent literature and
this study (data S4). Specifically, we added the
skull length of two more species of Chaohu-
saurus, C. chaoxianensis and C. zhangjiawa-
nensts, among Early Triassic taxa. Note that
the specimen of C. chaoxianensis that provides
the skull length has recently been assigned
to anew species, C. brevifemoralis, sister taxon
to C. chaoxianensis (data S4). Among Middle
Triassic taxa, we added the specimen described
in this study and the recently described C.
duelfert from the same beds (17) to the dataset.
The dataset of cetacean bizygomatic width relies
on many sources and includes a number of new
data points (data S5).

We first evaluated the fit of trait evolution
models to the data for the given phylogenies
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(fig. S10) with a maximum likelihood approach,
using the “fitContinuous” function of the R
package “geiger” (10) (data S6). We fit five
different models with macroevolutionary rel-
evance [(10) and table S7]. We ran the primary
analyses over 1000 trees with slightly differing
time calibration and the subsequent resampling
analyses to explore the data in more depth
over 100 different trees. For each iteration, we
normalized branch lengths to avoid computa-
tional problems. We evaluated model fit by
means of the sample-size corrected Akaike in-
formation criterion (AICc) and their correspond-
ing Akaike weights over the entire tree sets.
Akaike weights are useful because they repre-
sent the conditional probability for each of the
tested models (10). To account for any artifac-
tual or other nonbiological differences between
our ichthyosaur and cetacean datasets, we not
only performed model fitting for the entire
dataset but also carried out several resampling
approaches of the cetacean data. Altogether,
we completed nine different model-fitting
approaches (see fig. S11).

To illustrate the patterns of body-size evolu-
tion in ichthyosaurs and cetaceans, we selected a
new modification of the well-established evolu-
tionary traitgram approach (10). In evolutionary
traitgrams, the phylogeny is combined with
ancestral state reconstructions for the nodes
through a projection of the tree into a space
defined by the trait value on the y axis and
time on the x axis (or sometimes vice versa).
We intended to achieve a direct comparison
of ichthyosaur and cetacean body-size evolu-
tion in the same diagram. To realize this type
of visualization, we had to overcome several
hurdles. First, we used different size proxies
for ichthyosaurs (skull length) and cetaceans
(skull width), and thus the trait values are not
directly comparable in visual terms. To solve
this issue, we normalized the trait values so
that the smallest and largest trait values for
both ichthyosaurs and cetaceans ranged from
0 to 1, respectively (Fig. 4). Second, ichthyo-
saurs and cetaceans originated at different
times in geologic history. To facilitate their
direct comparison, we started each traitgram
at the root of the tree (Fig. 4), irrespective of
absolute geologic time. Third, the mode of
body-size evolution differs between ichthyo-
saurs and cetaceans, with early burst-like
processes dominating ichthyosaurs and no
clear pattern for the full cetacean dataset.
We therefore reconstructed the traitgrams
for cetaceans with the simplest evolutionary
model (Brownian motion) and for ichthyosaurs
using an early-burst model (fig. S10). Finally, to
illustrate uncertainty stemming from the diffi-
culties of proper time calibration, we devised
and applied a new approach for traitgram
plotting. The stratigraphic ranges of many
extinct taxa are not well defined, and as such,
the branch lengths of our trees are uncertain.
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To take this uncertainty into account, we
plotted a range of different possible evolution-
ary traitgrams into the same diagram, using
semitransparent colors (Fig. 4 and fig. S10).
Dense, more opaque areas in the traitgram
space therefore indicate evolutionary time and
trait combinations with a high probability of
containing the true evolutionary path of body
size, whereas empty areas are less probable
(Fig. 4 and fig. S10). For both ichthyosaurs and
cetaceans, we also added the traitgrams that
one would expect if the last appearance date
were taken at face value, that is, if all taxa
existed to the very end of the stage they have
been documented for. These traitgrams are in
white color. The evolutionary traitgram ap-
proach was implemented using the R package
“phytools” (31) (data S6).

To identify regions of the tree with acceler-
ated phases of evolution, we explored hetero-
geneity in the rate of trait evolution across the
phylogeny using the function “multirateBM” of
the R package “phytools” (10, 31). This method
is based on a penalized likelihood in which we
fit a multirate Brownian motion trait evolu-
tion model in which the rate (¢*) evolves by a
correlated random-walk process. Every edge
of the tree is consequently allowed to have
a slightly different value of o> The penalty
term, which is based on the probability density
of the evolutionary rates o> along all branches
in the tree multiplied by a user-specified co-
efficient denominated 2, is necessary to identify
both the evolutionary rates along all the edges
of the tree, as well as the rate of Brownian
evolution of the rate itself. Low values for the
penalty coefficient A (e.g., 0.01) will tend to
accord very little penalty to rate variation
among edges, whereas higher values (e.g., A =
100) permit the rate to differ little. Inter-
mediate A values (e.g., 1) balance the proba-
bility of the data under the model and the
probability of the rate variation among edges,
given a Brownian evolution process for rate
variation. We set A = 0.1 for both ichthyosaur
and cetacean datasets and verified that the
overall pattern remains consistent for 0.01 <
A < 1. Given that we did not perform a full
cross-validation of A, we consider the results
exploratory.

The second approach to assess body-size
evolution along the edges of the phylogeny is
founded on a Bayesian implementation of
the Ornstein-Uhlenbeck method [R package
“bayOU” (32)]. The Ornstein-Uhlenbeck
model of trait evolution is an extension of
the Brownian motion model and describes a
random walk coupled with the tendency of
trait values to stay in proximity of a stationary
peak (0). The tendency of the trait to remain
close to the peak is measured by the parameter
o, which is interpreted as the strength of
selection. BayOU analyses thus characterize
the selective regime of a trait.
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BayOU agnostically infers whether adaptive
shifts of the peak 6 occurred through evolu-
tionary time and, if so, along which edge in
the phylogeny these changes likely happened.
Bayesian approaches to such inferences are
also less prone to error for small phylogenetic
comparative datasets (N < 100) than other
methods (74), which is useful for the ichthyo-
saur data. Probabilistic prior settings are sum-
marized in table S8.

The reversible jump Markov chain Monte
Carlo simulations were run for 3 million gen-
erations for the ichthyosaur data and 6 million
generations for the cetacean data, of which
the first 30% was discarded as burn-in. We
ensured that independent chains had con-
verged on similar regions in the parameter
space by Gelman’s R for log likelihood, ¢ and
o (fig. S12 and table S9). We also checked for
convergence by plotting the posterior proba-
bilities for shifts along branches against each
other. If convergence was achieved, the poste-
rior probabilities should fall along a line
with a slope of 1 (fig. S12). We considered an
adaptive shift well-supported if its respective
posterior probability was far outside the main
distribution of posterior probabilities for all
branches.

Among ichthyosaurs, four branches with
mean posterior probabilities of 0.41 to 0.86 [39
to 81 times greater than their prior probability
(0.01)] were chosen (see table S8). The mean
estimate of o is 0.4, indicating a phylogenetic
half-life [In(2)/a] of 1.73 Ma. Applied to cym-
bospondylids, the ichthyosaurs in this clade
evolved halfway from their previous adaptive
peak of 135 mm to their new peak (1443 mm)
in 1.73 Ma, which is congruent with the fossil
record. The phylogenetic half-life of cetacean
skull width is 17.3 Ma. Among cetaceans, three
branches with mean posterior probabilities of
0.84 to 0.95 [413 to 472 times greater than
their prior probability (0.002)] were chosen
(see table S8). Another branch received a
posterior probability of 0.36, far less than the
other three shifts and not as clearly separated
from the distribution of posterior probabil-
ities. If supported, this adaptive shift would
suggest that the Pakicetidae shifted toward
smaller body size, with a new peak 62-mm
skull width as opposed to the ancestral state
estimate of 121 mm. Other interesting patterns
are apparent in cetacean size evolution, such
as the missing middle size classes in the Oligocene
and repeated increases of body-size ranges in
different clades, but fully exploring them is
beyond the scope of this study.

Energy-flux modeling summary

To test whether the composition of the pelagic
Fossil Hill Fauna as found in the fossil record
(fig. S13 and table S10) represents a functional
and stable food web (hypothesis 1, standard
scenario), we modeled energy flux using a
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new tool from quantitative ecosystem ecology
implemented in R, “fluxweb” (41), which is
based on allometric trophic network theory
(42). Importantly, it derives energy fluxes in a
top-down approach. The “fluxweb” tool calcu-
lates the food web’s stability (41) by applying a
predator-prey multispecies model and search-
ing for equilibrium total biomasses of food
web members. More negative stability values
indicate a more stable food web, that is, the
smallest equilibrium total biomass across all
food web members is larger than zero, where-
as a positive stability value indicates that at
least one food web member is extinct under
equilibrium.

Model input is census data of preserved taxa
(all of which are pelagic) as members of the
food web, estimated body masses, energetic
demands (table S11), and potential prey (Fig.
7A and fig. S14). For modeling, we added two
further members that are lowest in the food
web and pool different kinds of animal taxa.
We pooled taxa because we lack sufficient in-
formation on the parameter values required
for modeling each taxon individually, and we
aimed to keep our model as simple as possible.
The first additional member is “shelled inver-
tebrates” (“invertebrates” for short). This mem-
ber is basal in the modeled food web and
comprises primarily ammonoids but also
halobiid bivalves and crustaceans. It pools
the trophically lowest invertebrates of the
Fossil Hill Fauna preserved in the fossil record.
The “invertebrates” directly or indirectly pro-
vide energy to all other members of the food
web. How this energy is produced in a basal
member is ignored in “fluxweb” (41), and thus
modeling of predator-prey relations within
basal food web members is not possible in this
tool. The second additional member is “pooled
nonshelled invertebrates and fish” (“fish” for
short). This member pools coleoid cephalopods
such as squid and small- to medium-sized fish.
It thus comprises the preserved and unpre-
served taxa of the lowest trophic level on which
the majority of all other trophically higher
members fed (Fig. 7A and fig. S14). For the
member “fish,” we implemented potential
within-group predator-prey relations by al-
lowing that “fish” feed on “fish” (Fig. 7A and
fig. S14) because larger fish could potentially
have fed on smaller fish and squid. We further
assume in our model that energy demands
of all ichthyosaur taxa equaled that of mod-
ern endothermic vertebrates (10), whereas
demands of all other taxa either equaled that
of ectothermic vertebrates or of ectothermic
invertebrates.

For the two members “invertebrates” and
“fish,” we evaluated our model for 15 different
combinations of total biomasses because we
lack reliable information on their total bio-
masses from the fossil record. Because the
body masses estimated for the ichthyosaur
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taxa used in our model and total biomasses
derived from these all have large margins of
error and because the ichthyosaurs are the
largest animals of the Fossil Hill Fauna, we
evaluated each of the 15 combinations for stan-
dard body mass, lower limit of body mass, and
upper limit of body mass based on 95% pre-
diction intervals (table S11). A sensitivity anal-
ysis of body mass of basal “invertebrates,” for
which the fossil record documents a body mass
variation of about five orders of magnitude,
showed that potential errors had an extremely
small impact on stability values and energy
fluxes calculated by our model (see below
and fig. S15). In the three combinations, in
which the total biomass of “invertebrates”
equaled that of “fish,” the average energy loss
between two trophic levels always turned
out to be the highest across the 15 combina-
tions, and estimated losses of around 40%
were clearly unrealistic from a modern per-
spective (figs. S1I6B and S19, B and F). We thus
restricted our ecological and evolutionary
interpretation of modeling results to the other
12 combinations in which the total biomass
of the “invertebrates” was larger than that of
the “fish.”

Although we assumed that energy demands
of all ichthyosaurs in the Fossil Hill Fauna
conformed to modern endotherms [table S11
and (10)], we nevertheless wanted to test model
sensitivity to this assumption. We thus reran
the model for all combinations assuming ecto-
thermic and mesothermic (54) ichthyosaurs.
Endothermy in any of the taxa in the model
(table S11) results in a higher energy consump-
tion than ectothermy and mesothermy (fig.
S15). We considered mesothermy as a meta-
bolic strategy for ichthyosaurs because sev-
eral modern marine macropredators show this
strategy—for example, tunas, swordfish, and
lamnid sharks (54)—and because mesothermy
was important in the evolution of elasmo-
branch gigantism (55).

The “fluxweb” tool provides different allo-
metric equations on mass-specific metabolic
rates for implementing different energetic de-
mands (i.e., physiological losses; fig. S15). The
ectothermic and the endothermic vertebrate
metabolic types of “fluxweb” only differ in their
use of scaling normalization constants: 19.5
for the endothermic metabolic type versus
18.18 for the ectothermic metabolic type (table
S11). To implement mesothermy, we used the
arithmetic mean of the two, 18.84. The scaling
exponent of all three metabolic types is —0.29
(table S11). To assess the effect of the ecto-
thermic and mesothermic metabolic types on
stability values and energy fluxes, we reran
the model for mesothermic and ectothermic
ichthyosaurs while keeping everything else as
in the standard scenario (fig. S18).

To narrow down which total biomass of the
basal “invertebrates” are the most realistic for
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the food web of the Fossil Hill Fauna, we esti-
mated the total biomass of ammonoids found
in the Fossil Hill Member of the Augusta Moun-
tains from field data (table S12). We are aware
of the limitations of this approach because
ammonoids usually accumulate in certain
layers, are not evenly distributed throughout
the Fossil Hill Member, and comprise differ-
ent species. To estimate total ammonoid bio-
mass, we conducted a census by shell diameter
on one randomly chosen surface of 1 m% Rec-
ognizing five size classes, we found the fol-
lowing abundances: I, >23 cm diameter, one
individual; IT, 23 to 6 cm, 28 individuals; I11, 6
to 3 cm, 49 individuals; IV, 3 to 1 cm, 49 indi-
viduals; and V, <0.5 cm, 28 individuals. To
estimate the biomass of these individuals,
we used an extant Nautilus belauensis with a
23-cm shell diameter and a mass of 1.675 kg
(75) as a proxy and linearly downscaled its size
and mass to estimate the weight of the smaller
ammonoid individuals. This calculation and
census of a total of 155 individuals yielded an
average body mass of about 10 g. This is the
rounded mean calculated from frequencies of
individuals in size classes and body masses
corresponding to the respective lower-size
class boundaries (except for class V, for which
we used a 0.5-cm shell diameter). The abun-
dances and body masses of the five size classes
further yielded about 2.7 kg as an estimate of
ammonoid biomass per square meter. A field
census of random samples in the Augusta
Mountains suggested that 15% (0.540 km?),
25% (0.900 km?), or 30% (1.080 km?) of the
Fossil Hill outcrop area (3.6 km?) is covered by
ammonoids, which corresponds to a total bio-
mass in this area of 1458 kg, 2430 kg, or 2916 kg,
respectively. We used the estimated average am-
monoid body mass (10 g) for the member “in-
vertebrates” in the “fluxweb” model (table S11).

To assess a potential impact of the body mass
assumed for “invertebrates,” we evaluated the
model with a body mass of “invertebrates” of
0.02 g (size class V) and of 1.675 kg (size class I)
for the standard scenario. Our rationale was
that this member provides the energy to all
other trophically higher members and that
their body-mass range documented in the
fossil record covers nearly five orders of mag-
nitude. However, for both body masses, the
stability values and energy fluxes obtained
were nearly identical to those obtained for
the standard mass of 10 g. With respect to this
observation, it is important that the body mass
assumed for any modeled food web member
(7) is used to calculate its physiological losses
(model parameter X;). Except for “invertebrates”
and “fish,” body masses of all members were
also used to calculate their total biomasses as a
product of body mass and number of counted
individuals (table S11). Because the total bio-
mass of “invertebrates” and “fish” is fixed in
each model run, only physiological losses are
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altered by changing body masses. An evalu-
ation of the equations used for physiological
losses shows that whereas the body-mass
range covered by the food web members spans
about 10 orders of magnitude (the mass corre-
sponding to the smallest ammonite size class V
is 0.02 g, and the upper body mass limit of
C. youngorum sp. nov. is 135.81 tonnes), the var-
iation in losses is smaller than one magnitude
over this huge range (fig. S15). For the members
“fish,” coelacanth fish, and A. hagdorni, we es-
timated body masses from related and simi-
lar taxa because we lack any information
about their body mass and its variation in
the Fossil Hill Fauna. We therefore refrained
from carrying out a sensitivity analysis for body
mass for these three members. Based on the
arguments given above, modeling results must
also be very insensitive to the body mass as-
sumed for the members “fish” and coelacanth
fish. There is only one coelacanth fish individual
in the Fossil Hill Fauna, and thus its total bio-
mass equals its body mass (table S11). However,
the census for A. hagdorni is three individuals,
and any change in the body mass assumed for
this member results in a change in its total bio-
mass. Thus, we cannot exclude the possibility
that this change will alter stability values and
energy fluxes. We anticipate that these values
will be in the range found for ichthyosaur mem-
bers with a similar body mass and total biomass.

Modeling the Fossil Hill Fauna with a
hypothetical giant bulk feeder

Averaged across the 12 combinations of total
biomasses of “invertebrates” and “fish,” the
production rate of “invertebrates” was a mag-
nitude smaller than that of the preserved
ammonoids (fig. S16C and table S12). We thus
conducted a second modeling experiment
(hypothesis 2) in which we added a hypo-
thetical blue whale-sized endothermic ich-
thyosaur (200 tonnes, about 30 m long) to
the Fossil Hill food web model while keeping
everything else as in the standard scenario.
This super giant bulk feeder exclusively fed
on either “invertebrates” (fig. S14B) or “fish”
(fig. S14C). For both feeding strategies, the
hypothesized food web was again stable (fig.
S19A), and for each chosen combination of
total biomass of “invertebrates” and “fish,”
food web stability was somewhat higher than
in the standard scenario (fig. S20A). When
averaged across the possible combinations
of total biomasses of “invertebrates” and
“fish,” the supergiant that fed exclusively on
“invertebrates” consumed an increase in out-
going energy from “invertebrates” of 2.6 x
1077 kJ/year and the supergiant that fed ex-
clusively on “fish” consumed 1.7 x 107 kJ/year
(fig. S21). A detailed description of our model,
a justification of model assumptions, and out-
put variables inferred is in the supplementary
materials (10).
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Early marine giant
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over tens of millions of years in response to the increased productivity of cold marine waters. However, whales were
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rivaled modern cetaceans in size (see the Perspective by Delsett and Pyenson). The animal existed at most 8 million
years after the emergence of the first ichthyosaurs, suggesting a much more rapid size expansion that may have been
fueled by processes after the Permian mass extinction. —SNV
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Supplementary Methods

Provenance, discovery and preparation. and differential diagnosis

Provenance. The specimen described in this publication, LACM DI 157871, comes from the
Anisian age Fossil Hill Member of the Favret Formation at Favret Canyon, Augusta Mountains,
Pershing County, Nevada, USA. The specimen is accessioned to the collections of the Dinosaur
Institute (DI) which is part of the Natural History Museum of Los Angeles County (LACM) as
LACM DI 157871. The LACM has Federal Repository status for fossils. The type locality is
LACM 8025. Exact coordinates are on file at the repository. The specimen was discovered by
author P. Martin Sander in 1998 and given the field number RS 1998/11. The specimen was
excavated by him and his crews in 2014 and 2015. The specimen was collected under BLM
Paleontological Resources Use Permit N-92625. The determination of the geologic age of

LACM DI 157871 is described in section “Horizon and locality”.

Discovery and preparation. The discovery situation in 1998 consisted of several articulated
large cymbospondylid-type dorsal vertebrae which are distinctly taller than long and have
elongate rib articular facets that are slanted anteroventrally and appear truncated by the anterior
surface of the centrum. At the time of discovery, it was recognized from the orientation of the rib
articular facets that the anterior face of the vertebrae was directed into the hillside. However, it
was not apparent that the skeleton would comprise the skull, shoulder girdle, and forelimbs. A
test pit in 2011 exposed the back of the skull. Full-scale excavation was conducted in 2014 and
2015, and the specimen was recovered in 13 plaster jackets. A popular account of the excavation
was published by Montanari (76). The skull was contained in jackets 11 to 13 and prioritized for
preparation at the LACM.

Before jacketing, the skeleton was documented photographically (Fig. S1), and a 3D
model was captured using photogrammetry. These field observations indicate that the skeleton is
articulated and complete from the anterior to the middle dorsal region forward but that some loss
of distal limb elements may have occurred. The skeleton is preserved ventral-side up, with the
skull in left ventrolateral position and the postcranial skeleton exposed fully ventrally. Despite

careful excavation, only one limb bone distal to the right humerus was encountered during
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excavation, none distal to the left humerus. Some observations concerning the morphology of the

anterior dorsal vertebrae were made before jacketing as well.

The specimen is only partially prepared to date. The skull has been fully prepared from
both sides. Field top (stratigraphic up) exposes a ventrolateral view of the left side of the skull,
and field bottom (stratigraphic down) exposes a dorsolateral view of the right side of the skull.
However, the skull is strongly compressed, particularly so posterior to the rostrum. The bones of
the rostrum appear to have withstood sediment compaction better than the region behind the
external nares. Only two of eleven postcranial blocks are prepared to date, revealing the right
scapula, a partial right coracoid, a right clavicle, four posterior cervical vertebrae, and the right

humerus. The latter is very well and three-dimensionally preserved (Fig. 2)
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Fig. S1. The holotype of Cymbospondylus youngorum sp. nov. LACM DI 157871. Field
situation of the skeleton before jacketing on August 12, 2015. The skeleton is positioned with the
ventral side up. See Fig. 1C for a comparison with the prepared skull in the same view.
Abbreviations: cl, clavicle; co, coracoid; hu, humerus; sc, scapula; v, vertebral column.
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Fig. S2. Dental features of the holotype of Cymbospondylus youngorum sp. nov. LACM DI
157871. (A) Right tooth row, only exposing dentary teeth. Cut-out from an image of the
complete skull. (B) Left tooth row,. Cut-out from an image of the complete skull. Arrow
indicates location of cross section in (G). (C) Posterior part of right dentary, showing labial shelf
and teeth set in bone of attachment. (D) Middle part of right tooth row. (E) Teeth from middle of
right dentary. Note the bone of attachment. (F) Single dentary tooth, leftmost tooth in (E). (G)
Cross section of tip of snout visible during preparation. Note the plicidentin of the teeth.
Abbreviations: ba, bone of attachment; Is, labial shelf; pd, plicidentin.
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Fig. S3. Cervical vertebra, scapula, and coracoid of the holotype of Cymbospondylus
youngorum sp. nov. LACM DI 157871. (A) Posterior cervical vertebrae in left lateral view.
Note the proximity of diapophysis and parapophysis (arrows). (B) Right scapula in lateral view.
(b) Right scapula in medial view and part of the right coraoid with the coracoid foramen (arrow).
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Differential Diagnosis. The skull of C. youngorum sp. nov. lacks the high sagittal crest seen in
all other species of Cymbospondylus but also lacking in Thalattoarchon. Cymbospondylus
youngorum differs from C. duelferi and C. buchseri in the posteroventral process of the jugal

which is also seen in C. petrinus and C. nichollsi (Fig. S4).

Cymbospondylus youngorum sp. nov. differs from the other species of Cymbospondylus
for which this is known in the high number of tooth positions per jaw ramus (>40).
Cymbospondylus duelferi has only >21 and C. petrinus has 30-35 (table S2). The teeth are also
absolutely and relatively much smaller than those of Thalattoarchon saurophagis (Fig. S5), the
only other Middle Triassic ichthyosaur approaching the new species in size, and differ in their
lack of cutting edges. The teeth of the new species are supported by a thick base of bone of

attachment, lacking in any of the other species and not seen in any other ichthyosaur (Fig. 2).

The scapula differs substantially in shape from all other species of Cymbospondylus for
which it is known (C. petrinus, C. duelferi, C. buchseri) in having only a small dorsal expansion
and a much wider ventral part (Fig. S6). The clavicle lacks the blade that is present in C. petrinus
and C. nichollsi. The humerus of C. youngorum sp. nov. differs from that of C. duelferi in having
a less constricted shaft and a proximal end that is wider than the distal end (Fig. 2, Fig. S6). It
differs from that of C. petrinus, C. duelferi, and C. buchseri in the rounded proximal and distal
margins, with indistinct articular facets for the radius and ulna, and the lack of an anterior flange
(Fig. S6). It differs from that of C. buchseri in proportions, in being more than twice as long as

wide. The humeri of C. nichollsi and Thalattoarchon are unknown.

Cymbospondylus youngorum sp. nov. has the same skull to preorbital length ratio as C.
petrinus, and both differ distinctly from C. duelferi, resulting in a slightly shorter preorbital
length in C. duelferi (56%) when compared to the other two (61%/61.5% of skull length in C.
youngorum sp. nov. and C. petrinus). The postorbital length in relation to skull length is
relatively greater (22.8%) in C. youngorum sp. nov. than in C. petrinus (17.6%), C. duelferi
(18.5%), and C. nichollsi (20.0%). The orbit to skull length ratio is greatest in C. duelferi
(21.5%) and smallest in C. youngorum sp. nov. (14.7%). The value for C. petrinus is 17.0%. In
fact, the ratio of C. youngorum sp. nov. is the smallest known for ichthyosaurs, likely a result of

scaling effects (table S2).
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Fig. S4. Comparison of skulls of the species of Cymbospondylus. All images are to the same
scale, taxa are arranged by decreasing size. (A) C. youngorum sp. nov., dorsolateral view. (B) C.
petrinus, dorsal view. (C) C. petrinus, lateral view. Both views are modified from Merriam
(1908)(38). (D) C. nichollsi, dorsal view. (E) C. nichollsi, lateral view. Both views are modified
from Frobisch et al. (2006)(16). (F) C. buchseri, dorsal view modified from Sander (1989). (G)
C. duelferi, dorsolateral view modified from Klein et al. (2020)(/7).
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Supplementary Anatomical Description: Skull

The right half of the skull is exposed from the field bottom and is seen in dorsolateral view. Most
of the bones of the snout, cheek, and skull roof are thus described from the right side of the skull.
The lower jaws are tightly articulated. The right lower jaw is fully exposed in lateral view and is
1965 mm long from the tip of the dentary to the tip of the retroarticular process. The left half of
the skull and the palate is seen in field-top view but largely covered by the lower jaws. The skull
is highly ossified and sutures are only well visible in the preorbital region. Sutures are
additionally obscured by numerous cracks, intertwined and telescoped skull elements, and
shifted cervical vertebrae as a result of dorsoventral compaction of the skull as well as

disarticulation of the neck.

The snout, dominated by the premaxillae and nasals, appears relatively massive
compared to the other species of Cymbospondylus (Fig. 2, Fig. S4) and most later ichthyosaurs.
It is wedge-shaped and evenly tapering. However, the preorbital region measures 61.4% of the
entire skull length. The maxilla is long (62.9 % of preorbital length and 38.6% of entire skull
length) compared to more derived ichthyosaurs. The maxillary tooth row is restricted to the
anterior half of the maxillary and does not reach posterior to the external naris. At 43, the total
number of tooth positions in the upper and lower jaw is higher than in any other
Cymbospondylus species for which it is known; Fig. S4, table S2). The postorbital region is
22.75% of the entire skull length and 47.25% of the postnarial length. The postorbital region is
longer than the orbit. The latter is 14.7% of entire skull length and 32.4% of the postnarial
length. The postorbital region (cheek region) is slightly less than 1/3 of the preorbital length
(61.4% of entire skull length). See table S2 for further ratios.

The orbit is elliptical and wider than high. The length of the orbit is only 14.7% of skull
length and 14.1% of lower jaw length. These are very low values for an ichthyosaur and
probably reflect negative interspecific allometry of the orbit during evolutionary body size
increase. The diameter of the eye, as indicated by the scleral ossicles, was perhaps even smaller
than the height of the orbit, similar to other species of Cymbospondylus. The number of scleral
plates supporting the eyeball is not countable due to preservation. The orbit is nearly as long as

the upper temporal opening (table S1). The anterior orbital margin is the shape of a half ellipse.
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A distinct anterior terrace is visible in front of the upper temporal opening. This anterior
terrace is anteriorly tapering and elongated, extending as far anterior as to the level of the
posterior external naris (Fig. 2). Sutures are highly ossified here and elements contributing to the
anterior terrace cannot be identified with confidence. The posterodorsal part of the parietals
forms a low parietal (sagittal) crest. The lower temporal embayment is of a similar length as the
orbit and slightly shorter than the upper temporal opening (table S1). For further measurements,

see table S1, and for skull ratios see table S2.

Premaxilla. Both premaxillae meet anteriorly at a distinctive midline suture, the anteriormost
part of which has split open a bit during fossilization. Posteriorly, the premaxillae are divided by
anterior processes of the tapering nasals. Posterolaterally, the premaxilla reaches shortly beyond
the posterior end of the external naris (Fig. 2). The bone forms the dorsal margin and surrounds
the anterodorsal part of the external naris. The suture to the maxilla is obscure. In the right
premaxilla, teeth are hidden from view due to skull deformation. The field-top view of the
specimen provides the occlusal view of the teeth of the left premaxilla, displaying a bulging mass

of bone of attachment (see below) and 36 tooth positions, including 10 empty alveoli.

Maxilla. The right maxilla is seen in lateral view and the left one in ventrolateral view. Most of
the description is based on the right maxilla. The maxilla is relatively large, reaching 62.9% of
the preorbital length. Although the dorsomedial sutures of the maxilla to the lacrimal and the
nasal are obscured by damage to the bone surface, overall, the maxilla resembles an elongate
triangle with the ventral part forming the longest side and the dorsal part having the widest angle.
The anterodorsal part tapers and shares a suture with the premaxilla (Fig. 2). Posteroventrally,
the maxilla contacts the lacrimal and ventrally it has a suture with the jugal. The maxilla forms
the ventral margin of the external naris. No teeth are exposed on the right maxilla, but the left
maxilla can be seen to carry seven functional teeth which are visible in medial (field top) view
only. The combined information of field top and field bottom view revealed that the maxillary
tooth row extends posteriorly to the level of the posterior margin of the external naris and thus
stops well before the orbit. This can be seen when overlaying images of the dorsal and ventral

view of the skull, revealing the position of the orbit even in ventral view.
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Lacrimal. The lacrimal forms the anterior margin of the orbit. However, only the ventral suture
along the orbit margin of the lacrimal is well visible (Fig. 2), where the lacrimal contacts the

jugal and maxilla.

Nasal. The nasal is a large element that makes up most of the preorbital skull in dorsal view and
contributes also to the lateral part of the skull where the nasals contact the maxilla. The anterior
processes are distinctly separated along a midline suture (Fig. 2). The nasals reach well anterior
to the external naris and deeply divide the premaxillae. The nasals are excluded from the dorsal
margin of the external naris and probably from the entire external naris because they do not seem
to enter the naris along its posterior margin, either. The nasals appear to broaden posteriorly to
the external naris by forming a ventrolateral process, which contacts the maxilla. No sutures are
discernable further posteriorly. The nasal is likely separated from the orbit margin by the pre- and

postfrontals. The posterior extent of the nasals remains unknown.

Prefrontal and postfrontal. No sutures are visible in the region of these bones except for that
between the lacrimal and the prefrontal. However, both elements are most likely fused to each

other and must form the dorsal margin of the orbit.

Frontal and parietal. Sutures of both elements are not discernable except for the dorsal
interdigitating nasal-frontal suture. This is located anterior to the upper temporal fenestra at the
height of the middle of the anterior terrace and orbit. Most likely the frontal borders the
anterolateral part of the upper temporal fenestra, but it is excluded from the orbit by the fused
pre- and postfrontals. Medially, the frontal has contact to the parietal. Most likely, the parietal
forms the anteromedial and entire medial margin of the upper temporal fenestra. The posterior
part of the skull roof is formed by the parietals, which are separated by a deep slit along the skull
midline (Fig. 2). A thin medial parietal ridge is present, different from the low to high parietal
crests of the other species of Cymbospondylus. However, the presence of a crest may have been

obscured by heavy compaction of the skull in this region.
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Supratemporal. Again, because of compaction, the supratemporal is not well delimited, but we
assume its presence in the posterior skull region. The bone must form the posterior margin of the

upper temporal fenestra as suggested by the suture ventrally separating it from the squamosal.

Jugal. The jugal forms the ventral and posteroventral margin of the orbit. Anteriorly, the jugal
ascends slightly, but it is separated from the anterior margin of the orbit by the ventral process of
the lacrimal. The posteroventral part of the jugal forms the anterior margin of the lower temporal
embayment. At its posteroventral part, the jugal has a short posterior process that is directed into
the lower temporal embayment. Dorsally, the jugal contacts the postorbital in a dorsally convex

suture (Fig. 2).

Postorbital. There are no clear sutures indicating the size and shape of the postorbital except for
the ventral suture with the jugal (Fig. 2). The postorbital likely forms the mid-posterior margin of
the orbit. It is unclear whether the postorbital extends dorsally as far as to the lateral margin of
the upper temporal fenestra. However, the postorbital contributes to the anterodorsal margin of
the lower temporal embayment with its posterior part as evidenced by the suture with the

quadratojugal

Squamosal. The sutures delimiting the squamosal are not discernable, except for the dorsal one.
However, the squamosal must form most of the area of the cheek region. The dorsal suture
extends posteriorly from the posterior margin of the upper temporal opening, indicating that the
squamosal contributes to the margin of the upper temporal opening (Fig. 2), although the extent
of this contribution is unclear. The squamosal probably contacts the postorbital anteriorly (and
maybe also the postfrontal), the quadratojugal and quadrate ventrally, and the supratemporal
dorsally in a deep suture. The extent of the contribution of the squamosal to the upper temporal

opening is unclear.
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Quadratojugal. This bone makes the most extensive contribution to the dorsal margin of the
lower temporal embayment. It has sutural contacts with the quadrate posteriorly and the
postorbital anteriorly. Dorsally, the squamosal must have bordered the squamosal but a clear

suture is lacking.

Quadrate. In lateral view, this bone is incompletely exposed, as in most ichthyosaurs but in
posterior view, it has a fairly large dorsal extent. The quadrate forms the condyle of the jaw joint,
the ventral-most part of the posterior skull margin, and contributes to the posterodorsal end of the

lower temporal embayment. In anterior direction, the quadrate is bordered by the quadratojugal.

Occipital region. The occipital region provides no information because of the strong compaction

of the skull in its posterior half.

Palatal region. The palatal region is largely covered by the lower jaws, primarily the left one. In
between the jaw rami, the palate remains obscured by matrix, and in the posterior palatal region,

compaction has obliterated any morphology.

Lower jaw. The lower jaws are in tight contact with the skull and to each other but seemingly
somewhat separated at the symphysis (Fig. 2). The left lower jaw is exposed in lateral and the
right one in medial view, both revealing different elements and/or different views on the same
elements. The right lower jaw is well preserved and articulated but the left one appears more
crushed and is somewhat disarticulated posteriorly. The ventral border of the right lower jaw is
anteriorly very slightly concave but below the eye forms a distinctive convex line. The
retroarticular process is short, terminating slightly posterior to the occipital region and jaw joint.

As mentioned above, the total length of the right lower jaw is 1970 mm.

Dentary. The right dentary is completely exposed in lateral view. Mainly the left dentary is
visible in the ventral view of the skull. The right dentary reaches posterior to the posterior orbital

margin and thus forms over two thirds of the length of the lower jaw. The preserved teeth stop
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well before the external naris (check as can be seen in the overlay of the ventral and dorsal skull
images. The surface of the anterior part of the dentary carries six deep slanted foramina (Fig. 2)
that continue into a distinctive groove in the dorsoventral center of the bone. The groove
continues nearly to the posterior end of the dentary, well beyond the end of the tooth row. The
left dentary reveals 31 tooth positions of which 21 hold functional teeth, whereas the right
dentary carries approximately 29 teeth. The teeth in both dentaries are set in a thick rim of
porous bone of attachment which is particularly pronounced in the posterior part of the tooth row
(Fig. 2). Cymbospondylus youngorum sp. nov. exhibits a labial shelf on the dentary, which means
that the dentary teeth are positioned lingually, exposing labially a broad horizontal surface as

defined in reference (77) (Fig. S2C).

Surangular. The well exposed right surangular extends anteroventrally from the anterior margin
of the external naris to the posterior end of the lower jaw, reaching half of the jaw length. The
bone borders anterodorsally on the dentary and ventrally on the angular, resulting in a wedge-
shaped anterior part. The posterior end appears curved downward in the retroarticular process.
The suture to the articular is not visible, suggesting that there is no lateral exposure of the
articular. However, the dorsal margin of the surangular in this regions is deeply concave,
indicating a deeply excavated glenoid. The left surangular is less well preserved but equally

large.

Angular. In lateral view of the right lower jaw, the angular runs parallel to the surangular,
expanding posteriorly in height, exceeding that of the surangular in this region. The exposure of
the angular is also extensive in the retroarticular process, to which the angular contributes more
than the surangular. The angular forms at least the posterior half of the ventral margin of the
lower jaw. In anterior direction, the angular thus extends much further than the surangular (well
anterior to the external naris). The angular has a pointed anterior process and contacts the dentary
in a long suture. In the medial view of the right lower jaw, a short part of the suture between

surangular and angular is visible through the Meckelian fossa (Fig. 2).
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Articular and prearticular. The articular and prearticular are exposed in medial view in the
right lower jaw. The articular forms the posterior tip of the lower jaw and is ventrally bordered
by the prearticular, which has an anterior pointed process that apparently contacts the dentary in
the coronoid region. However, there is no evidence for a coronoid (Fig. 2). The dorsal margin of

the prearticular and the anterior margin of the articular encompass a large Meckelian fossa.

Splenial. The right splenial is extensively developed and probably the longest bone of the lower
jaw. It forms most of the medial wall of the lower jaw and contributes clearly to the mandibular
symphysis. The splenial here has a wedge-shaped suture to the dentary. Posteriorly, the splenial

terminates in a pointed tip that extends considerably below the prearticular.

Dentition. Although the right side of the skull is better exposed, the left side offers a more
comprehensive view on the dentition and count of the number of teeth (table S1). In particular,
the premaxilla is well exposed in occlusal view. As noted above, the left premaxilla carries 36
tooth positions, of which 26 hold functional teeth and ten represent empty alveoli (Fig. 2, Fig.
S2). The left maxilla has seven functional teeth and no empty alveoli. The total of tooth positions
thus is 43 in the upper jaw. As noted, the left dentary reveals 31 tooth positions of which 21 hold
functional teeth, whereas the right dentary carries approximately 29 teeth. Six of these are
smaller, representing replacement teeth which can be recognized by their distinctly smaller size
(Fig. 2, Fig. S2). The dentary tooth rows appear to extend less far posteriorly than the tooth rows
of the upper jaws. This is likely an artifact of preservation in that the posterior teeth of both
dentaries are hidden from view by compactional rotation of the dentaries. Given that the teeth of
the upper and the lower jaw are of equal size, there is no reason to assume that the lower tooth

count was substantially different from the upper count.

The individual teeth are relatively uniform in size and shape, neither of which differ
between the upper and the lower jaw. Maximum measured crown height is 37 mm in the middle
of the right lower jaw. This is slightly larger than average relative tooth size for ichthyosaurs
(Fig. S5, table S3) and very different from the very large teeth of the somewhat smaller

ichthyosaur Thalattoarchon (crown height in posterior maxillary teeth of 50 mm, §). The tooth
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crowns are conical with bluntly pointed tips and coarsely striated enamel similar to other
ichthyosaurs (20). The base of the enamel cap is well defined (Fig. 2F, Fig. S2). The horizontal
section of the teeth is circular at the root but becomes more triangular in the crown but without
distinct carinae marking the triangle (Fig. 2F, Fig. S2). The crowns are slightly curved inwards
(towards lingual, Fig. 2E, F, Fig. S2). Prominent grooves and ridges basal to the crown in the
apical third of the root are visible at the basis of the tooth crown, indicating the presence of
plicidentine, although the root is covered by bone of attachment in most teeth. Plicidentine was
also observed in the fracture planes crossing the snout before preparation of the skull during

excavation (Fig. S2G).

Tooth implantation and tooth replacement are not fully understood, but we offer the
following observation. The anchoring of the teeth involves a thick bone of attachment which
means that teeth are sitting on a bulge or rim of porous bone tissue (Fig. 2, Fig. S2E). The bone
of attachment separates each individual tooth and its roots from the neighboring teeth in the
posterior part of the jaw but less so in the anterior part where the teeth appear more densely
spaced as well (Fig. 2, Fig. S2). Alveoli appear closed and not open to the labial side as in C.
duelferi (17). The replacement tooth seems to develop below a functional tooth, eventually
displacing its predecessor. This pattern is again different from C. duelferi where there is an

alternate pattern of tooth replacement (/7).

The species of Cymbospondylus differ in various aspects of their dentition such as
number of teeth, size of teeth, spacing of teeth (Fig. S4), tooth implantation and tooth
replacement. This statement is based on the evidence from the holotypes of C. youngorum sp.
nov. (this study), C. duelferi (LACM DI 158109; 77), and specimens UCMP 9913 and UCMP
9950 of C. petrinus (40). The dentition of C. nichollsi remains unknown (/6). The dentition of C.
buchseri (15) is too poorly known for a direct comparison but its teeth are in general similar,

being conical in the middle part of the rostrum and lower jaw.

At 43 upper jaw tooth positions, C. youngorum sp. nov. has more teeth than C. petrinus
(30-35) and C. duelferi (25 - 30). Compared to the other species of the genus, the relative tooth
size of C. youngorum sp. nov. is similar to that of C. petrinus and average for ichthyosaurs in
general (Fig. S4). A qualitative assessment suggests the teeth of C. youngorum sp. nov. are

relatively smaller than the teeth of C. duelferi and possibly C. buchseri (Fig. S4). Although we
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did not quantify tooth spacing directly, the teeth of C. youngorum sp. nov. are more densely
spaced than in the other species, especially C. duelferi (Fig. S4). The relatively closer spacing of
the teeth results from their higher number but average size (Fig. S5). There is a low number of
empty alveoli, indicating that tooth formation was relatively faster and residence time of
functional teeth was relatively longer than in the other species. In C. youngorum sp. nov. and C.
petrinus, tooth replacement was more irregular as opposed to the alternating replacement in C.
duelferi. Cymbospondylus youngorum sp. nov. and C. duelferi both show distinctive bone of

attachment which is lacking in C. petrinus and C. buchseri.
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Table S1. Skull and postcranial measurements (in mm, unless noted otherwise) of
Cymbospondylus youngorum sp. nov. Measurements are from the right side of the skull unless
noted otherwise (see pictures to document the exact placement of the measurements).

Skull length 1890
Lower jaw length 1970
Skull height along the quadrate 510
Skull length posterior to nares (postnarial length) 910
Skull length anterior to nares (prenarial length) 850
Preorbital length 1160
Length of cheek (postorbital) region 430
Length of orbit 278
Height of orbit 125
Length of upper temporal opening 325
Width of upper temporal opening ca. 135
Length of lower temporal embayment 272
Width of lower temporal embayment 103
Length of maxilla 730
Postdentary length of lower jaw 580
Length of right splenial 1610
Length of left splenial 1400
Number of pmx teeth left pmx: 36 positions, 10 empty

alveoli

Number of mx teeth

left mx: 7 positions, none empty

Number of dentary teeth

left dentary: 31 positions, 21
functional teeth

Tooth crown height emerging from bone of attachment

max. is 37 mm, at pos. 9 and pos. 20
of right dentary

Weight of skull (kg)

173

Length of right humerus

453
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Table S2. Comparison of measurements, counts, and ratios of the Nevada species of
Cymbospondylus. Body length for C. duelferi, C. petrinus, and C. youngorum sp. nov. is based
on the regression of body length on humerus length described below (Fig. S8). Body length for
C. nichollsi is from reference (/6). Total skull length is estimated for C. nichollsi and C. duelferi.
nm = not measurable; UTF = upper temporal fenestra. Linear dimensions are in mm.

Species C. duelferi niclf; i C. petrinus young.orum
Sp. nov.

Specimen number L?s(;;lrf);)l 11:11;/;1;;{1 UCMP 9950 L?S(;l;g:)l

Length (mm)

Body length (estimated) 4996 7600 12563 17648

Skull length >610 (~650) ~975 1166 1890

Humerus length 132 - 325 453

Counts in skull

Number of scleral ossicles 12 14 16-18 -

Tooth positions in upper jaw/ 91/ i 30-35/30-35 | 43/>31

dentary

Ratios in skull

Skull length/preorbital length 1.78 - 1.63 1.63

Skull length/postorbital length 54 4.97 5.69 4.4

Skull length/UTF length 4.3 4.3 6.1 5.8

Skull length/maxilla length 34 - 2.84 2.59

Postnarial length/postorbital .95 26 256 21

length

Postnarial length/maxilla length 1.63 - 1.54 1.25

Postnarial length/UTF length 2.06 1.95 2.8 2.8

Postnarial length/orbit length 22 2.2 2.7 3.08

Preorbital length/maxilla length 1.93 - 2.08 1.59

Orbit length/orbit height 1.73 1.56 1.72 2.36

Orbit length/skull length 0.215 0.215 0.170 0.147

Orbit length/preorbital length 0.38 - 0.28 0.25
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Orbit length/postorbital length 1.17 0.7 0.9/0.64 0.69
Orb}t length/length of cheek 131 0.83 0.79 0.69
region

Orbit length/maxilla length 0.74 - 0.5 0.4
Orbit length/postdentary length 0.9 0.55 0.62 0.51
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Fig. S5. Relative tooth size in Cymbospondylus youngorum sp. nov. Linear regression of skull
length vs. tooth crown height for selected ichthyosaurs for which both measurements are
available. Tooth crown height in Cymbospondylus youngorum sp. nov. is average and similar to
C. petrinus. Shaded area indicates 95% confidence interval. The dashed lines delimit the 95%
prediction interval. The color of the data points is coded to the regression residuals. Data is from
Table S3.
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Table S3. Skull length and tooth size of Cymbospondylus youngorum sp. nov. compared to
other ichthyosaurs. This table contains the source data for the graph of relative tooth size in Fig.
S5. PIMUZ, Paldontologisches Institut und Museum Universitit Ziirich, Switzerland; UCMP,
University of California Museum of Paleontology.

Taxon Skull Crown Source skull Source crown height
length = height length
(mm) (mm)
Besanosaurus 510 8 78 78
leptorhynchus
Cartorhynchus 551 1,63 |79 79
lenticarpus
Chaohusaurus 115 1,8 |63 Measured from photo of
brevifemoralis holotype in 63
Cymbospondylus 1166, 24 |38 Measured from
petrinus photo of UCMP
9950
Cymbospondylus 1890 | 37 | This study This study
youngorum sp. nov.
Guizhouichthyosaurus 800 14 80 80
tangae
Mixosaurus cornalianus 195 2 Personal Personal observation PMS
observation PMS on PIMUZ T 4376
on PIMUZ T 4376
Mixosaurus 212 6.5 77 77
panxianensis
Parvinatator 120 3.8 |81 81
wapitiensis
Phalarodon callawayi 300, 6.5 |39 39
Qianichthyosaurus 240 8 82 Measured from
zhoui figures in the same

paper.
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Stenopterygius 537 4 Personal Personal observation PMS

quadriscissus observation PMS on spec. no IGPB R364
on spec. no IGPB
R364

Temnodontosaurus 1790 30 |22 22

platyodon

Thalattoarchon 1200 50 8 8

saurophagis

Utatsusaurus hataii 215 1.7 |83, 84 84

Xinminosaurus catactes 290 10 |85 Measured from photo of

holotype
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Supplementary Anatomical Description: Postcranial skeleton

Vertebral column. Vertebrae currently can be studied in two regions of the skeleton: cervical,
and middle dorsal vertebrae are all vertebrae that retain the parapophysis (75, /6). Two or three
anterior cervical vertebrae were dislocated to the right upper temporal opening (Fig. 2A), but
these vertebrae are too deformed for description. Another three heavily deformed cervicals are
seen in the field-top view of the skull, being crushed against the occiput (Fig. 2C, D). Four
posterior cervical vertebrae are preserved in block 10. The minimum count of cervicals in C.
youngorum sp. nov. thus is nine or ten, comparable to C. petrinus (38) and C. nichollsi (16)(eight

to ten), but higher than in C. buchseri which has only six (13, 16).

Dimensions of the posterior cervicals as measured along the ventral midline are between
59 mm and 62 mm, the minimum dorsoventral height is 130 mm. The centra have a flat ventral
surface, clearly different from the nearly round ventral surfaces of Thalattoarchon (8). The
second-to-last cervical centrum has two rib articular facets, a round parapophysis and an
incompletely exposed diapophysis. In the last cervical centrum, there is a very small

parapophysis, suggesting that this centrum represents the posteriormost cervical (Fig. S3A).

Articulated middle dorsal vertebrae were the only bones initially visible of the skeleton
upon discovery. The centra of these vertebrae are distinctly taller than wide and long. The rib
articular facets are elongate, extending in an anteroventral direction. The facets are truncated by

the anterior face of the centrum, as is typical for the dorsal vertebrae of Cymbospondylus (15, 38,

86).

Scapula. The right scapula is preserved completely albeit with some crushing. The ventral part
of the scapula forms a thickened head for the articulation with the coracoid and formation of the
glenoid. However, there is no apparent separation between the coracoid facet and the glenoid
facet. The ventral part continues into a narrow blade that asymmetrically widens dorsally, with
the posterior part of the blade being more developed than the anterior part. The blade ends
dorsally in a rounded margin. The greatest dimension of the scapula along the longitudinal axis
of Motani (87) is 425 mm. This scapula morphology lacks a close match in any other ichthyosaur
scapulae (see illustrations in 87 and Fig. S6) although homologous parts such as the dorsal blade

and the facets for the coracoid and glenoid are recognizable.
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Coracoid. The right coracoid is incompletely exposed, with only the lateral part being visible.
There is a greatly thickened articular facet for the scapula and distinctive coracoid foramen (Fig.
S3), like in all the other species of the genus except for C. duelferi (17) which lacks a foramen.
The glenoid margin is thick (85 mm) and 230 mm long. The coracoid foramen in C. youngorum
sp. nov. is 30 mm long. The posterior margin is nearly straight, but the anterior and medial

portions are absent and may be preserved in adjacent blocks 5, 6, and 8.

Clavicle. Both clavicles are present but incompletely exposed. The better exposed one has a
preserved length of 410 mm, and increases in maximum diameter in posterior direction from 40
mm to 65 mm. The anterior region has roundish-squarish cross section which changes posteriorly
into a triangular one via a crest that gradually develops. Little can be said about the other clavicle
because it is still mostly covered by a concretionary matrix. The bone also has a sharp keel or

edge to it but no blade, like C. buchseri but unlike C. petrinus, C. nichollsi, and C. duelferi.

Humerus. Both humeri are preserved but only the right one is currently prepared. The humerus
of LACM DI 157871 shows a simplified morphology (Fig. 2G-K), lacking any pronounced
flanges, crests, trochanters, and tuberosities. The humerus is more than twice as long
proximodistally than anteroposteriorly wide, and the proximal end is wider than the distal end.
Total length is 453 mm, the proximal end is 252 mm wide, and the distal end is 232 mm wide.
The proximal head is not set off, a dorsal trochanter, and a dorsal ridge are not visible. The
proximal articular facet is distinctly triangular (Fig. 2G), resulting from a shallow deltopectoral
crest. The anterior margin is concave and sharp but it lacks an anterior flange. The posterior
margin is also concave but more rounded than the anterior margin, resulting in an uneven
triangular shaft cross section. The indistinct distal facets are terminal with the radial facet being
larger than that of the ulnar facet. An anterodistal or posteriodistal facet for a sesamoid is absent.
The proximal and distal margins of the periosteal bone show distinctive low ridges oriented

longitudinally.
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Fig. S6. Comparison of shape shape of the scapula (top) and humerus (bottom) of large
Middle Triassic ichthyosaurs. (A) Cymbospondylus youngorum nov. spec. (B) C. duelferi,
modified from Klein et al. (2020)(/7). (C) C. petrinus, modified from Merriam (1908)(38). (D)
C. buchseri, modified from Sander (1989)(75). (E) Besanosaurus leptorhynchus, modified from
Dal Sasso & Pinna (1996)(78). Images are not to scale.
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Hupehsuchus nanchangensis
r Sclerocormus parviceps
1/10% Cartorhynchus lenticarpus
Chaohusaurus chaoxianensis
Chaohusaurus geishanensis
Chaohusaurus zhangjiawanensis
Utatsusaurus hataii
Grippia longirostris
Gulosaurus helmi
Parvinatator wapitiensis
Xinminosaurus catactes
Pessopteryx nisseri
Cymbospondylus buchseri
2/2 . .
Cymbospondylidae /33 Cymbospondylus nlchpIISI
3/40 Cymbospondylus petrinus
o/a0L Cymbospondylus youngorum sp. nov.
1/45- Cymbospondylus duelferi
Barracudasauroides panxianensis

10?/1007?
110

1721 _ _ Contectopalatus atavus
Mixosauridae 5/25/20 Phalarodon callawayi
135 Phalarodon fraasi
2/35 Mixosaurus xindianensis

235 Mixosaurus kuhnschnyderi
1/25 4/46~ Mixosaurus cornalianus

r Toretocnemus zitteli
1/33L Toretocnemus californicus
Phantomosaurus neubigi

1/30 Californosaurus perrini
— Qianichthyosaurus zhoui
1/33 2/40 |_|: Wimanius odontopalatus
2/50 - Qianichthyosaurus xingyiensis

Besanosaurus leptorhynchus
Thalattoarchon saurophagis
5 Shastasaurus liangae
Shastasauridae 3/4H_E Shastasaurus sikanniensis

1/33 - Shastasaurus pacificus
Quasianosteosaurus vikinghoegda
Guizhouichthyosaurus wolonggangense
2130 LI_E Guizhouichthyosaurus tangae

1/33

1/33

230 Shonisaurus popularis

3/44- Mikadocephalus gracilirostris
Callawayia neoscapularis
Hudsonelpidia brevirostris
Macgowania janiceps
Temnodontosaurus trigonodon
Temnodontosaurus platyodon
Suevoleviathan integer
Leptonectes tenuirostris
Excalibosaurus costini
Eurhinosaurus longirostris
1/25 Malawania anachronus
Ichthyosaurus communis
Stenopterygius uniter
Ophthalmosaurus natans
Ophthalmosaurus icenicus
Aegirosaurus leptospondylus
Platypterygius americanus
Caypullisaurus bonapartei
Platypterygius australis
1/14 % Brachypterygius extremus

Euichthyosauria 4/38
Parvipelvia3/47
2/56

Neoichthyosauria 2140

Fig. S7. Phylogenetic hypothesis for Ichthyosauria based on Analysis I. The new taxon
Cymbospondylus youngorum sp. nov. is part of the Fossil Hill Member Cymbospondylus clade
(blue lettering). Species set in magenta are also part of the FHF. Numbers at nodes indicate
absolute and relative Bremer support values.
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Table S4. Comparison of the the four phylogenetic analyses. CI, consistency index; PAUP,
PAUP software for phylogenetic analysis (64); MPTs, most parsimonious trees; RI, retention
index; TNT, TNT software for phylogenetic analysis (62).

Analysis I Analysis 1T Analysis 111 Analysis IV
Search TNT, new tech | TNT, traditional | TNT, new tech | PAUP, heuristic
# Taxa 60 60 39 39
Tree length 1225 1225 851 843
# MPTs 4 3286 2 308
CI 0.259 0.259 0.329 0.331
RI 0.627 0.627 0.545 0.533
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Fig. S8. Linear regression analyses on the relationship between humerus length, total body
length and body mass of Triassic ichthyosaurs. Prior to both analyses, humerus length (HL),
total body length (TL) and body mass (BM) of ichthyosaurs were log10-transformed. (A)
Regression of logl0(TL) on loglO(HL). The ichthyosaur sample analyzed (N = 18) is the
compilation from Scheyer et al. (23). The regression relationship is log10(TL) = 1.599
(s..=0.038) + 1.023 (s..=0.035) * loglO(HL), with R?2 =0.9801. The red dashed curve is the
inverse of that published in Scheyer et al. (23). Scheyer et al. (23) predicted humerus length from
total body length without log transformation and gave no prediction interval. Note that their
curve only underestimates total body lengths for small humerus lengths compared to our
function. (B) Regression of logl0(BM) on log10(TL). The ichthyosaur sample analyzed is found
in table S4 and is from Gutarra et al. (24 ). The regression relationship is logl0(BM) = 0.6529
(s..=0.0312) + 3.2064 (s..=0.0552) * loglO(TL), with Rz = 0.9956. Black dashed lines indicate
95% prediction intervals of regressions in both panels.
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Table S5. List of Triassic ichthyosaur total body lengths and body mass estimates. This
length data set was compiled by Gutarra et al. (24) and used by us for establishing a length vs.
mass regression in order to estimate body masses of the Fossil Hill Member ichthyosaurs.
Gutarra et al. (24) provided body mass estimates for 1 m-sized ichthyosaurs (V (m3) + limbs)
from different Triassic genera. They reconstructed this standardized body mass of specimens
from digital models erected for different genera (V (m3) +limbs). We up- or down-scaled the
respective ‘V (m?) +limbs’ value to the total body length of each listed specimen in order to

Genus

Cartorhynchus

Sclerocormus

Chaohusaurus

Chaohusaurus

Chaohusaurus

Utatsusaurus

Mixosaurus

Mixosaurus

Mixosaurus
Mixosaurus

Mixosaurus

Shonisaurus

Shonisaurus

Guizhouichthyosaurus

Guizhouichthyosaurus

Guizhouichthyosaurus

Species

lenticarpus

parviceps

sp.

sp.

zhangjiawanenesis

hataii

cornalianus

cornalianus

cornalianus
panxianensis

xindianensis

popularis

sikanniensis

tangae

tangae

tangae

Total body Specimen
length (m)

04 AGM
CH-628-16

1.6 AGB6265

0.763 AGM I-1 CHS-5
composite

0.99 AGM L-4

0.74 WHGMR
V26001

25 Reconstruction

0.795

0.83 PIMUZ T4376

0.9 PIMUZ T2420

0.73 GMPKU-P-1039

1 YIGM SPC
V-0732

13.5 Reconstruction

21 TMP 94.378.2

54 TR 00001

52 IVPPV 11853

6 Various

specimens GNG

Reference V (m

+limbs
25 0.0037
88 0.0037
89 0.0032
88 0.0032
90 0.0032
9] 0.0037
8 0.0057
39 0.0057
92 0.0057
77 0.0057
93 0.0057
94 0.0088
45 0.0088
95 0.0065
96 0.0065
80 0.0065

Body mass
(kg)

0.237

15.155

1421

3.105

1.297

57.813

2.864

3.259

4.155
2217

5.700

21651.300

81496.800

1023.516

913.952

1404.000

estimate its body mass. See Gutarra et al. (24) for details of specimens and collections acronyms.
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Comparative Body Size Evolution Analysis: Supplementary Information

Phylogenies for ichthyosaurs and cetaceans. For the size evolution analysis, we used the
phylogeny from this study for ichthyosaurs (Methods of main text, Figs. 2 and S7). For
cetaceans, we compiled a comprehensive phylogeny with a special focus on early whales. This
phylogeny (Fig. S9) includes 250 taxa from the earliest cetaceans to representative extant
species. Most large morphological or combined phylogenetic analyses of cetaceans derive from
the character/ state matrix first published by Geisler and Sanders (66), with modifications made
in subsequent works (e.g., 97-101). While taxon sampling sometimes varies amongst these
works, the relationships between different cetacean groups are generally stable and consistent.
For the sources of this phylogeny, we followed McGowen et al. (72) for extant taxa, Martinez-
Cdceres et al. (102), Gibson et al. (/03), and Lambert et al. (/04) for early cetaceans outside of
the odontocete-mysticete dichotomy, Marx and Kohno (/05), Bisconti et al. (/06, 107), Buono et
al. (108), Slater et al. (6), Fordyce and Marx (/09), Peredo et al. (33), Muizon et al. (/10), and
Hernandez-Cisnero and Velez-Juarbe (69) for mysticetes, and Aguirre-Fernandez et al. (//1),
Murakami et al. (//2), Ramassamy (//3), Tanaka and Ishichima (//4), Bianucci et al. (/15 -
117), Tanaka et al. (1/18), Velez-Juarbe (/19), Peredo et al. (71), Viglino et al. (70) and Benites-

Palomino et al. (/20) for odontocetes.
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Stratigraphic ranges for time calibration of phylogenies. For time calibration of our
phylogenies we relied initially on the Paleobiology Database (http://fossilworks.org/?a=home)
with subsequent verification from the primary literature. Our first and last appearance dates are
then based on the geologic stages that apply to each taxon following the GSA Geologic Time
Scale (34). Most of our dates agree with those in the PBDB and with the dates used by Lloyd and
Slater (67) for the cetaceans. One notable difference, however, is that our range for Pakicetus
attocki differs by being older, encompassing the Ypresian, instead of Lutetian as listed in the
Paleobiology Database. Our justification for the older stratigraphic is the occurrence of P. attocki
in the Kuldana Fm. (Pakistan) and the Subathu Fm. (India) which seem to span across these two
stages (e.g., 68, 121, 122, 123). However, the justifications used to correlate these formations
and restrict the age of P. attocki to either the Ypresian or Lutetian have been criticised (/22, 123)
and thus the age remains controversial (/24), although other authors seem to favor a Ypresian
age for Pakicetidae (e.g., 125: fig. 1, 126: fig. 1) while others show their range spanning across
the Ypresian-Lutetian (e.g., /27: fig. 7.2). We account for this uncertainty by assigning P. attocki
to the Ypresian while placing all other pakicetids into the Lutetian, so that Pakicetidae as a whole

comprise the full range of Ypresian-Lutetian.

Image credits for vectorized outlines of ichthyosaurs and cetaceans. Ichthyosaur silhouettes
are modified from PhyloPic, please see table S6 for full credits, while silhouettes of cetaceans

are based on life restoration work of Carl Buell (127, 128).
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Table S6. Image credits for ichthyosaur silhouettes
Taxon Artist Image source License Modifications
Hupehsuchus Neil Kelley | http://phylopic.org/ https:// opacity, shadow
image/ creativecommons.or
16289b28-9d75-4a3d- | g/publicdomain/
919¢-¢77bd2e3e291/ zero/1.0/
Chaohusaurus Gareth http://phylopic.org/ https:// reflected, opacity,
Monger image/ creativecommons.or | shadow
3bc49ba6-9956-4654- | g/licenses/by/3.0/
aelf-a70f0eled442/
Utatsusaurus Nobu http://phylopic.org/ https:// reflected, opacity,
Tamura image/ creativecommons.or | shadow
(vectorized | cf07f025-6977-430a-8 | g/licenses/by-sa/3.0/
by T. eal-a2297f3f864c/
Michael
Keesey)
Cymbospondylus | Gareth http://phylopic.org/ https:// reflected, opacity,
Monger image/ creativecommons.or | shadow
8162d84¢e-4578-4adf- | g/licenses/by/3.0/
98d5-2faad56bbal9/
Mixosaurus Gareth http://phylopic.org/ https:// reflected, opacity,
Monger image/ creativecommons.or | shadow
cd989aa0-9d3d-44a7- | g/licenses/by/3.0/
847¢-¢1a9fb83946/
Shastasaurus Gareth http://phylopic.org/ https:// reflected, opacity,
Monger image/83¢83962- creativecommons.or | shadow
d551-42dd- g/licenses/by/3.0/
a3b2-99346a89fc99/
Ichthyosaurus Scott http://phylopic.org/ https:// reflected, opacity,
Hartman image/ creativecommons.or | shadow
cf4136a7-2d32-454b- | g/licenses/by/3.0/
b3e8-f376e6da0d93/
Thalattoarchon | Lars not applicable not applicable not applicable
Schmitz,
after Gareth
Monger’s
Cymbo-

spondylus



http://phylopic.org/image/16289b28-9d75-4a3d-9f9e-e77bd2e3e29f/
https://creativecommons.org/publicdomain/zero/1.0/
http://phylopic.org/image/3bc49ba6-9956-4654-ae1f-a70f0e1ed442/
https://creativecommons.org/licenses/by/3.0/
http://phylopic.org/image/cf07f025-6977-430a-8ea1-a2297f3f864c/
https://creativecommons.org/licenses/by-sa/3.0/
http://phylopic.org/image/8162d84e-4578-4adf-98d5-2faad56bba19/
https://creativecommons.org/licenses/by/3.0/
http://phylopic.org/image/cd989aa0-9d3d-44a7-847e-e1a9fb83f946/
https://creativecommons.org/licenses/by/3.0/
http://phylopic.org/image/83c83962-d551-42dd-a3b2-99346a89fc99/
https://creativecommons.org/licenses/by/3.0/
http://phylopic.org/image/cf4136a7-2d32-454b-b3e8-f376e6da0d93/
https://creativecommons.org/licenses/by/3.0/
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Fig. S10. Evolutionary traitgram of ichthyosaur skull length. Body size optimization

plot as traitgram for ichthyosaurs on a traitgram with absolute sizes, 1.e., skull length (see Data
S4). Filled circles denote ichthyosaur species from the Fossil Hill Fauna. Inset: Model-fitting
results for ichthyosaurs using Akaike weights for five different models. The best model is EB.
Abbreviations for models: BM, Brownian motion; OU, Ornstein-Uhlenbeck; EB, early burst.



Supplementary Materials for Sander et al. Giant Middle Triassic Ichthyosaur 4

Evolutionary models for clade-wide analysis. We evaluated the fit of trait evolution models to

the data for the given phylogenies with a Maximum Likelihood approach, using the

“fitContinuous” function of the R package ‘geiger’ (129, 130)(Data S6). We fit five different

models, all of which are considered to have macroevolutionary relevance (table S7).

Table S7. Descriptions of the evolutionary models used in clade-wide analyses.

Model

Description

Brownian Motion (BM)

The Brownian Motion (BM; /37) model simulates a random walk
where the correlation structure of the continuous trait values is

proportional to the amount of shared history.

Ornstein-Uhlenbeck (OU)

In its simplest form, the Ornstein-Uhlenbeck (OU; /32), assumes a
random walk coupled with the tendency of trait values to stay in

proximity of a single stationary peak.

Early Burst (EB)

The Early burst (EB; /33) model assumes high rates of evolution in
the early phase of a clade, followed by a subsequent slow-down. THis
model is also known as the accelerating-decelerating (ACDC) model
of Blomberg et al. (/34).

Trend

A diffusion model similar to BM but with a linear trend toward faster

or slower rates through time.

Drift

A trait evolution model also similar to BM but featuring a directional
change toward larger or smaller trait values over time. Confusingly,

this model is often referred to as a ‘trend’ model in the literature.
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Resampling approaches. To account for any artifactual or other non-biological differences

between our ichthyosaur and cetacean datasets, we not only performed model fitting for the

entire dataset but also carried out several re-sampling approaches of the cetacean data. Altogether

we completed 9 different model fitting approaches:

1.

ii.

1ii.

1v.

Vi.

vil.

Original analysis: full dataset for both ichthyosaurs and cetaceans. [1,000 iterations,

Fig. 3, Fig. S11A, B]

Resampling 1: The cetacean dataset (NV=250) is much larger than the one for
ichthyosaurs (N=48), hence we tested whether random down-sampling to the N of
the ichthyosaur dataset influenced the model-fitting results. [100 iterations, Fig.

S11C]

Resampling 2: The cetacean dataset consists of both extant and extinct lineages, a
composition different from the entirely extinct ichthyosaur clade. We therefore
tested whether model-fitting results changed when all extant lineages were excluded.

[100 iterations, Fig. S11D]

Resampling 3: Cetaceans include a large radiation (Mysticeti) of giant filter feeders,
of which there is no evidence in ichthyosaurs, even though filter feeding may have
been present in Upper Triassic taxa. If the absence of filter feeding in ichthyosaurs is
a true signal, the comparison of cetaceans with ichthyosaurs would be more
complicated than accounted for by an undifferentiated analysis. We therefore
explored whether the model-fitting results for cetaceans changed when we removed

all filter feeders from the analysis. [100 iterations, Fig. S11E]

Resampling 4: Given that both the presence of extant species and the presence of
filter feeders in the data may influence the model fitting, we removed both and

repeated the analysis. [100 iterations, Fig. S11F]

Resampling 5: To account for both unequal N and the presence of extant species in
the cetacean data, we excluded extant species and subsequently down-sampled to

match the N of ichthyosaurs. [100 iterations, Fig. S11G]

Resampling 6: For this resampling approach, we removed filter feeders and then

randomly down-sampled to match N of ichthyosaurs. [100 iterations, Fig. S11H]
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viii. Resampling 7: To account for presence/absence of filter feeders, extant species, and
uneven sample size, we removed filter feeders and extant species, and after that

down-sampled randomly to match N of ichthyosaurs. [100 iterations, Fig. S111]

ix. Resampling 8: The degree of aquatic specialization of early cetaceans and
ichthyosaurs varies to the extent described in the main text. We therefore tested if
the model fitting results changed when we only included the Pelagiceti in the

analysis. [100 iterations, Fig. S11J]

Results of model fitting. In our initial model-fitting results to the full datasets, the early burst
and trend models are strongly preferred over all other models for ichthyosaurs. By contrast, no
strong preference is indicated for any of the 5 tested models in cetaceans (Fig. 3). For
ichthyosaurs, the lowest AICc scores were found for the EB and trend model (Fig. 3, Figs. S10,
S1la), indicating that these two models fit the data better than any of the other tested models. .he
mean of the Akaike weights of the EB model for 1,000 iterations was 0.63 (median=0.72), while
the mean Akaike weight of the next best fitting model, the trend model, was 0.34 (median=0.25).
The slope estimates of the trend model indicate a deceleration of rates over time, in which case
the trend model becomes similar to an EB model. Therefore, models that describe an early burst
pattern in the data receive a combined conditional probability of, on average, 0.97. Given that
small tree sizes tend to make it more difficult to estimate evolutionary model parameters (/35),

the strong support for early burst processes in ichthyosaurs (N=48) is surprising.

Among cetaceans (N=250), AICc scores were highly similar across the five tested models
(Fig. 3, Fig. S11B), a pattern that is also reflected in their corresponding Akaike weights. The EB
model received the highest Akaike weight (mean=0.324, median=0.21), but is followed closely
by the drift (mean=0.317, median=0.25), trend (mean=0.18, median=0.16), and BM models
(mean=0.12, median=0.1). The OU model earned the lowest degree of support in the set
(mean=0.06, median=0.04). Down-sampling of the cetacean data set to the N of ichthyosaurs
also resulted in the absence of a clearly preferred model, though to an even greater degree

because of decreased power (Fig. S11C).

Filter-feeding has long been considered to be a vital precondition in cetaceans and other
large marine vertebrates for the evolutionary acquisition and maintenance of giant body sizes

(136, 137), although there may be exceptions (//0). Excluding filter-feeding cetaceans from the
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analysis is somewhat problematic because we cannot reject the hypothesis that at least some of
the Late Triassic giant ichthyosaurs were filter feeders as well (435, 738). Nonetheless, absent
clear affirmatory evidence for filter-feeding ichthyosaurs, we thought it was a necessary step to
better understand the patterns in the data. Interestingly, excluding filter feeding cetaceans led to
the EB and trend models being preferred over the others, but with a degree of support that was
much less clear than in ichthyosaurs (Fig. S11E). Mean Akaike weight for EB is 0.40
(median=0.36), while the trend model receives a mean Akaike weight of 0.24 over 100 iterations
(median= 0.23). The slopes of the trend model are negative with a few exceptions, therefore

suggesting that (with filter-feeders excluded) cetaceans evolved with a slowing rate through time.

Excluding extant lineages also resulted in EB and trend models being preferred over the
others, though again the support was not as strong as in ichthyosaurs (Fig. S11D). Mean Akaike
weight for the EB model is 0.39 (median=0.36), while mean Akaike weight for the trend model
is 0.22 (median=0.21). The trend model featured negative slopes, on average, and therefore the
combined conditional probability for EB-like processes after extant species have been removed
is 0.61. However, the same problem applies as to the previous analysis because we cannot reject
the hypothesis that gigantism in Late Triassic ichthyosaurs was also caused by global
oceanographic changes that allowed a filter-feeding lifestyle to evolve which in turn lifted the
maximum size limit. We also explored the option of excluding both extant lineages and filter
feeders (Fig. S11F) and of excluding extant lineages and filter feeders and down-sampling to the
N of ichthyosaurs (Fig. S11G). Whereas the former option lends support to an EB model, this
effect disappeared after down-sampling. When removing filter feeders and matching N of
ichthyosaurs, a slight preference for an OU model emerged Fig. S111), while removal of filter
feeders and extant species while matching N of ichthyosaurs did not prefer a single model over
others (Fig. S111). Finally, excluding cetaceans that are not fully aquatic did not change the
major pattern of the model fitting results (Fig. S11J), with emerging support for EB but not

nearly as strong as seen in ichthyosaurs.

As a final step of our exploration of the pattern of body size evolution in ichthyosaurs, we
intended to check whether the unique tree shape of ichthyosaurs allowed for reliable estimates of
model adequacy. Ichthyosaurs diverge rapidly in the early phase of their evolution, and we

discussed whether the early rapid divergence may render it improbable to detect the true
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underlying model of trait evolution. To address this concern, we performed two simulation
studies. Specifically, we used the BM and EB parameters estimated from the data to simulate
traits for our ichthyosaur phylogeny, and then we tested whether or not we were able to identify
the correct model with our chosen methodological approach. If our approach to model fitting
worked reliably, one would expect the largest Akaike weight to be found for the model under
which the traits were simulated. Our results (Fig. S11K, L), confirm that we were able to
correctly select the BM and EB model for the simulated traits (BM and EB, respectively),

suggesting that our results are not an artifact of the unusual shape of the ichthyosaur tree.
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Fig. S11. Body size evolution model evaluation and simulation in ichthyosaurs vs.
cetaceans. (A) Model-fitting results for ichthyosaurs using Akaike weights for

five different models. Note the very strong support for the EB model and the trend model
compared to all others. (B) Model-fitting results for cetaceans using Akaike weights for five
different models. Note the lack of a preferred model. (C) Model fitting for cetaceans
downsampled to the N of ichthyosaurs. (D) Model fitting for cetaceans excluding extant
lineages. (E) Model fitting for cetaceans excluding filter feeders. The best model is EB. (F)
Model fitting for cetaceans excluding filter feeders and extant lineages. The best model is EB,
but the support is much less than for ichthyosaurs. (G) Model fitting for cetaceans downsampled
to the N of ichthyosaurs and excluding extant taxa. Note the lack of a preferred model. (H)
Model fitting for cetaceans excluding filter feeders and randomly downsampled to the N of
ichthyosaurs. (I) Model fitting for cetaceans excluding filter feeders and extant lineages and
randomly downsampled to the N of ichthyosaurs. Note the lack of a preferred model. (J) Model
fitting for cetaceans including only Pelagiceti. EB and OU models are best. (K) Model
simulation of ichthyosaur data using a BM model. Note the week preference for the BM model.
(L) Model simulation of ichthyosaur data using an EB model. Note the very strong support for
the EB model. Abbreviations for models: BM, Brownian motion; OU, Ornstein-Uhlenbeck; EB,
early burst.
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Table S8. Settings of the bayOU prior functions.

a dhalfcauchy scale=0.1

o? dhalfcauchy scale=0.1

k cdpois lambda=1, kmax=50

0 dnorm mean=mean(trait), sd=1.5*sd(trait)

11
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Fig. S12. Diagnostic plots for bayOU analyses. We checked whether independent Markov
chains from both ichthyosaur (A) and cetacean (C) analyses had converged on similar regions in
the parameter space by Gelman’s R for log likelihood, 62, and a. Convergence is also supported
by the plots of the posterior probabilities for shifts along branches against each other, where
posterior probabilities fall along a line with a slope of one for both ichthyosaur (B) and cetacean
(D) data. The labeled posterior probabilities represent the adaptive shifts that we selected for

detailed interpretations.
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Table S9. Parameter estimates of bayOU, averaged from two Markov chains.
regime 0 posterior posterior/prior
probability probability
Ichthyosaurs root 135 mm n/a n/a
skull length
Cymbospondylidae | 1443 mm 0.603292 56.7
skull length
Merriamosauria 983 mm 0.411529 38.7
skull length
Hudsonelpidia 124 mm 0.860299 80.9
brevirostris skull length
Ichthyosaurus 228 mm 0.497312 46.8
communis skull length
Cetaceans root 222 mm n/a n/a
skull width
edentulous 1224.6 mm | 0.825922 413
mysticetes skull width
Pan-Physeteroidea | 1919.8 mm | 0.866299 433.2
skull width
Kogiidae 121 mm 0.944807 472.4

skull width
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Ancestral state estimates. The ancestral skull width of cetaceans, inferred through fitContinuos
(BM model) over 100 trees is estimated at 147.3 mm, while the ancestral skull length of
ichthyosaurs, inferred through fitContinuous (EB model) is estimated at 111,1 cm. These
ancestral state estimates are congruent with the estimated local optima () at the root for both

cetaceans (222 mm) as well as ichthyosaurs (135 mm) (table S9).

List of R packages used for computational trait evolution.
‘ape’ (139),
‘bayOU’ (32),
‘dplyr’ (used during initial analyses, /40),
‘geiger’ (129, 130)
‘googlesheets4’ (used during initial analyses, /41),
‘gaplot2’ (142),
‘mvMORPH’ (143),
‘paleotree’ (144),
‘phytools’ (31)
‘picante’ (145),
‘reshape2’ (146),
‘strap’ (147),

‘tidyverse’ (used during initial analyses, /42).
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The Fossil Hill Fauna: Collecting History and Geological Setting

The Fossil Fauna Fauna is hosted by the Fossil Hill Member, a formally named
stratigraphic unit that is widespread in the outcrop area of the Star Peak Group (35). However,
basin and range tectonics lead to a strong fragmentation of Star Peak outcrop (35). Note that
because of this outcrop discontinuity, the Fossil Hill Member is part of different formations in
different parts of the outcrop area (35, /48). Thus, in the westerly outcrops of the Humboldt
Range and West Humboldt Range, the Fossil Hill Member is part of the Prida Formation but in
the central outcrops of the Augusta Mountains, it is part of the Favret Formation (35). The Favret
Formation spans the middle to late Anisian (Middle Triassic), a period covering over two million
years (34). The Fossil Hill Member itself is a black shale unit of variable thickness, representing
deposition in anoxic bottom waters below storm wave base (35, /48). Halobiid bivalve fossils
also suggest anoxic or dysoxic bottom waters. However, the surface waters were well aerated
and hosted a substantial diversity of life as indicated by the abundant ammonoids and the

common marine reptile remains.

Vertebrate fossil collecting in the Fossil Hill Member started in the late 19th century in
the West Humboldt Range near Lovelock, NV, and in the New Pass Range near Austin, NV (38).
This material forms the basis of J.C. Merriam’s classic work on Triassic ichthyosaurs (38) and is
accessioned to collections of the Museum of Paleontology of the University of California at
Berkeley (UCMP). Collecting activity in the Fossil Hill Member of the remote Augusta
Mountains of southeastt Pershing County started in 1990 following an initial discovery by H.
Bucher (/49) and has been continued since, albeit intermittently. The finds have been partially

described in a series of papers (8, 16, 17, 149 - 152) (table S3).

Our fieldwork in the Augusta Mountains involved geological mapping (Fig. S13) and
surveying of skeletons (table S10). Collecting is ongoing as well. The fossils from the Fossil Hill
Member of the Augusta Mountains were collected with permits of the Bureau of Land
Management. The specimens collected before 2011 were primarily deposited at the Field
Museum of Natural History, Chicago (FMNH), with single specimens having been accessioned
at the Cincinnati Museum of Natural History (CMC). Since 2011, the Natural History Museum
of Los Angeles County (LACM) has been the Federal Repository for the finds from the Augusta
Mountains. The census of the finds from the 1993 to 2018 (Data S7) form the basis for our

energy flux modeling.



Supplementary Materials for Sander et al. Giant Middle Triassic Ichthyosaur 16

In the Augusta Mountains, the Fossil Hill Member reaches a thickness of up to 300 m,
and several middle and late Anisian ammonoid zones occur in succession (/8), representing a
time span of perhaps two million years, from 244 to 242 million years ago, based on the latest
geological time scales (34). Marine reptile finds are generally preserved as isolated complete
skeletons, albeit often partially destroyed by weathering before their discovery (8, 16, 17, 149 -
152).
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Fig. S13. Geologic map of the Augusta Mountains, Pershing County, Nevada, USA. Map
base is USGS 7.5’ Quadrangle ‘Cain Mountain’. Geology is based on the unpublished maps by

Katja Waskow and Janka Brinkkotter (University of Bonn, Germany).
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Table S10. Vertebrate fauna of the Fossil Hill Member, Anisian, Middle Triassic, Nevada,
USA. Based on published data, field survey data, and collections data from the CMC, FMNH,
and LACM. Note that this single lithostratigraphic unit, the Fossil Hill Member, is part of two
formations, the Prida Formation and the Favret Formation. The current taxonomic ichthyosaur
tally stands at eight species (including Omphalosaurus). Collections abbreviations: CMC,
Cincinnati Museum Center, Cincinnati, Ohio, USA; FMNH, Field Museum of Natural History,
Chicago, Illinois, USA; LACM, Natural History Museum of Los Angeles County, Los Angeles,

California, USA.

Taxon Clade Formation Major references
Several Chondrichthyes | Prida 36,153

Indet. Actinopterygii | Favret 151

Saurichthys Actinopterygii | Favret 151

Indet. Coelacanthidae | Favret CMC collections (Data S7)
Omphalosaurus nevadanus | Ichthyosauria Prida & Favret | 40, Data S7
Phalarodon fraasi Ichthyosauria Prida & Favret | 39, 77, 155

P. callawayi Ichthyosauria Favret 39,77,155
Cymbospondylus petrinus Ichthyosauria Prida & Favret | 40

C. nichollsi Ichthyosauria Favret 16

C. duelferi Ichthyosauria Favret 17

C. youngorum sp. nov. Ichthyosauria Favret this study
Thalattoarchon saurophagis | Ichthyosauria Favret 8

Augustasaurus hagdorni Sauropterygia Favret 150,152
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Ecological and Evolutionary Stability of the Fossil Hill Member Food Web Tested by Energy

Flux Modeling

Rationale. In this modeling study, we had two major aims: first, testing whether the fauna
uncovered so far from the Fossil Hill Member outcrop in the Augusta Mountains constitutes a
functional and stable marine pelagic food web (hypothesis 1), and second, testing whether any
surplus energy could nourish an additional population of an extremely giant bulk feeder, as yet
undiscovered (hereafter called ‘super-giant’, hypothesis 2). Such a super-giant bulk feeder would
have been an ichthyosaur or possibly other marine reptile that captured multiple small
invertebrates or fish at once, and this animal thus would have fed very low in the food web. Our
reasoning was that compared to modern marine food webs, a striking difference is the Fossil Hill
Fauna’s lack of very large to extremely giant bulk feeders such as mysticetes and bulk-feeding
sharks. Because we found support for hypothesis I, we tested whether the abundantly preserved
ammonoids could have provided the energy calculated by the model needed for sustaining viable
populations of the other consumers of the Fossil Hill food web. We found that the energy
provided by the ammonites was a magnitude larger than that calculated by our model and thus
set up the second modeling experiment in which we added a hypothetical blue whale-sized
ichthyosaur to the Fossil Hill food web to evaluate whether this new web was again functional

and stable.

To test our hypotheses, we used an ecological modeling framework designed for modern
aquatic and terrestrial food webs (47) and accordingly assumed that the taxa of the Fossil Hill
Fauna lived simultaneously and represented consumers in a pelagic food web. We thus treated
the field data set of occurrences of fossil reptiles and other fossils from the Fossil Hill Member in
the Augusta Mountains as if they all lived at the same time, thus time-averaging the data set in
the process. We feel justified in this approach because we are interested in addressing the
question of ecological and evolutionary stability (for our definitions, see below), and do not aim

at precise quantitative predictions of characteristics of the Fossil Hill food web.

Background 1: The Fossil Hill Member ecosystem and field data from the Augusta
Mountains. Input data for modeling come from the fossil record and outcrop of the Fossil Hill
Member of the Augusta Mountains. In modeling the Fossil Hill food web, however, we do not

deal with real populations but with faunal assemblages accumulated over geological time. The
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data we obtain from our fieldwork are thus the relative abundance and body size of the taxa,

which we combined in a hypothetical food web.

Fossils found throughout the 300 m-thick outcrop of the Fossil Hill Member, and
environmental conditions remained stable during the time of deposition of this rock unit (35,
148). Marine reptile fossils thus accumulated stochastically over time, and our census (Data S7)
provides the time-averaged relative abundance of the taxa in the food web. Treating the fossils as
contemporaneous also solves the problem of the low sample size for marine reptiles in the field
data set. For example, the observation that Phalarodon spp. is twice as abundant as
Cymbospondylus nichollsi (table S11, Data S7) would not statistically hold if it were not for the
time averaging. This is because marine reptile fossils tend to occur in distinct zones, and each
zone may have a somewhat different composition. We mention this as a possible caveat.
Increasing sample size and stratigraphic resolution by further fieldwork and preparation
obviously is not an option given the large to giant body size of most skeletons, such as

Cymbospondylus youngorum sp. nov..

Background 2: Energy flux modeling approach. In our modeling study, we treated the fauna
from the Fossil Hill Member of the Augusta Mountains as an extinct marine pelagic food web in
terms of its ecological and evolutionary stability over time. We aimed at clarifying the
functioning and stability of this food web. We thus define ecological stability over time in the
sense that the energy provided by the primary producers to the food web and the energy fluxes
between all of its consumers are sufficient to maintain viable populations of each consumer taxon
over ecological time scales, thereby assuming the absence of any environmental fluctuations
(41). All populations must get enough energy, and population sizes must be large enough so that
each population can survive over many generations, i.e., the food web is functional and stable.
We define evolutionary stability over time in the sense that no new taxon can become an

additional member of this food web due to energetic limitations.

This raises the question of whether the documented ammonoids of the Fossil Hill Fauna
might provide enough energy to additionally sustain a viable population of a hypothetical super-
giant ammonoid feeder. Without an increase in the energy delivered by primary producers that
would have covered its energetic demands, the population of this ichthyosaur would have had to
survive at the expense of other consumers in the food web. These other consumer populations

would shrink in the number of individuals and in total biomass because the hypothetical super-
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giant’s population would considerably increase interspecific competition for energy (i.e., prey
animals). There are two possible outcomes of this increased interspecific competition: either, the
hypothetical super-giant outcompetes one or several of the other Fossil Hill taxa, and their
populations will go extinct. This will change the composition of the faunal assemblage.
Alternatively, populations of the other taxa and the super-giant ichthyosaur will coexist for many
generations without going extinct. From the perspective of our modeling approach, coexistence
of all Fossil Hill taxa together with this super-giant would indicate that the Fossil Hill Fauna as
recorded in the field is not complete yet and that the super-giant awaits discovery in the Fossil
Hill Member of the Favret Formation in the Augusta Mountains or could be added to the Fossil
Hill Fauna later by evolution. No support for coexistence of this hypothetical super-giant with
the other Fossil Hill taxa known so far might suggest insufficient primary production in the

Middle Triassic to sustain its population (9).

Hypotheses tested and their implications for the Fossil Hill Fauna. Hypothesis 1 (H1): The
faunal assemblage of extinct invertebrate and vertebrate taxa as documented in the fossil record
represents the consumers of an ecologically stable food web. Outgoing energy fluxes from all
currently known or modelled taxa of the Fossil Hill Fauna are high enough to sustain viable

populations of each over ecological time scales.

A rejection of HI indicates that the Fossil Hill Fauna as currently seen in the fossil record
was not functional. For example, some taxa could still be missing, incorrectly identified, or their
abundances in the community could be wrong. A rejection of H1 would also be consistent with
C. youngorum sp. nov. being a spurious migrant or drifted in as a carcass. On the contrary,
support of HI suggests that this food web was indeed functional and stable, i.e., populations of
all taxa of the Fossil Hill Fauna obtained sufficient energy to persist and could have coexisted.
Support of H1 also makes it plausible that gigantism in ichthyosaurs (as documented by C.

youngorum sp. nov.) evolved rapidly in the first two million years of their known history.

Hypothesis 2 (H2): The Fossil Hill assemblage of extinct invertebrate and vertebrate taxa
comprises the consumers of an ecologically but not evolutionarily stable food web. A super-giant
bulk feeder can be added to the Fossil Hill food web and coexist with all other taxa over
ecological time scales. With respect to the energy flux in this food web, this means that outgoing

energy from low trophic levels (e.g., from ammonoids) is sufficient to support a viable
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population of this super-giant together with populations of all other taxa known so far. This

super-giant could indeed have coexisted with the other taxa from the Fossil Hill Fauna but has
not been discovered yet or it could be added later by evolution. Support for H2 would indicate
that C. youngorum sp. nov. does not represent the potential maximum ichthyosaur body size in

the early Middle Triassic.

Rejection of H2, on the other hand, suggests that the Fossil Hill food web indeed differs
from modern ones, i.e., it did lack such a super-giant marine amniote. Rejection of H2 further
would be consistent with a current hypothesis on maximum body size evolution in marine

vertebrates and findings on lower limits of maximum body size in Mesozoic food webs (6, 9).

Food web members modeled. Our model of the Fossil Hill food web has eleven members. Nine
of these are specific marine vertebrate taxa (table S10) but the two members lowest in the food
web pool different kinds of animal taxa. The member “shelled invertebrates’ (‘invertebrates’ for
short) comprises primarily ammonoids, but also halobiid bivalves and crustaceans. The
ammonoids could potentially pool different species that even may have preyed among each
other, but this cannot be detected from the fossil record; crustaceans are not preserved as fossils,
however. The member ‘pooled non-shelled invertebrates and fish’ (“fish’ for short) comprises
coleoid cephalopods such as squid and small to medium-sized fish. We combined small to
medium-sized fish and small to medium-sized coleoids in the member ‘fish’ based on the
rationale that the same kind of predator is adapted to feeding on these groups among modern
ocean predators. Coleoids are not represented in the Fossil Hill Fauna as fossils, but they are well
known from the Triassic, and their horny hooklets are commonly found in stomach contents of
contemporaneous ichthyosaur finds (e.g., /5). Finds of small to medium-sized fish are also rare
in the Fossil Hill Member (8) but we must assume the presence of abundant fish in the Fossil Hill
sea (see above). We also pooled fish and non-shelled invertebrates into a single member in order

to keep the model’s complexity as low as possible.

The nine marine vertebrate taxa are coelacanth fish, Augustasaurus, Phalarodon spp. (the
two species of this genus), Omphalosaurus nevadanus, Cymbospondylus duelferi, C. nichollsi, C.
petrinus, C. youngorum sp. nov., and Thalattoarchon saurophagis (table S10). We separated out
the coelacanths from the other fish because of their much larger size, documented by an

undescribed find 1.6 m in length (CMC GWS-96-17, Data S7). The mixosaurian ichthyosaurs
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Phalarodon callwayi and P. fraasi of the Fossil Hill Fauna (39, 149, 151, Data S7) were pooled
as Phalarodon spp. in our model because they are similar-sized, both taxa are morphologically
difficult to distinguish based on incomplete skeletons, and their feeding strategies are difficult to

distinguish from each other as well.

In our modeled food web, shelled invertebrates (‘invertebrates’) and pooled non-shelled
invertebrates and fish (‘fish’, they feed on ‘invertebrates’) provide the energy available to the
other, trophically higher and substantially larger-bodied, Fossil Hill vertebrate consumer taxa.
We chose this approach to taxon delimitation in the model because primary producers (all marine
photoautotrophic and chemoautotrophic organisms) and many primary and secondary consumers
(e.g., bacteria, fungi, zooplankton, polychaetes, jellyfish, squid) are not preserved in the fossil
record, and reliable estimates of their species richness, individual numbers, and body masses
required for modeling the food web do not exist. Nevertheless, both members include taxa from
the trophically lowest level being preserved. We note that the omission of trophically even lower

taxa is possible because of the top-down approach of our energy flux model.

Trophic interactions modeled between food web members. The main lines of evidence we
used for inferring predator diet were skull morphology, nature of the dentition, and absolute and
relative body shape and body size. We allowed each taxon of generalist and macropredatory
ichthyosaurs to feed on prey up to half its mass. This upper boundary is consistent with predator-
prey size relationships of extant marine elasmobranchs and mammals (/56) and with the new
discovery from the Middle Triassic of China of a thalattosaur of ~ 4 m in total length preserved
as stomach content of a specimen of the ichthyosaur Guizhouichthyosaurus of ~ 5 m in total
length (/57). We also used published insights into diet, such as fossilized stomach contents,

where available.

In general, most of the ichthyosaurs and Augustasaurus must have fed on fish and squid
(coleoid cephalopods), and large ichthyosaurs must have additionally preyed on smaller-sized
marine reptiles, both mature individuals of smaller species (Fig. S14) as well as juveniles of
larger species. Note, however, for trophic interactions between taxa, we only considered adults
for the sake of minimizing the energy flux model’s complexity and assumptions required. In the
following, we review the fauna taxon-by-taxon, providing the justification for the trophic

interactions used in our model (Fig. S14). The large coelacanth fish (table S11) would have fed
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on small to medium-sized fish and squid (the member ‘fish’, Fig. S14), but not on any other of
the marine reptiles. Clearly, because of their size, coelacanth fish also did not feed on
invertebrates, either. Phalarodon callwayi and P. fraasi (39, Data S7) are the small-sized
mixosaurian ichthyosaurs of the Fossil Hill Fauna (1.5 and 2.8 m body length, respectively;
average body length =2.15 m) (39) (table S11). These two species are characterized by a
distinctly heterodont dentition in a slender snout. They used their posterior globular teeth for
crushing shelled invertebrates, whereas the anterior conical teeth were used for snapping (for

feeding terminology, see /58) for fish and squid.

Next in body mass is Augustasaurus (table S11). Augustasaurus presumably was a fish
and squid specialist given its very long neck, small head, and fang-like teeth, the same diet as
inferred for other pistosauroids including long-necked plesiosaurs (150, 152, 159).
Omphalosaurus and Cymbospondylus duelferi (17) are the medium-sized ichthyosaurs of the
Fossil Hill assemblage (3-5 m; table S11). The latter probably fed on fish and squid, as indicated
by its elongated snout and conical teeth, but not on the small invertebrates, i.e., the ammonoids.
However, C. duelferi may have taken large prey for its size such as Phalarodon spp. and
coelacanths because of its relatively large and widely spaced teeth, but not Augustasaurus and
Omphalosaurus, both of which were too large. Omphalosaurus probably was a bulk feeder

specialized in grinding up ammonoids (40, 160, Data S7).

The ichthyosaurs C. petrinus (38) and C. nichollsi (16) are the large-sized members of
the Fossil Hill Fauna (7-11 m; table S11) and conform to the generalized piscivore (fish and
squid) pattern. Occasionally encountered stomach contents for this ecomorphotype tend to be
dominated by coleoid squid hooklets, e.g., in the Alpine C. buchseri (15). However, as
opportunistic feeders, these two species would have fed on anything smaller than themselves (but
not on small invertebrates such as ammonoids). Given the similarity in size between the two
species, C. petrinus did not feed on C. nichollsi, however. Cymbospondylus youngorum sp. nov.,
the new giant ichthyosaur taxon described in this paper, must have been a generalist feeder. It
must have taken fish as well as squid based on its numerous and densely spaced teeth. As is the
case for the other two large generalist feeders, C. nichollsi and C. petrinus, C. youngorum sp.
nov. could have fed on anything smaller than itself (i.e., half of its own body mass in our model)
(157, 158), with the probable exception of the macropredatory Thalattoarchon (Fig. S14).
Thalattoarchon saurophagis (>> 8.6 m body length) is the apex predator of the Fossil Hill

assemblage as evidenced by its large slicing teeth and large size (8). However, Thalattoarchon
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did not feed on C. youngorum sp. nov. because of the much larger size of the latter, which would
have required a pack hunting strategy of the former. We have no evidence for such behavior on
the part of Thalattoarchon, however. We also assumed that Thalattoarchon did not feed on
ammonoids and fish (including squid) because of its macropredatory adaptations. Predator-prey

relationships used for food web modeling are shown in Fig. S14.
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Fig. S14. Trophic interaction matrix implemented in the two different model scenarios (H1
and H2). (A) Standard scenario reflecting all vertebrate taxa in the fossil record (H1). (B) H2.1
scenario in which a ‘super-giant ammonoid feeder’ (200 tons, ca. 30 m long) feeding exclusively
on ‘shelled invertebrates’ (primarily ammonoids) is added to the standard scenario. (C) H2.2
scenario in which a ‘super-giant squid feeder’ (200 tons, ca. 30 m long) feeding exclusively on
‘non-shelled invertebrates (primarily squid) and fish’ is added to the standard scenario. Stacked
boxes represent the diet of predatory taxa. Filled boxes indicate that a taxon is taken by the
predator, whereas white indicates that it is not. C. = Cymbospondylus.
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Setting up the food web model. We employed the recently published R package fluxweb (41) in
R version 3.5.2 (Data S8). Visualization of results was done in TIBCO Statistica 13.3. Fluxweb
provides a modeling framework for estimating energy fluxes in a food web of a user-defined
number of taxa (nodes). It calculates energy fluxes in a top-down manner (from higher trophic
levels down to the primary producers). Energy loss at each node (taxon) then balances its
consumptive gains. The primary output of fluxweb modeling is a matrix of energy fluxes (Fj))
among the nodes of the food web, describing the energy flux from each node of the web to each
of the other nodes. The fluxweb model also derives a stability value for the food web by applying
an ordinary differential equation approach (Lotka-Volterra equations for multiple species with Fj;
giving the energy flux between ‘species’) to total biomasses of food web members and searching
for equilibrium total biomasses of members. The stability value of a modeled food web reflects

the smallest total biomass under equilibrium and in the absence of environmental perturbations.

The fluxweb model considers a given number of taxa (n). It is parametrized by only a few
values needed for each taxon (node, i < n) of the food web: body mass of the individuals of the
population (BM;), total biomass of the population (TB;), assimilation efficiency (e;) and
physiological loss (Xj). It is further parametrized by the trophic interaction matrix (Wjj),
containing for each taxon the information on which taxa i the taxon j feeds (1 <1, j <n). Unlike
other tools developed for modern marine and terrestrial food webs (e.g., 161 - 164), the very
limited number and type of model parameters required by fluxweb (41) allows modeling of
energy flux in extinct food webs. Fluxweb can work with this low number of parameters because

it is based on the allometric trophic network theory (for a recent review refer to 42).

Model parameter n: Taxa considered. We entered the eleven taxa described before into the
Sfluxweb model (table S11). Out of these the ‘invertebrates’ are basal to all other taxa in our
modeled food web, i.e., the energy flux outgoing from ‘invertebrates’ provides and finally limits
the energy available to any other taxon in this web. The total biomass of ‘invertebrates’ reflects
the total energy that any primary producer and consumer of the Fossil Hill Fauna had passed on
to them, irrespective of whether these taxa are preserved in the fossil record or not. We thus only
modeled the trophically higher part of the food web of the Fossil Hill Fauna. We thereby ignored
any potential trophic interaction of taxa within the ‘invertebrates’ because we only modeled how

much energy is going out from ‘invertebrates’.
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For the unknown lower trophic part, there are two alternative interpretations regarding the
total biomass of the basal ‘invertebrates’. For any given amount of primary production, a short
food chain with few energy transfers results in a larger total biomass of ‘invertebrates’ than a
longer food chain with more energy transfers. Given a fixed length of the food chain, i.e., a fixed
number of energy transfers between the primary producers and the trophically higher
‘invertebrates’, the total biomasses of the latter will increase with an increasing amount of
primary production. The detrital food chain of ecosystems in which the source of energy is dead
organic matter or detritus, had to be ignored in our model due to lack of information on taxa
involved. Thus, modeled consumers of the food chain have access to 100% of the total biomass
of their prey populations; no portion of this biomass (e.g., dead individuals) enters the detrital
food chain. We consider the latter as unproblematic, as the giant C. youngorum sp. nov. together
with the apex predator Thalattoarchon saurophagis most probably fed on all smaller-sized taxa,
the latter irrespective of whether individuals were alive or dead (8). The extant great white shark

has a feeding strategy (46) similar to that that we assumed for Thalattoarchon saurophagis.

Model parameter BMi, i < n: Body masses. For all modeled taxa, body masses were either
calculated from their total body length (only ichthyosaurs) or estimated based on their body size
and shape (all others, table S11). Only for C. youngourum, we first calculated total body length
from the humerus length of LACM DI 157871 (Fig. S7A, table S2), whereas for all other
ichthyosaurs total body lengths were retrieved from the literature. Ichthyosaur body masses were
inferred from our regression on body mass against total body length (Fig. S7B). For all
ichthyosaur taxa, except for C. youngourum, we also evaluated the regression’s 95% prediction
interval at their total body length to capture uncertainties in body masses (table S11). For C.
youngourum sp. nov., we took into account error propagation by evaluating the 95% prediction
interval of the regression of total body length on humerus length (Fig. S7A) and that of body
mass on total body length (Fig. S7B). The body mass of ‘invertebrates’ was inferred as average
body mass from an ammonite field sample (table S12). In addition, we conducted a sensitivity
analysis for invertebrate body mass and showed that our modeling results are highly robust
against large errors in their body masses (Fig. S15). The body mass range considered in the
sensitivity analysis of invertebrates was 0.02 g to 1675 g. For ‘fish’, coelacanth fish, and the

sauropterygian Augustasaurus, we a priori assumed fixed body masses (table S11). We provide
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arguments in the Methods section of the main text that our modeling results also must be robust

in terms of errors in body estimates on these three members of the food web.
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Table S11. Energy flux model parameters and values of the Fossil Hill taxa for the standard
(H1) and the H2 scenario. Total biomass (TB;) is the number of individuals documented in the
Fossil Hill Member of the Augusta Mountains times the body mass assumed or estimated for this
taxon (BM;). For assimilation efficiencies (ei), we used the extant animal model (4/). For
ichthyosaurs, BM; was calculated from published total body lengths, except for C. youngorum sp.
nov., for which we first estimated total body length from the humerus length of LACM DI
157871 (Fig. S8). BM; and TB; are given with 95% prediction intervals for all ichthyosaurs,
except for C. youngorum sp. nov.. For the latter, the lower mass is the lower limit of the 95%
prediction interval of body mass predicted for a total body length of 12.479 m (Fig. S8A), which
is the lower limit of the 95% prediction interval of total length predicted from humerus length
(Fig. S8B). The upper mass is the upper limit of the 95% prediction interval of body mass
predicted for a total body length of 24.958 m (Fig. S8B), which is the limit of the 95% prediction
interval of total length predicted from humerus length (Fig. S8B). The metabolic type and the
scaling equation (normalization constant, exponent) define the physiological losses (X;) for each
of the modeled taxa (i). Losses are modeled in fluxweb via mass-specific metabolic rates and thus
depend on BM;. Scaling regressions on the metabolic rate of invertebrates, ectothermic
vertebrates, and endothermic vertebrates are from Brown et al. (44), data from extant species,
BM; in grams. C. = Cymbospondylus. Sources of ichthyosaur total body lengths: D Sander and
Faber 2003 (160); » average length of Phalarodon callwayi (1.5 m) and P. fraasi (2.8 m),
Schmitz et al. 2004 (39); 3 Klein et al. 2020 (/7); 4 Frobisch et al. 2006 (/6); > Merriam 1908
(40); © Frobisch et al. 2013 (8). Note that we assumed physiological losses as seen in modern
endothermic vertebrates for all ichthyosaurs.

Taxon Number Total Body mass Total Assimi- Metabolic Scaling Scaling
of body (BMj, kg) biomass lation rate normali-  exponent
individuals length (TB,, kg) efficiency (Watts per zation
(m) (e) gram) constant
Shelled unknown 0.01 unknown 0.906 (ectothermic) 17.17 -0.29
invertebrates invertebrate
Non-shelled unknown 1.00 unknown 0.906 ectothermic 18.18 -0.29
invertebrates vertebrate
plus fish
Coelacanth fish 1 50.00 50.00 0.906 ectothermic 18.18 -0.29
vertebrate
Augustasaurus 3 100.00 300.00 0.906 ectothermic 18.18 -0.29
hagdorni vertebrate
Omphalosaurus 1 50 783.56 783.56 0.906 endothermic 19.50 -0.29
nevadanus (442.18, (442.18, vertebrate
1388.48) 1388.48)
Phalarodon spp. 19 2157 52.34 994.46 0.906 endothermic 19.50 -0.29
(29.89, (567.91, vertebrate
91.64) 1741.16)
C. duelferi 1 4.4 520.07 520.07 0.906 endothermic 19.50 -0.29
(294.35, (294.35, vertebrate

918.88) 918.88)
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Model parameter TBi: Total biomasses of member populations. Except for ‘invertebrates’ and
‘fish’ members, we calculated total biomasses for each member as the product of their body mass
(BM)) and field data, i.e., the number of individuals recorded from the Fossil Hill Member of the

Favret Formation (i.e., 3.6 km?; table S11, Data S7) in the Augusta Mountains.

For the members ‘invertebrates’ as well as for ‘fish’, we evaluated the model assuming
different total biomasses for each member. With this, we aimed at the information on
invertebrates and fish of the FHF being precarious or even absent from the fossil record. Our
standard set on total biomasses (in kg) used for ‘invertebrates” was {1,000; 10,000; 100,000} and
that for ‘fish” was {1; 10; 100; 1,000; 10,000; 100,000}. It revealed 15 combinations of total
biomasses of groups that we considered in each evaluation of the model. Because fish feed
among others on invertebrates (regardless of whether they are shelled or not), and their
generation time is usually longer than that of these smaller invertebrates, the total biomass of fish

and thus of the member ‘fish” cannot exceed that of the trophically lower member ‘invertebrates’.

Model parameter e;: Assimilation efficiencies. The assimilation efficiency is a measure of how
much energy a consumer extracts from its food. It measures the proportion of ingested energy
that an individual assimilates for respiration and uses for biomass production (growth plus
reproduction). Species differ in their efficiency of digesting food. For example, many animals
assimilate only a fraction of the food across the gut wall, and the remainder is expelled from the
body as waste products (feces, which most likely contribute to the detrital chain of a food web).
Fluxweb has three options for implementing assimilation efficiencies based on extant animals,

plants, and detritus (47). We chose the animal model for all our animal taxa (table S11).

Model parameter Xi: Physiological losses. Physiological losses relate to the production
efficiency of taxa. Of the energy that is finally assimilated by an individual (i.e., the proportion
(1-e;) of the energy ingested), some is used for respiration (e.g., metabolism, movement),
whereas the remainder goes to production, the latter including both production of new tissues
(e.g., individual growth) and reproduction (e.g., eggs). The production efficiency then rates how
much of the assimilated energy an individual finally stores as biomass (i.e., that is allocated to
growth and reproduction). In extant species, production efficiencies and thus physiological losses

vary across taxonomic groups, with invertebrates storing the largest fraction of the assimilated
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energy as production (having the lowest physiological losses), ectothermic vertebrates storing an
intermediate fraction (having intermediate losses), and endothermic vertebrates storing the
smallest fraction (having the highest physiological losses) (165). Fluxweb provides the option of
assessing physiological losses of taxa from estimating losses from mass-specific metabolic rates
(44), which makes it applicable to extinct taxa. The (mass-specific) metabolic rate of a taxon (X;)
is derived from an allometric equation (X;=xoBM;P), where xo and b are constants that depend on
the metabolic type of the taxon. Metabolic types implemented in the fluxweb package (Data S8)
are modern (ectothermic) invertebrates, ectothermic vertebrates, and endothermic vertebrates,
ordered by their energetic demands (44). Metabolic types and allometric equations used to model

physiological losses from body masses of taxa are listed in table S11 and plotted in Fig. S15.

In our model, we assumed physiological losses (Xi) as seen in modern endothermic
vertebrates for all ichthyosaur taxa. Several lines of evidence for endothermy in ichthyosaurs
support this assumption, i.e., that they had a high basal metabolic rate and actively regulated
their body temperature. These include: (1) Bone histology, because ichthyosaurs generally show
fibrolamellar bone which indicates fast growth (e.g., /166 - 168). (2) Ichthyosaurian skeletal and
soft part anatomy, indicating adaptation to continuous cruising, as seen in cetaceans (27, 169 -
171). Similarly, large fish of the same lifestyle, i.e., tunas, swordfish, and lamnid sharks, also
evolved regional endothermy. However, the latter are sometimes considered mesothermic (75).
These fish species recycle metabolic heat produced by their muscles to become somewhat
warmer than the environment, but they cannot defend their body temperature against the
environment as modern endotherms do. (3) An extensive blubber layer (/72) as in extant
mammalian marine endotherms. Blubber is only of use in animals that generate body heat
metabolically and defend their body temperature against the colder water. (4) Direct isotopic
estimates of body temperature in ichthyosaurs (and plesiosaurs) show values as in modern
endotherms and are different from that of extinct ectotherms in the same habitat (/73). However,
such high body temperatures can temporarily be found in mesotherms, too. (5) Finally, the
exceptional body size of the largest ichthyosaurs, such as C. youngorum sp. nov., which
surpasses any extant or fossil non-cetacean marine vertebrate, i.e., any bony fish or
chondrichthyan. There are good reasons to assume that giant size is not possible in ectothermic
animals, on land or in the sea (/74) because only endotherms with permanent high metabolic
rates can grow sufficiently quickly to reach such large size (/75). However, the Fossil Hill food

web’s stability (H1) does not depend on the assumption of high mass-specific metabolic rates in
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ichthyosaurs (i.e., the metabolic type used to implement physiological losses in ichthyosaurs)

(Fig. S15, S18).
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Fig: S17. Physiological losses (X;) plotted against body mass (BM;). Losses are modeled in
Sfluxweb via mass-specific metabolic rates and thus are set by the body mass of the food web
member (table S11). Scaling equations on the mass-specific metabolic rate of invertebrates
(black), ectothermic vertebrates (blue), and endothermic vertebrates (red) are from Brown et al.
(44) and listed in table S11. The mesothermic vertebrate model (brown) was established in this
study (see section Methods of the main text). All equations use grams as unit of mass. The body
masses plotted span ten orders of magnitude and cover the mass of the smallest ammonite size
class (0.02 g, size class V) and the upper body mass limit of Cymbospondylus youngorum
(135.81 t). Notably, the variation in X is smaller than one magnitude across this huge body mass
range. This explains (1) that stability values and energy fluxes calculated for the standard
scenario using a body mass for ‘invertebrates’ of 0.02 (size class V) or of 1675 g (size class 1)
were nearly identical to those obtained for 10 g (standard mass, table S11), given that we fixed
their total biomass in our model to 1,000 kg, 10,000 kg or 100,000 kg. It further explains (2) that
we found small changes in stability values and energy fluxes for ectothermic and mesothermic
ichthyosaurs compared to endothermic ichthyosaurs (fig. S18).
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Model parameter Wij: Trophic interaction matrix. This matrix informs on trophic relationships,
1.e., which taxa a given taxon feeds on. Matrix entries are ones and zeros, with unity coding that
taxon j feeds on taxon i, and zero that it does not feed on taxon i. Thus, in principle, cannibalism
(1 =) 1s possible in our fluxweb model, but we did not consider cannibalistic loops for any
member, except for ‘fish’. Note that for basal taxa (the member ‘invertebrates’), an
implementation of cannibalistic loops is not possible in fluxweb and thus no modeling of
potential within-member trophic interactions. The body masses assumed for the food web’s
members most probably reflect fully-grown individuals. A cannibalistic loop would then imply
that fully-grown individuals feed on similar-sized individuals from their own population, but
preying upon younger/smaller individuals in their own population is more realistic. For the
member ‘fish’, this cannibalistic interaction implements that, e.g., fish species prey on non-
shelled invertebrates and other smaller fish species. Modeling cannibalism (i.e., preying on the
own population) generally reduces the energy that other taxa can consume from this population.
We erected the trophic interaction matrix Wjj from the trophic interactions justified above (Fig.

S14).

Running the model. After parametrization of the model based on the Fossil Hill Fauna, we
calculated the energy flux matrix Fj; by applying the fluxing function from fluxweb. As noted,
input parameters of this function are the trophic interaction matrix (Wj), a vector with the total
biomass of all taxa (TBi), a vector with the assimilation efficiencies of all taxa (ei), and a vector
with the physiological losses of all taxa (X;). All of these parameters were chosen as described

earlier (Fig. S14, table S11).

We applied the stability.value function from fluxweb to test whether the modeled food
web is stable. The input parameters of this function are the energy flux matrix F;j estimated by
the fluxing function, a vector with the total biomass of taxa (TBi), a vector with the assimilation
efficiencies of taxa (ei), and a vector with the physiological losses of taxa (X;). For basal taxa that
do not consume other taxa, the stability.value function requires values on annual growth rates of
their total biomass. We thus assumed a growth rate of 0.5 for the basal ‘invertebrates’ that
Gauzens et al. (47) also chose for modern basal aquatic taxa. The stability.value function
computes the resilience of the community (the modeled faunal assemblage) comprising the food
web under equilibrium conditions. The function returns the maximum eigenvalue of the Jacobian

matrix of the applied Lotka-Volterra-like system of ordinary differential equations (multispecies
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approach). The food web is stable when all eigenvalues of this matrix are negative, or if the
largest of these is negative, respectively. The equations model the dynamics of the population’s
total biomass over time for each taxon in the food web in the absence of environmental
perturbations. The change in the total biomass of each taxon results from biomass production
(incoming energy from populations on which a taxon preys upon, which depends on the total
biomass of taxa preyed on) and consumption (depends on assimilation efficiencies and
physiological losses of taxa involved). The initial total biomass of each population in the Lotka-
Volterra-like system equals that passed on to the function (TB;), i.e., the biomass we estimated
from the number of individuals and their body mass in the FHF sample (except for ‘invertebrates’
and ‘fish’ for which we considered a total of 15 combinations of their total biomasses, table S11).
Note that equilibrium total biomasses calculated from the ordinary linear equations must not
equal the initial total biomasses (TB;) of taxa that were passed to the stability.value function.
Equilibrium total biomasses of taxa are not an output parameter of this function. However, the

larger the smallest equilibrium total biomass across taxa, the more negative is the stability value

and thus the more stable is the food web.

Testing H1 and H2. To test the two hypotheses H1 and H2, we established two different
modeling scenarios for the Fossil Hill food web. For each scenario, we aimed at finding out
whether the food web is functional (i.e., an energy flux matrix Fij was returned by the fluxing
function and this matrix is realistic from a modern ecological perspective) and stable (i.e., all
total biomasses are larger than zero under equilibrium conditions and thus the largest eigenvalue
is negative). For each scenario, we therefore first generated the respective food web’s energy flux
matrix with the fluxing function and then calculated the maximum eigenvalue of the Jacobian

matrix with the stability.value function (41).

Our standard scenario addresses H1. Model parameter values are listed in table S11 and
the trophic interaction matrix Wjj is shown in Fig. SI4A. As noted, this scenario models an area
of 3.6 km? of the sampled extinct marine ecosystem. Total biomasses of marine reptile taxa
needed for modeling (TB;) were estimated from our field sampling of the Fossil Hill Fauna (table

S11).

To test H2 (H2 scenario), we added one individual of a super-giant bulk-feeding

ichthyosaur to the standard scenario while keeping anything else as in the standard scenario. This
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super-giant bulk feeder either feeds exclusively on ‘invertebrates’ (H2.1, e.g., a super-giant
ammonoid-feeding ichthyosaur) or it feeds exclusively on ‘fish’ (H2.2, e.g., a super-giant
ichthyosaur taking the small prey items covered in this group in bulk, i.e., a squid and fish
feeder). The body mass of this individual was set at 200 tons, i.e., the mass of the largest blue
whale measured so far (64). The total length of this super-giant is about 30 m as calculated from
the total length vs. body mass regression function (Fig. S8B). For this ichthyosaur, we assumed
the metabolic type ‘endothermic vertebrate and an assimilation efficiency of 0.906. The trophic

interaction matrices used for the H2 scenarios are provided in Fig. S14B, C.

Calculating characteristics of modeled food web. We calculated three characteristics of the
food web in order to evaluate its functioning for the H1 and H2 scenarios from the energy flux
matrix that we estimated with the fluxweb model (Fjj) for each of the 15 combinations of total
biomass of ‘invertebrates’ and ‘fish’. The first characteristic is the total energy flux going out from
the basal ‘invertebrates’ (EFs_invertebrates). It provides information on how much energy from the
member ‘invertebrates’ is available to all trophically higher consumers of the food web. The
second is EFai other taxa, Which we defined as the sum of energy flux going out from the members
‘invertebrates’ and ‘fish’ that goes to C. youngorum sp. nov. and Thalattoarchon.
Cymbospondylus youngorum sp. nov. and Thalattoarchon are at the top of the modeled Fossil
Hill food web (they are not consumed by any other member), whereas ‘invertebrates” and ‘fish’
are at its bottom. All other taxa from the food web are trophically in between the members
‘invertebrates’” and ‘fish” and the two top consumers C. youngorum sp. nov. and Thalattoarchon.
They directly or indirectly (via feeding on taxa that fed on ‘invertebrates’ or ‘fish’) make use of
the energy going out from ‘invertebrates’ and ‘fish’ that is not used by C. youngorum sp. nov. and
Thalattoarchon. We next calculated the ratio of EFai other taxa and EF_invertebrates

(EFRail other taxa to s_invertebrates) t0 understand how much energy is lost between trophic levels.
Because energy is always lost between trophic levels (e.g., through feces and metabolism), we
expected this ratio to be considerably smaller than unity. In modern marine ecosystems, only
about 10 % of the energy available at one trophic level is available at the next higher level (/65),
e.g., from primary consumers to secondary consumers or from secondary to tertiary consumers,
and so on. Our trophic interaction matrices (Fig. S14) produce five consumer levels (bottom,
level 1: ‘invertebrates’” and ‘fish’; level 2: coelacanth fish, Augustasaurus and Phalarodon spp.;

level 3: C. duelferi; level 4: C. nichollsi and C. petrinus; top, level 5: C. youngorum sp. nov. and
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Thalattoarchon). This suggests that the about 90 % energy loss between trophic levels seen in
extant ecosystems would be consistent with EFRai other taxa to s_invertebrates being around 0.14. For
model evaluation, we made the interpretation of EFRuail other taxa to s_invertebrates more convenient by
taking the fourth root of the raw value (= average across four consumer levels). Finally, to assess
the stability of the food web, we checked whether the maximum eigenvalue of the Jacobian
matrix returned by the stability.value function was negative. Note that a food web is the more

stable, the more negative this stability value is and that stability values of extant food webs range

between -10 and 0 (47).
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Fig. S16. Results obtained for the standard scenario (H1). The standard scenario (Fig. S14A,
table S11) tests H1 for different combinations of total biomass of ‘invertebrates” and ‘fish’. The
standard scenario was also evaluated for three situations of body masses assumed for
ichthyosaurs (table S11). Blue circles refer to values obtained when using the standard body
mass for all ichthyosaurs. Whiskers refer to the situation that all ichthyosaurs were lighter than
the standard and heavier than the standard, respectively (table S11, body masses inferred from
95% prediction intervals, Fig. S7). (A) The stability values estimated by the model. (B) The ratio
of the sum of fluxes going out from ‘invertebrates” and ‘fish’ to C. youngorum sp. nov. and
Thalattoarchon and of the total flux going out from ‘invertebrates’ (EFRaii other taxa to s_invertebrates) -
(C) The total outgoing energy from ‘invertebrates’ (EFs_invertebrates), and (D) the sum of outgoing

fluxes from ‘invertebrates’ and ‘fish’ to C. youngorum sp. nov. and Thalattoarchon (EFai other taxa)-
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These four characteristics of the food web are shown for all 15 different combinations of total
biomass of ‘invertebrates’ and ‘fish’ studied. In (A) and (B), the upper whiskers refer to the
situation that all ichthyosaurs were lighter, whereas in (C) and (D) they refer to that all
ichthyosaurs were heavier than the standard (table S11). All stability values calculated by the
Sfluxweb model are negative (A) indicating a stable food web, and energy flux ratios (B) correctly
predict a clear loss of energy between trophic levels, except for the combinations in which total
biomass of ‘invertebrates’ and ‘fish” are identical (red circles and ovals) and ratios are
unrealistically large (around 40 %) from a modern perspective. Note that we multiplied stability
values by -1. TB = total biomass (kg), EF = outgoing energy flux (kJ/year), EFR = outgoing
energy flux ratio. The total energy flux of the food web is shown in Fig. S17.
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Fig. S17. The total energy flux in the Fossil Hill food web for each of the 15 different
combinations of total biomass of ‘invertebrates’ and ‘fish’ and the standard scenario H1.
The total energy flux was calculated from the respective energy flux matrix (Fjj) by summing up
all its entries. Red = 1,000 kg of ‘invertebrates’, blue = 10,000 kg of ‘invertebrates’, and black =
100,000 kg of ‘invertebrates’. Note that for all combinations in which the total biomass of
‘invertebrates’ exceeds that of ‘fish’, total energy fluxes are rather similar, and the average flux is
1.3*¥108 kJ/year.
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Fig. S18. Sensitivity analysis of the four characteristics of the FHF energy flux model to
different assumptions on physiological losses (Xj) in ichthyosaurs (endothermic /
mesothermic / ectothermic). Results are expressed as differences to the endothermic metabolic
type (Fig. S16). Open squares, ectothermic vertebrate metabolic type; dots, mesothermic
metabolic type. Colors distinguish different total biomasses assumed for ‘invertebrates’ (red =
1,000 kg, blue = 10,000 kg, black = 100,000 kg). (A) Differences in stability values between
different X; metabolic types. (B) Differences in EFRuai other taxa to s_invertebrates between different X
metabolic types. (C) Relative differences in EF;_invertebrates between different X; metabolic types.
(D) Relative differences in EFai oter taxa between different X; metabolic types. Note that stability
values (A), relative differences in EFs_invertebrates (C), and relative differences in EFaj other taxa (D)
are largest in the endothermic vertebrate metabolic type, intermediate in the mesothermic
metabolic type, and smallest in the ectothermic metabolic type, whereas EFRuii other taxa to
s_invertebrates (B) are highest in the ectothermic metabolic type, intermediate in the mesothermic
metabolic type, and lowest in the endothermic metabolic type. All stability values obtained for
non-endothermic X; are negative and indicate a functional and stable food web. Due to the top
down approach of fluxweb, EF;_invertebrates, the energy that is available to all trophically higher
consumer taxa, was smallest for ectothermic ichthyosaurs, intermediate for mesothermic
ichthyosaurs and highest for endothermic ichthyosaurs. This is because the lower energy
demands of non-endothermic ichthyosaurs produce smaller EFay other taxa Values than for
endothermic ichthyosaurs. The resulting overall reduction in energy flux implies smaller total
biomasses of taxa under equilibrium and thus larger stability values (more positive values) and a
less stable food web.
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Fig. S19. Results obtained for the H2 scenario for different combinations of total biomass of
‘invertebrates’ and ‘fish’. (A, E) The stability values estimated by the model. (B, F) Ratios of
the sum of fluxes going out from ‘invertebrates’ and ‘fish’ to C. youngorum sp. nov. and
Thalattoarchon and of the total flux going out from ‘invertebrates’ (EFRaii other taxa to s_invertebrates) -
(C, G) Outgoing fluxes from ‘invertebrates’ (EFs_invertebrates), and (D, H), outgoing fluxes from
‘invertebrates’ and ‘fish’ to C. youngorum sp. nov. and Thalattoarchon (EFa other taxa)- In (A, B, E,
F), the upper whiskers refer to the situation that all ichthyosaurs are lighter than the standard. In
(C, D, G, H), the whiskers refer to that all ichthyosaurs are heavier than their standard. Note that
all stability values are negative, but for convenience, absolute values are depicted. Results

suggest that for each of the 15 combinations of total biomasses, the modeled food web is stable
and ecologically reasonable when the total biomass of ‘fish” is smaller than that of the
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‘invertebrates’. All stability values are negative (A, E), and the energy flux ratios (B, F) correctly
predict a clear loss of energy between trophic levels, except for the combinations in which total
biomass of ‘invertebrates’ and ‘fish” are identical (red circles and ovals) and ratios are
unrealistically large (around 40 %) from a modern perspective. TB = total biomass (kg), EF =
outgoing energy flux (kJ/year), EFR = outgoing energy flux ratio, red circles and ovals = the total
biomass of ‘fish’ equals that of ‘invertebrates’. Due to the top down approach used by fluxweb and
because of the super-giant ichthyosaur feeding exclusively on members of the lowest trophic
level of the FHF food web, only the outgoing energy flux from ‘invertebrates’ and ‘fish” increased
in H2, whereas the incoming energy flux of all other taxa did not differ between H1 and H2 (Fig.
S20). When compared to the standard scenario (H1) overall changes in stability values,
EFs_invertebrates, EFan other taxa and EFRaj other taxa to s_invertebrates 4I'c small for H2 (Flg S 19)



Supplementary Materials for Sander et al. Giant Middle Triassic Ichthyosaur 22

g
o
A s B:
; 500 £ 001
2 g
© "
< e
= 50+ % -0.015
= &
3 i
Rt =3
" °
£ &l o 002
& w
c w
8 £
o g’ -0.025
05} c
©
£
© 0.03
1 10 100 1000 10000 100000 ’ 1 10 100 1000 10000 100000
Tan_inveﬂebrates plus fishes (kg) Tan_invenebraies plus fishes (kg)
c 60 D 20
é 50 :\;
g = 10
y - x
..5, 40 L
£ 2
H 2
LLmI 30 5 0} & = = = = 8
< £
o (]
g 20 o
e c
S g -10
S 10 5
0 20 [ ]
1 10 100 1000 10000 100000 1 10 100 1000 10000 100000
Tan_invenebrales plus fishes (kg) Tan_Invenebrates plus fishes (kg)

Fig. S20. Changes in the four characteristics of the food webs in scenario H2 assuming
different total biomasses of ‘invertebrates’ and ‘fish’ compared to the same combinations in
the standard scenario H1. For testing H2, we added one individual of a super-giant ichthyosaur
to the H1 scenario and kept anything else the same. This ichthyosaur takes either exclusively
‘invertebrates’ (H2.1, squares) or ‘fish’ (H2.2, dots). Colors distinguish different total biomasses
assumed for ‘invertebrates’ (red = 1,000 kg, blue = 10,000 kg, black = 100,000 kg). (A)
Differences in the stability values between H1 and H2. Note that the food web is always
somewhat more stable in the H2 than in the H1 scenario. (B) Differences in EFRaj other taxa to
s_invertebrates Detween H1 and H2; ratios are always smaller for H2 than for HI. (C) Relative
differences in EF;_invertebraes between H1 and H2; EFs_invertebrates 1S always higher for H2 than for
H1. (D) Relative differences in EFui other taxa between H1 and H2; EFuii other taxa 1 always higher for
H2 than for H1.
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Fig. S21. Incoming energy flux to the two trophically lowest taxa for four different
combinations of total biomass of ‘invertebrates’ and ‘fish’. Fluxes were calculated for the
standard scenario (H1) and for H2. Black = standard scenario, blue = H2.1 scenario, including a
super-giant ichthyosaur feeding exclusively on ‘invertebrates’, red = H2.2 scenario, including a
super-giant ichthyosaur feeding exclusively on ‘fish’. (A) 1,000 kg of ‘invertebrates’ combined
with 100 kg of “fish’. (B) 10,000 kg of ‘invertebrates’ combined with 100 kg of ‘fish’.

(C) 100,000 kg of ‘invertebrates’ combined with 1,000 kg of ‘fish’. (D) 100,000 kg of
‘invertebrates” combined with 10,000 kg of ‘fish’. The total sum of incoming energy for a taxon is
a proxy of its total biomass under equilibrium conditions. We assumed for the basal
‘invertebrates’ that the sum of the ingoing energy flux is about four times higher than the
outgoing energy flux (/64). When compared to H1 and averaged across all combinations in
which the total biomass of ‘invertebrates’ is larger than that of ‘fish’, the super-giant feeding
exclusively on ‘invertebrates’ consumes an increase in EF_invertebrates Of 2.6%10-7 kJ/year. If the
modeled super-giant exclusively feeds on ‘fish’, the average energy taken up from ‘invertebrates’
is 1.7*107 kJ/year and that from ‘fish’ is 0.9%107 kJ/year.
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Table S12. Estimation of the total production rate of ammonoids preserved in the Fossil
Hill Member in the Augusta Mountains. Production rate is the energy stored by an individual
in its body plus the energy that it allocates to reproduction. Production rate is an upper limit to
the energy flux from an individual of the population going to individuals of other taxa. Our field
sampling revealed three different total biomasses of ammonoids (TB) based on the coverage of
one square meter by ammonoid fossils. Estimated body masses (BM) of ammonoids ranged
between 0.02 and 1675 grams. We assumed 10 g (the rounded average across sized individuals
from our random sample, see Methods in the main text) as body mass for the food web member
‘invertebrates’ (table S11). #individuals = number of individuals, as derived from TB and BM.
MR = metabolic rate, MR = 365*%1.43*BM0-7! (k]J/year, 44), PR = production rate, PR =
0.25*MR (/76). TPR = total production rate, TPR = #individuals*PR. For a comparison of
ammonoid production rates to modeled rates of ‘invertebrates’ and to rates in modern marine
ecosystems, refer to table S13.

TB (kg) Coverage BM (g) #individuals MR (kJ/year) PR (kJ/year) TPR (kJ/year)
(%)
1458 15 0.02 72,900,000 325 8.1 5.9*10
1458 15 1675.00 870 101,549.9 25,3874 2.2*10
2430 25 0.02 121,500,000 325 8.1 9.8*%10
2430 25 1675.00 1,451 101,549.9 25,3874 3.7%10
2916 30 0.02 145,800,000 325 8.1 1.2*10
2916 30 1675.00 1,740 101,549.9 25,3874 4.4*10

Mean 4 .8*%10
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Table S13. Comparison of production rates of the Fossil Hill food web to that of extant
marine food webs. Modeled production rates of Fossil Hill members are averages across the
twelve combinations of total biomasses of ‘invertebrates’ and ‘fish’ in which the former was
larger than the latter. Rates were inferred from energy flux matrices and equal the sum of energy
flux going out from the respective Fossil Hill Fauna members. Cusson and Bourget (/77)
conducted a meta-analysis on the mean production rate (in kJ per m2*year) of different
taxonomic groups in extant marine ecosystems based on 147 studies. Gaichas et al. (/78)
established production rates (in metric tons per m? * year) for different organism groups based on
the average of five extant marine ecosystems. For comparison, we converted the rates given in
the latter study by assuming that 1 kg biomass is 1,000 kJ, and we also scaled rates of extant
marine ecosystems to the area of 3.6 km? being covered by the Augusta Mountains census of the
Fossil Hill Fauna (table S11). The estimated production rate of the Fossil Hill ammonoids
matches well rates recorded for invertebrates of extant marine ecosystems, whereas those
predicted for H1 and H2 are almost one magnitude smaller. The total production rate of members
‘fish’ and ‘coelancanth fish’ of the Fossil Hill Fauna is about six times smaller (three magnitudes
smaller) than that of fish in extant ecosystems. The production rate of all marine reptiles of the
Fossil Hill Fauna is more than three magnitudes larger than that of modern amniotic vertebrates.
Production rates of all extant vertebrates are twice that of all Fossil Hill Fauna vertebrates.

Ecosystem Groups and members Production rate Source
(kJ/year)
FHF Ammonites (field sample) 4.8*%10 Table S12
FHF ,Jinvertebrates® 5.3*%10 Modeled
7.9*10
8.2*%10
Modern  Benthic invertebrates 5.6%10 (179)
(Mollusca+Annelida+Arthropoda+Echinodermata)
Modern Invertebrates (without zooplankton) 6.4*10 (180)
FHF Non-amniotic vertebrates (coelancanth fish) 2.5*%10 Modeled
FHF Non-amniotic vertebrates (,fish‘+coelancanth fish)  1.3*10 Modeled
Modern Non-amniotic vertebrates (fish) 8.0%10 (180)
FHF Amniotic vertebrates (marine reptiles) 2.5*%10 Modeled
Modern Amniotic vertebrates (whales+pinnipeds+birds) 8.1*10 (180)
FHF Vertebrates (,fish‘+coelancanth fish+marine 3.8*10 Modeled
reptiles)

Modern Vertebrates (fish+whales+pinnipeds+birds) 8.1*10 (180)
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Table S14. Estimated total basal metabolic rates of Fossil Hill marine reptile populations.
Total basal metabolic rates (TBMR) of taxa are the basal metabolic rate of one individual (BMR)
times the abundance of this taxon in the Fossil Hill Fauna (table S11, Data S7). BMR is
calculated from the taxon’s body mass (BM, table S11). For endothermic vertebrates, BMR is
365*1.625*BMO7! (k]J/year, 44) and for ectothermic vertebrates, BMR is 365*1.515*BM?7! (kJ/
year, 44). When averaged across the twelve combinations with total biomasses of ‘invertebrates’
larger than that of ‘fish’, the modeled total energy flux in the Fossil Hill food web is 1.3*108 kJ/
year for the standard scenario (Fig. S16 and increases by 2.6*107 kJ/year when a hypothetical
super-giant bulk feeder is added to the food web (Fig. S20). A comparison of TBMR values of
taxa with these average total energy fluxes indicates that abundances of at least C. nichollsi, C.
petrinus, C. youngorum sp. nov., and of the hypothetical super-giant bulk feeder must have been
substantially smaller than indicated by the fossil record. This is because their populations’ BMR
is not substantially smaller than the modeled total energy flux in the Fossil Hill food web. Low
abundances of large to giant ichthyosaurs are consistent with the low abundances seen in whales
and other large extant marine predators in today’s oceans.

Taxon BM BMR Abundance TBMR
(kg) (kJ per year) (kJ per year)
Augustasaurus hagdorni 100.00 1.5*%10 3 4.5*10
Omphalosaurus nevadanus 783 .56 6.7*10 1 6.7*10
Phalarodon spp. 5234 1.0*10 19 1.9*10
C. duelferi 520.07 5.0*10 1 5.0¥10
C. nichollsi 3000.08 1.7*10 10 1.7*10
C. petrinus 5731.06 2.8*10 10 2.7*10
C. youngorum sp. nov. 44698.63 1.2*10 3 3.6¥10
Thalattoarchon saurophagis 4295.17 2.3*10 1 2.3*10

Hypothetical super-giant bulk feeder 200000.00 3.4*10 1 3.4*10
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