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Secondary aquatic adaptations evolved independently more than 30 times from
terrestrial vertebrate ancestors*2. For decades, non-avian dinosaurs were believed to
be an exceptionto this pattern. Only afew species have been hypothesized to be
partly or predominantly aquatic® ™. However, these hypotheses remain
controversial®®, largely owing to the difficulty of identifying unambiguous
anatomical adaptations for aquatic habits in extinct animals. Here we demonstrate
that the relationship between bone density and aquatic ecologies across extant
amniotes provides areliable inference of aquatic habits in extinct species. We use this
approachto evaluate the distribution of aquatic adaptations among non-avian
dinosaurs. We find strong support for aquatic habits in spinosaurids, associated with a
marked increase in bone density, which precedes the evolution of more conspicuous

anatomical modifications, a patternalso observed in other aquatic reptiles and
mammals™ ¢, Spinosaurids are revealed to be aquatic specialists with surprising
ecological disparity, including subaqueous foraging behaviour in Spinosaurus and
Baryonyx, and non-diving habits in Suchomimus. Adaptation to aquatic environments
appeared in spinosaurids during the Early Cretaceous, following their divergence
from other tetanuran theropods during the Early Jurassic”.

Secondary adaptations to aquatic lifestyles, such as wading behaviour
(shoreline specialist and/or only partially submerged habit), subaque-
ous foraging (fully submerged behaviour) and deep diving, evolved
multiple times in every major amniote group®2. Aquatic habits are
widespread among extant birds, ranging from subaqueous foragers
towaders. Moreover, water-related ecologies have deep evolutionary
rootsontheavianstemlineage, occurringinsome of the earliest (Early
Cretaceous) ornithuromorphs'®'®, Therefore, the scarcity of evidence
for aquatic adaptation in non-avian dinosaurs, which comprise the
deep evolutionary stem lineage of birds, is striking.

Non-avian dinosaurs are generally hypothesized to have been
restricted to terrestrial environments, with only afew proposed excep-
tions. Suggestions as to why dinosaurs did not evolve aquatic adapta-
tions as frequently as other amniotes include constraints imposed
by the musculoskeletal anatomy of the pelvis, hind limb and tail®.
However, the discovery of a new skeleton of the predatory dinosaur
Spinosaurus aegyptiacus has challenged thislong-held narrative®: the
conical dentition, retracted nostrils, shortened hindlimbs, paddle-like

feet and fin-like tail, together with more ambiguous evidence from
isotopic analyses?-? are consistent with an aquatic lifestyle. This has
sparked aheated debate regarding the degree of ecological specializa-
tioninSpinosaurus, which hasbeen described as actively pursuing prey
in waters", with alternative proposals suggesting a more terrestrial
or ‘wader-heron’ model on the basis of anatomical observations and
3D digital models'***, Aquatic habits have also been suggested for a
handful of other dinosaurs based on gut contents (other spinosaurids®
and ornithomimosaurs®®) or anatomical proxies (halszkaraptorine
dromaeosaurids', compsognathids® and various ornithischians**”),
but remain ambiguous and controversial. This illustrates the inher-
ent challenges of reconstructing ecomorphological relationships in
vertebrates® and the resulting difficulties in inferring ecological traits
inextinct species.

Adaptation to aquatic habits, such as subaqueous foraging or deep
diving, constitutes amajor evolutionary transition, often culminating
inafundamental transformation of the body plan®. Nevertheless, even
ingroups that exhibit a high degree of aquatic specialization, such as
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Table 1| Phylogenetic regressions comparing explanations of bone compactness as a function of size and ecological traits

among femora and dorsal ribs

Femora
Model AlC AIC weights R? Lambda  Variable Coefficient Standard error t P
Compactness -278.27 0.673 0172 0.919 Intercept 0.63 0.108 5.8585 0.00
~subaqueous
foraging
Subaqueous foraging 0.164 0.023 7.0225 0.00
Compactness -275.35 0.156 0.168 0.915 Intercept 0.6315 0.105 6.0075 0.00
~subaqueous
foraging + sustained
flight
Subaqueous foraging 0.163 0.023 7.039 0.00
Sustained flight -0.056 0.026 -2151 0.0326
Compactness -275.33 0.154 0.168 0.912 Intercept 0.633 0.104 6.089 0.00
~subaqueous
foraging +flight
Subaqueous foraging 0.162 0.023 6.945 0.00
Flight -0.057 0.027 -2.4 0.03
Dorsalribs
Model AIC AIC weights R? lambda Variable Coefficient Standard error t P
Compactness -164.167 0.638 0.108 0.969 Intercept 0.648 0.061 10.652 0
~subaqueous
foraging
Subaqueous foraging 0.154 0.033 47195 0
Compactness -161.538 0171 0104 097 Intercept 0.651 0.06 10.8315 0
~subaqueous
foraging + sustained
flight
Subaqueous foraging 0.152 0.032 4735 (0]
Sustained flight -0.055 0.024 -2.2595 0.02545
Compactness -161.421 0162 0104  0.968 Intercept 0.655 0.06 10.9355 0
~subaqueous
foraging +flight
Subaqueous foraging 0.148 0.032 4.575 0
Flight -0.056 0.025 -2.234 0.0271

Explanatory variables are combined in all possible ways in different linear models. Linear models are ordered from best model to worst. Median values from the 100 phylogenies used for the
phylogenetic regressions. Models with negligible AIC weights were trimmed down from this table but can be found in Supplementary Tables 3, 4. These analyses are two-sided and no adjust-

ments were applied for multiple comparisons.

cetaceans and many marine reptiles, this transformation occurred
gradually over millions or tens of millions of years. Some extant spe-
cies, and the early fossil members of even the most specialized aquatic
groups, show relatively subtle skeletal changes™ %%, Many aquatic
taxa possess few anatomical indicators of water-related ecology,
and instead share numerous traits with land animals (for example,
Hippopotamus and the earliest cetaceans*'>?*%), It is therefore plau-
sible that dinosaurs currently considered to have been terrestrial on
the basis of anatomical proxies and phylogenetic bracketing might
instead represent the early stages of anevolutionary transition towards
more specialized aquatic ecologies (for example, early cetaceans) or
amphibious animals (for example, Hippopotamus and Tapirus) that
evolvedrelatively limited anatomical transformations despite spend-
ing much of their lives in water.

Because of the difficulty of inferring aquatic habits from skeletal
morphology alone, proxies that reveal ecological adaptationsin extinct
taxaarerequired. Osteohistological features such as variationin bone
density provide one such possibility. Osteosclerosis occurs widely as
anadaptation to aquatic lifein extant amniotes®*?°, and has been used
toinferaquatic ecologies in extinct tetrapods such as crocodyliforms,
avialans, marine reptiles and cetaceans'>**?, Osteosclerosis involves
additional deposition of bone mass per volumetric unitleading to the

presence of a thick bone cortex with dense trabecular networks infill-
ing the medullary cavity>?*?, This results in increased body density,
facilitating buoyancy control during subaqueous immersion related to
either submerged aquatic foraging (for example, inunderwater pursuit
divers), concealment or refuge' %, Although previously used for
paleoecological inference, bone density has generally been used on
single-clade-specific studies (for example, in ref.*°), and a phylogeneti-
callybroadtestis required to validate the use of bone compactness as a
proxy for aquatic adaptationindeep time, including in species outside
of the extant crown clades such as non-avian dinosaurs.

Here we conduct phylogenetic comparative analyses of bone density
datain abroad sample of amniotes and use our findings to assess the
extent of aquatic adaptations in non-avian dinosaurs. Our analyses
provide evidence that one clade of dinosaurs—Spinosauridae—was eco-
logically adapted to lifein water, representing the first known aquatic
radiation among non-avian dinosaurs.

We quantify bone density in the femoral diaphysis and proximal
region of dorsal ribs of 206 and 174 extant and extinct amniotes,
respectively (380 total observations with n =83 overlapping taxa
between the two datasets; see Supplementary Dataset and Supple-
mentary Table1). Our datasetincludes novel osteohistological data for
non-aviandinosaurs (36 femoraand12ribs) and Mesozoic stem-avialans

Nature | Vol 603 | 31 March 2022 | 853



Article

a Bone density and ecological variation

Flying and

Flying wader subaqueous forager

Fratercula Troodon

Femere O O o
bd =0.323 bd = 0.702 bd =0 .665

Aramus Gavia

Dorsal
ribs
bd =0.87

bd =0.728

Aramus

b Bone density among spinosaurids

Baryonyx walkeri NHM R 9951

Baryonichinae

Spinosauridae

Spinosaurinae ‘ <

Fig.1| Osteohistology and ecological variation among amniotes, including
theanalysed spinosaurid taxa. a, Bipedal, land-dwelling archosaurs such as
theropods show the presence of anopen medullary cavity. This conditionis
more pronouncedin flying archosaurs such as birds. Two osteosclerotic
patternsare presentamong subaqueous foraging animals: (1) increasein
thickness of the bone cortex, as observed in crocodilians and penguins, for
animals adapted to shallow waters; or (2) substitution of the bony cortex with
trabecular networks, usually found in deep divers—for example, ichthyosaurs,
mosasaurs and cetaceans. Occupation of the medullary cavity by spongiosais
alsoobserved in quadrupedal, graviportal animals such as sauropods,

(7 femora) (Extended Data Figs. 1-7 visualize novel data used in this
study; see Methods, Supplementary Dataset for the list of taxa and
bone density values used in this study and Supplementary Table 2 for
alist of spinosaurids and their investigated skeletal elements).

We compared alternative explanations of variation in bone den-
sity using corrected Akaike information criterion (AIC)-based model
comparison of phylogenetic multiple regressions®, and evaluated
the influence of allometry using the maximum diameter of the femo-
ral diaphysis and proximal region of the dorsal ribs as a size proxy.
As ecological adaptations are often reflective of the most demand-
ing biomechanical behaviour (Liem’s paradox®: whereas specialized
animals are capable of less functionally demanding behaviours, less
specialized taxa often cannot satisfy the requirements linked to func-
tionally challenging habits such as sustained flight or subaqueous
foraging), taxawere scored using two categorical explanatory variables
thatencode the presence of (1) subaqueous foraging (0, unable; 1, able
butinfrequent; 2, frequent), and (2) flying (0, unable; 1, non-sustained
flight; 2, sustained flight) in acomprehensive evolutionary framework.
We used two independently varying variables because flight and sub-
aqueous foraging evolved at least partly independently of one another
asindicated by the occurrence of both flying and flightless diving birds.
Our datasets include extant and extinct taxa with undisputed aquatic
adaptations, specifically marine mammals (cetaceans and pinnipeds)
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Tyrannosaurus
bd = 0.656

Lourinhanosaurus ~carcharodontosaurid = Alamosaurus

o

Subaqueous ~ Subaqueous forager
Graviportal forager deep diver
Antetonitrus Caiman Ichthyosaurus
bd = 0.70: bd = 0.929 d = 0.659
Nothosaurus Mollesaurus
bd =0.805 bd = 0.949

Femora Dorsal ribs

bd = 0.682

bd = 0.931
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ornithischians and large-bodied terrestrialmammals. b, Femur and dorsal rib
sections and bone density of the holotype of Baryonyx, Suchomimus and the
neotype of Spinosaurus used for calculation of bone density in this study.
Skeletal reconstructions are based on single individuals (holotype of Baryonyx
and neotype of Spinosaurus), exception made for Suchomimus

(see Supplementary Information for further details); preserved bones are
highlightedin orange. The schematictreeis based onthe phylogenetic
analyses performed in this study (see Supplementary Information for results
and discussion of these analyses). bd, bone density.

and non-archosaurian marine reptiles (ichthyosaurs, sauropterygians
and mosasaurs), and aquatic archosaurs such as metriorhynchids,
living crocodilians and various clades of subaqueous foraging birds
(penguins, auks, loons, grebes and cormorants), inaddition to extant
andextinct terrestrial and flying archosaurs, lepidosaurs and mammals
(see Supplementary Dataset).

The best linear model is ‘bone compactness ~ subaqueous forag-
ing’ (state 2: frequent subaqueous foraging) in both datasets (AIC
of weight = 0.673 (femur) and 0.638 (rib); Table 1, Supplementary
Tables 3-4). This indicates that frequent subaqueous foraging is
associated with increased femoral and rib density across amniotes
(P<0.001), arelationship that exhibits a strong phylogenetic signal
(medianA = 0.97 (femur) and 0.969 (rib)). Infrequent subaqueous for-
aging and wading behaviour are not significantly associated with vari-
ationinbone density (Table 1, Supplementary Tables 3, 4), consistent
with the observation that wading birds that feed in water but rarely
submerge (for example, herons, pelicans, gulls, flamingoes and some
ducks) have similar compactness to non-aquatic taxa.

Modelsthatinclude flight or shaft diameter as additional covariates
receive less support from AIC (Table 1, Supplementary Tables 3, 4).
This indicates that evidence for an amniote-wide common allometry
in bone density, or for association of flight with decreased skeletal
density, is weak, and that those effects are secondary to those of aquatic
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Fig.2|Relationship between midshaft density of femur, diameter and
major lifestyleamong amniotes including Spinosauridae.

a, Phylogenetically gnostic regressions (PGLS) linear model (n =206
independent observations, n=200 taxa) of bone density as a function of log,,
femur-midshaft diameter values for our dataset of amniotes with main lifestyle
category asafactor usingarandomly drawn phylogeny from the 100
phylogenies generated (same topology, variable branchlengths). Solid lines
represent linear fits for the four categories. b, Violin plots depicting

adaptation (see Table 1, Extended Data Figs. 8, 9, Supplementary
Tables 3, 4). Nevertheless, negative allometry in bone compactness
(reduction of bone density with size increase) is found in flying taxa (vol-
antextantbirds, Cretaceous enantiornithines and pterosaurs; Table1,
Supplementary Tables 3, 4). This shows the importance of skeletal
weight reductionin association with or preceding the origin of active
flight®***: postcranial bones of predatory dinosaurs typically show an
open medullary cavity, a trait inherited by birds'*** (Fig. 1, Extended
DataFigs.1-9). Large-bodied terrestrialamniotes have relatively high
femoral compactnessrelated to graviportality: trabeculaeinvade the
medullary cavity to support increased weight in graviportal mam-
mals®**3¢ and sauropod dinosaurs (Fig. 1, Extended Data Figs. 1-7,
Supplementary Tables 5, 6). Deep diving animals, such asichthyosaurs,
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mosasaurs, living cetaceans and seals, are characterized by lower bone
density when compared to shallow-water subaqueous foragers: the
compact bone cortex of deep divers is replaced by cancellous bone
characterized by extensive trabeculae and vascularization*? (Fig. 1,
Extended Data Figs.1-7, Supplementary Tables 5, 6), hypothesized as
counteracting compression in deep waters and increases in metabo-
lism". High bone density is therefore an excellent indicator for the
initial stages of aquatic adaptation, but poorly distinguishes between
wading, deep diving, and terrestrial habits. These limitations can be
overcome using anatomical observations because deep diving shows
other transformations of the body plan, such as presence of fins and flip-
pers. Graviportal animals can be distinguished from aquatic species by
the presence of columnar limbs, an anatomical trait whichis generally
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values for our dataset of amniotes with mainlifestyle category as afactor using
arandomly drawn phylogeny from the 100 phylogenies generated (same

missing among subaqueous foragers. Furthermore, graviportality does
not affect rib compactness (Fig.1, Extended Data Figs.1-7, Supplemen-
tary Dataset). These analyses therefore demonstrate that bone density
is a powerful proxy of shallow subaqueous foraging across amniotes.

We used this relationship to establish quantitative predictions of
subaqueous foraging in a range of non-avian dinosaurs, including
groups that were previously suggested to be linked to water**%1,
using phylogenetically flexible discriminant analyses with allamniotes
in our sample (Methods). We repeated analyses across 100 informal
supertrees with varying branch lengths to account for stratigraphic
uncertainty. Theinformal consensus trees include anovel phylogenetic
analysis of Tetanurae modified from recently published datasets”*,
including new observations of the Spinosaurus neotype (Figs.1-3,
Supplementary Fig. 1; Supplementary Materials). Our analysesinclude
osteohistological data for the spinosaurids Baryonyx**, Suchomimus®*®
and Spinosaurus®”, as well as other tetanuran theropods (see Supple-
mentary Materials for ontogenetic assessments of these taxaand other
carnosaurs analysed in this study; Fig. 1, Extended Data Fig. 10, Sup-
plementary Figs. 2, 3).

The correct classification rates of our phylogenetically flexible dis-
criminant analyses ranges are 84-85% (femora) and 83-84% (ribs)
(Figs. 2, 3, Supplementary Materials, Supplementary Tables 7-10).
This increases to 90% in both datasets when excluding graviportal
and deep diving taxa (Figs. 2, 3, Supplementary Tables 7-10). Contrary
to previous hypotheses, our analyses indicate that Spinosauridae is
the only clade of non-avian dinosaurs with unambiguous evidence of
subaqueous foraging. Within Spinosauridae, disparate ecomorpholo-
gies were found. Spinosaurus (median probability for subaqueous
foraging 100% (femur) and 95% (rib)) and Baryonyx (median prob-
ability for subaqueous foraging 98% (femur) and 96% (rib)) were pre-
dicted as subaqueous foragers. By contrast, Suchomimus was found as
non-subaqueous-forager (median probability for subaqueous foraging
31% (femur)), similar to other terrestrial non-avian dinosaurs (Figs.1-3,
Extended DataFig. 10, Supplementary Tables 7-10). Considering the
similar body size between the skeletally mature specimen of Sucho-
mimus (G51) and the neotypic skeletally immature individual of Spino-
saurus, and that our analytical approach accounts for size variation,
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these results can be confidently attributed to ecological adaptations,
rather than the influence of allometry. This is also supported by the
presence of open medullary cavities in postcranial elements of other
large bodied, bipedal predatory dinosaurs such as femora of Tyran-
nosaurus, Tyrannotitan, Torvosaurus,and alarge carcharodontosaurid
rib, contrasting with the osteosclerotic bones of Baryonyx and Spino-
saurus (Fig.1, Extended Data Figs.1-7,10),

All other investigated non-avian dinosaur clades (ornithomimo-
saurs®®, halszkaraptorine dromaeosaurids'® and ornithopods®*7), also
show open medullary cavities and aweak or absent probability of sub-
aqueous foraging (see Supplementary Tables 7-10). By contrast, the
inference of subaqueous foraging in some spinosaurids is especially
convincingbecause osteosclerosisis observed across multiple skeletal
elementsinboththe holotype of Baryonyx (dorsalribs, scapula, pubis,
ischium, femur and fibula) and the neotype of Spinosaurus (dorsal
ribs, dorsal and caudal neural spines, femur, tibia, fibula and manual
phalanx) (Fig. 1, Extended Data Fig.10, Supplementary Figs. 2, 3), ren-
dering previous biomechanical models inaccurate'.

Phylogenetic optimization of bone density and the presence of osteo-
sclerosis tentatively suggests that subaqueous foraging is ancestral for
Spinosauridae (Fig. 2¢c, Extended Data Figs. 8, 9) and that the absence
of osteosclerosis in Suchomimus results from secondary loss rather
than primitive absence. The absence of osteosclerosis does not rule
out adependency on aquatic habitats for predation in Suchomimus:
anatomical traits are consistent with alargely piscivorous diet, includ-
ing an elongate snout and conical dentition. One possibility is that
Suchomimus was a wading predator hunting from riverbanks, as pre-
viously hypothesized for other spinosaurids?'>?**4°_Different eco-
logical adaptations (subaqueous foraging and non-diving habits) are
recovered between the anatomically similar sister taxa Baryonyx and
Suchomimus, a patternnot unique to Baryonychinae and also observed
inother amniote groups, including Phalacrocoracidae (this study) and
Hippopotamoidea®. It is possible that environmental factors, such
asasparser distribution of aquatic settings (rivers, lakes)* led to less
specialized foraging in Suchomimus.

Our results suggest the first anatomical adaptations for an aquatic
lifestyle appeared in concert with osteosclerosis in spinosaurids.



Craniofacial modifications preceded postcranial alterations (Fig. 1).
The premaxillagradually became more elongate, while the external naris
diminished insize and migrated posterodorsally®, a pattern comparable
tothe telescoping process observed in the skull evolution of cetaceans™
and ichthyosaurs™. The braincase rotated ventrally and the dentition
became conical. These modifications are functionally advantageous for
adietbased onslippery, aquatic prey*. Postcranial modifications linked
tosubaqueous foraging, suchas elongation of the caudal neural spines
to form a propulsive structure, have been reported for Spinosaurus®"
and, potentially, for the baryonychine Riparovenator*®. Additionally,
spinosaurids are characterized by the lowest degree of postcranial pneu-
matization (restricted to the cervical region and dorsal-sacral neural
arches) among large-bodied Cretaceous tetanurans*, consistent with
elevated body density and advantageous for buoyancy control. Although
reduction in hind limb length and widening of the pes have only been
described in Spinosaurus®", many spinosaurids are only known from
fragmentary remains (Fig.1), limiting our understanding of their skeletal
adaptations. Because of their unique anatomy, spinosaurids may have
had ecologies withnomodern equivalent, limiting direct autecological
interpretations based on modern taxa.

We demonstrate that Spinosauridae, a geographically widespread
clade of predatory dinosaurs, was ecomorphologically adapted to
life in water, but that aquatic adaptation was otherwise absent among
non-aviandinosaurs studied so far. Nonetheless, this finding challenges
the hypothesis that non-avian dinosaurs were restricted to terrestrial
environments. Spinosaurids were part of the rapid radiation of Tetanurae
during the late stages of the Early Jurassic”. Increased diversification
appeared in concert with morphological innovation and high rates of
homoplasy across tetanurans”. This ecomorphological radiation may
be linked to adaptation to previously under-exploited environments,
including multiple independent appearances of aerial capabilities®.
Our study demonstrates that ecomorphological radiations among
non-aviandinosaursalsoincluded theinvasion of freshwater ecosystems.
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Methods

Osteohistological analyses and assessment of skeletal maturity
of spinosaurid specimens

We sampled and investigated postcranial elements of the holotype of
Baryonyx (NHMR 9951), two individuals of Suchomimus (G51, G94), and
the neotype of Spinosaurus (FSAC-KK 11888) to evaluate their somatic
maturity and quantify bone density. The dorsal rib of Baryonyx was
previously sectioned by Reid** and this was here studied for estima-
tion of somatic maturity of the holotype. To quantify bone compact-
ness, the femur of Baryonyx was X-ray computed tomography (CT)
scanned at the Natural History Museum, London. Breaks of additional
postcranial bones (scapula, pubis, ischium and fibula) were consid-
ered for comparative purposes with the goal of assessing the skeletal
extent of osteosclerosis. Skeletal maturity and bone compactness of
Suchomimus were estimated through sampling and thin sectioning
of the femora of two individuals (described in briefin Ibrahim et al.%).
A dorsal neural spine, dorsal rib, femur, and fibula were sampled for
thinsectioning and inference of ontogenetic stage of the Spinosaurus
neotype. Moreover,amanual phalanx, caudal neural spines and tibia of
this specimen were also available for bone compactness quantification,
because of breaks along the diaphysis. Long bones were cut transversely
atthe diaphysis, whereas samples of dorsal ribs and the dorsal neural
spine of Spinosaurus were taken proximally and apically, respectively.
The thinsectioning was performed following the protocol by Chinsamy
&Rath*. The thin sections have a thickness of 50-70 microns and were
analysed with a Leica DM 2500 P petrographic microscope. Photo-
graphs of the bone tissue were taken with a ProgRes Cfscan camera.
The CT scanned femur of Baryonyxwas analysed in VGStudio Max 3.4.
Inference of skeletal maturity follows recently proposed nomenclature
by Griffin et al.*.

Phylogenetic analyses

The discovery, description, and completeness of the Spinosaurus neo-
type provides an opportunity to revisit the phylogenetic relationships
of spinosaurids. We coded the neotype of Spinosaurus in two recent
datasets, published by Malafaia et al.”’ and Rauhut and Pol”, respectively.
These two datasets differ in terms of operational taxonomic units (OTUs):
whereas Malafaia et al.” includes a specimen-level assessment of phy-
logenetic relationships among spinosaurids, Rauhut and Pol” remains
the most comprehensive and latest iteration of the original dataset of
tetanuran phylogenetic relationships. These two datasets are therefore
neededtoinfer phylogeneticrelationships within Spinosauridaeandthe
placement of this clade among tetanurans. The neotype of Spinosaurus
was coded asaseparate OTU in the dataset of Malafaia et al.””. On the basis
oftheresults of this analysis, and giventhe presence of severalapomor-
phies shared betweenthe Spinosaurusneotype and holotype, coding of
the neotype specimen based on our anatomical observations wasadded
tothe OTU of Spinosaurusin the dataset of Rauhut and Pol”. The recently
described spinosaurine Vallibonavenatrix® was also added to the dataset
published by Rauhut and Pol”. We followed the most recent, comprehen-
sive taxonomic and systematic revision of spinosaurid taxa*®*°, therefore
excluding Sigilmassasaurus and Oxalaia (which are regarded as junior
synonyms of Spinosaurus) from this dataset. Both datasets"* were ana-
lysed under equally weighted parsimony in TNT (Tree analysis using
New Technology) v. 1.1°°. No characters were ordered. We conducted a
heuristic search using 1,000 replicates of Wagner trees (withrandom
addition sequence) followed by tree bisection and reconnection (TBR)
branch swapping. We calculated decay indices (i.e., Bremer support)
and absolute bootstrap frequencies with 10,000 pseudoreplicates to
quantify node support.

Bone density
Bone density was used as a proxy for ecological inference. Because
different postcranial skeletal elements show contrasting compactness

profiles due to allometry during growth>**3* we focused on the femur
and dorsalribsin order to employ a consistent comparative framework;
these skeletal elements have been previously shown to be reliable skel-
etal element for confident inference of ecological adaptations (for
example, in ref. 7). Femoral and dorsal rib cross sections were mainly
obtained from the diaphysis and the proximal region, respectively,
through thin sectioning, micro-CT scanning, or data mining from the
literature (see Supplementary Dataset for the taxa included and the
type of data collected). Among dinosaurs, novel data presentedin this
studyinclude those for the tetanurantheropods Baryonyx, Spinosaurus,
Tyrannosaurus, Megalosaurus, Tyrannotitan, Eustreptospondylus, and
Condorraptor (see Supplementary Dataset for novel osteohistological
datacollected for this study). Our femoral datasetincludes 206 individ-
uals, representing 200 taxa. Allknown spinosaurid taxa that preserve
the femur areincluded therein. The discrepancy between the number
ofindividuals and taxais due to the inclusion of multiple individuals of
the following marine reptiles: Ichthyosaurus, Nothosaurus, Simosaurus,
Placodontia and Champsosaurus. Our dorsal rib dataset includes 174
taxa. The taxonomic overlap between the two datasets (femur and
dorsalrib) is equal to 83 taxa, including Baryonyx and Spinosaurus.

Archosaurs are represented in the dataset by extant crocodilians,
pterosaurs, non-avian dinosaurs, and birds, the latter including both
Mesozoic and extant taxa (see Supplementary Dataset for included
taxa). Stem and crown marine mammals, such as cetaceans and seals,
and extinct marine reptiles (ichthyosaurs, sauropterygians, and mosa-
saurs) were included to infer thresholds of bone compactness related
toaquatic lifestyle and to calibrate the discriminant analyses aimed to
infer ecological adaptations in extinct taxa.

Cross (CT scan) and thin sections of femoral diaphysis and dorsal
rib were transformed into black and white figures (black for bone
and white for medullary cavity, vascularization, and background)
in Adobe Photoshop, following previous protocols (for example,
refs. 527365 Images were thenimported into the freely available soft-
ware Bone Profiler® (http://134.158.74.46/BoneProfileR/) to quantify
bone compactness. In cases where portions of the femoral diaphysis
and rib cross sections were missing or deformed, retro-deformation
andreconstructionwere applied following the methods presented by
DeRicqlés et al.’, to minimize the occurrence of taphonomicartifacts
in the data. Because the femoral diaphysis of Baryonyx is eroded and
crushed, the cross section for this taxon was taken from amore intact
and better-preserved region closer to the distal portion of the femur
(Supplementary Fig. 3). Because the diaphysis of the femur coincides
with the highest degree of bone compactness among amniotes™?, the
quantified degree of osteosclerosis in Baryonyx should be regarded
asunderestimated.

Informal consensus tree

Toaddress the statistical non-independence of interspecific compari-
sons, we assembled two informal amniote-wide supertrees (Extended
DataFigs. 8,9) using Mesquite v. 3.40% on the basis of Upham et al.* for
Mammalia, Simoes et al.*’ for the backbone of Diapsida, Nesbitt et al.®
for Archosauria, Langer et al.® for Dinosauria, this study for Tetanurae,
Brusatte et al.®* for Coelurosauria, and Prum et al.®* for Neoaves. We cali-
brated the resulting tree using the function ‘bin_timePaleoPhy’ from the
Rpackage Paleotree®, scaling the branches on the basis of genus-level
stratigraphic ranges sourced from the Paleobiology Database (www.
paleodb.org) and from the specialized literature (see Supplementary
Dataset). We generated 100 trees using this method, which randomly
draws firstappearance dates and last appearance dates for each taxon
fromwithin their stratigraphic ranges. To avoid zero-length branches
we set aminimum branch length of one million years.

Ecologicalinference
We scored extant and extinct taxawhose ecomorphological attributes
could confidently beinferred (for example, ichthyosaurs asbeing able
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to dive frequently and not being able to fly) as being able to engage in
(a) subaqueous-foraging (0, unable; 1, able but infrequent (for exam-
ple, rails); 2, frequent), and (b) flying (0, unable; 1, non-sustained
flight (for example, tinamous, galliforms and Xenicus longipes); 2,
sustained flight). Extinct taxa with ambiguous ecological inference
were scored as unknown. Therefore, the autecology of each taxon is
represented by two numerical categories with three states each. Previ-
ousstudies applied different categorizations for the characterization
ofaquatic lifestyles among extant and extinct taxa: ‘aquatic’ and ‘semi-
aquatic’ were used contra ‘subaqueous foraging’ appliedin this study.
Our ecomorphological attribution is focused on a specific behaviour
linked to an ecology, rather than a categorization of its entirety. We
find our categorization to be more accurate: for example, previous
studies coded penguins and cetaceans as aquatic, while crocodilians
were stated as semiaquatic. Whereas penguins and crocodilians are
stillecologically dependent on terrestrial environments (for example,
for laying eggs), cetaceans are completely independent from land.
On the other hand, all these clades engage in subaqueous foraging.
Therefore, our ecological attribution is in agreement with previously
applied ecological categories, but do not exclude dependency to ter-
restrial environments to satisfy autecological requirements, such as
reproductive behaviour.

Maximum femoral diaphyseal and dorsal rib cross section diameter
was used as a proxy for body size, in order to allow the inclusion of
fragmentary fossil remains and to optimize the inclusion of taxa with
significantly different body plans. As femoral and rib diameter values
range fromthose of small-bodied modern passerines (Xenicus) to very
large non-avian theropods (Tyrannosaurus and Spinosaurus), maximum
femoral diameter was loglO-transformed.

Bone compactness, femoral midshaft diameter, and different com-
binations of these ecological traits were used to build 12 linear models
uponwhich PGLS were performed using the R core functiongls (R Core
Team). The AIC was used to establish which linear model best explains
variationinbone compactness. Pagel’s lambda values were simultane-
ously calculated to evaluate the degree of phylogenetic signalineach of
therelationships. These analyses were run over the 100 trees generated
forallamniotes to evaluate the effects of stratigraphic uncertainty on
our analyses; the results were summarized thereafter.

To establish explicit predictions of ecology in extinct taxa, we builta
phylogenetically flexible discriminant analysis (pfDA) using the func-
tion phylo.fda (Schmitz & Motani®, sourced from https://github.com/
Ischmitz/phylo.fda) and following the protocol described®, including
our two main metric variables (maximum diameter and bone density)
and the ecological classifiers from the linear model with the best fit
(lowest AIC score). The model in which bone density is explained by
subaqueous-foraging exhibits the best fit (see Results, Table 1, and
Supplementary Tables 3, 4); therefore, we scored all taxa to a more
inclusive category depending on whether or not they are frequent
subaqueous-foragers (Supplementary Tables 3, 4). Because our over-
arching goal is to ascertain aquatic proficiency in large, flightless
theropod dinosaurs, we also excluded modern birds that are able to
both submerge-forage and fly as this functional trade-off is likely to
influence their bone histology and introduce a confounding factor in
our predictions. A series of taxa for which aquatic lifestyles have been
proposed or fragmentary remains cannot allow a confident scoring
were scored as ‘unknown’ and their ecologies were predicted along
with the three spinosaurid target taxa (see supplementary dataset).
Inorderto correctfor the bias that phylogenetic structure introducesin
formto functionrelationships, phylo.fdaadjusts the phylogeny with the
value of phylogenetic signal (Pagel’s lambda) which maximizes the log
likelihood of the linear fit among variables®“¢, Because branch lengths
inour phylogenies exhibit some degree of uncertainty, we repeated this
analysiswith the 100 different trees we generated and summarized the
accuracy and predictions across all iterations. This was repeated for
boththe femoraandrib datasets and again excluding graviportals and

deep diving taxa in both datasets (see Supplementary Tables 5, 6 for
taxa classified with these ecological traits). In each iteration, the vari-
ables (bone compactness and diameter) from the training set of taxa
withknown ecologies, together with the phylogenetic structure of data,
are used togenerate the discriminant functions, which are subsequently
used to predict the ecologies in extinct taxa with unknown ecologies
(including spinosaurids). A species is predicted as subaqueous forager
if the posterior probability is 50% or more, because our inference has
only two possible outcomes: subaqueous forager or non-subaqueous
forager. We summarised our results by providing the median value of
those 100 posterior probabilities and the number of times a particular
taxonis predicted as subaqueous forager (median probability of 50%
or more). This gives us two proxies of the likelihood of each taxon to
be an actual subaqueous forager. For instance, a taxon could be pre-
dicted 100 times as subaqueous forager with a median probability of
51% which means the evidence for this extinct species to be an actual
subaqueous forager is very weak and this inference has to be consid-
ered very unlikely. Median probabilities need to be within the range of
80-100%to be considered as strong evidence of subaqueous forager.
Additionally, we considered the presence of an open medullary cavity
or osteosclerosis to support our inferences.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.

Data availability

All data described and used in this manuscript are freely available.
The measurements and provenance information for fossil specimens
can be found in the extended data figures and in the Supplementary
Dataset. The phylogenetic datasets and the R coding are available
as Supplementary Material. The CT scan datasets collected for this
study are available in Morphosource (specific links for each taxon can
be found in the Supplementary Dataset).
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Extended DataFig.10|Qualitative comparison of bone compactnessin scapula, ilium, pubis, ischium, femur, and fibula. Increased bone density is
selected skeletal elements between osteoscleroticspinosauridsandother  foundin postcranial elements of Spinosaurus as well; areduced medullary
non-avian dinosaurs. Baryonyx and Spinosaurus possess dense, compact cavityis presentintheribs, dorsaland caudal neural spines, manual phalanges,

bone throughout the postcranial skeleton, namely in the neural spines, ribs, femur, tibia, and fibula. Abbreviations: bd=bone density.
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Data collection  Femoral diaphysis and dorsal rib cross sections belonging to 206 and 174 amniote, respectively, were collected through means of microCT
scan or thin sectioning (e.g. Spinosaurus, Suchomimus, and Baryonyx), or obtained from the literature. Sections were then imaged to allow
quantification of bone compactness and quantitative analyses. See the supplementary data attached to this manuscript for a complete list of
data used in this study, origin of the data, and type of data acquisition. Femoral and dorsal rib sections were converted into black and white
figures in VGStudio Max 3.4 for data obtained through microCT scan or in Photoshop CS5 for imaged thin sections. Bone density was
quantified with the freely available software BoneProfiler 2.0-1 (https://max2.ese.u-psud.fr/epc/conservation/boneprofiler.html). The freely
available software "Fiji" (https://imagej.net/software/fiji/) was used to measure the maximum diameter of the femur diaphyses and rib cross
sections.

Data analysis Phylogenetic analyses were performed in TNT (Tree analysis using New Technology) v. 1.1. In order to build an informal Supertree to test the
role of phylogeny on the evolution of bone density, we used the freely available software Mesquite 3.7 (https://www.mesquiteproject.org/).
The tree was calibrated using "bin_timePaleoPhy" from the R package Paleotree. Bone density, femoral midshaft and rib cross section
diameters, and different combinations of ecological traits were used to build 12 linear models upon which phylogenetically gnostic
regressions (PGLS) were performed using the R core function gls (R Core Team). To establish explicit predictions of ecology in extinct taxa, we
built a phylogenetically-flexible discriminant analysis (pfDA) using the function phylo.fda (sourced from https://github.com/Ischmitz/
phylo.fda). In order to correct for the bias that phylogenetic structure introduces in form to function relationships, phylo.dfa adjusts the
phylogeny with the value of phylogenetic signal (Pagel’s lambda) which maximizes the log likelihood of the linear fit among variables.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Study description In this study, we conduct phylogenetic comparative analyses of osteohistological and bone density data in a broad sample of
amniotes, including dinosaurs, (n=380) to assess the presence and extent of aquatic adaptations in non-avian dinosaurs. First, we use
comparative analysis to validate bone compactness as a proxy for subaqueous foraging capabilities in amniotes. We then use this
proxy to provide evidence that a clade of medium- to giant-bodied predatory dinosaurs, Spinosauridae, was ecologically adapted to
life in water, representing the first known aquatic radiation among non-avian dinosaurs. Disparate ecological niches are herein
recognized among spinosaurids: whereas Baryonyx and Spinosaurus are strongly predicted as subaqueous foraging species,
Suchomimus is inferred as a more terrestrial, potentially wading animal, although sharing morphological similarities with Baryonyx.
Our findings greatly expand the ecological disparity of non-avian dinosaurs.

Research sample This study collected bone compactness values from the femora (n=206) and dorsal ribs (n=174) of extant and extinct amniote taxa.
The data collected aimed to cover the broadest taxonomic and ecological diversity possible among amniotes. While part of the data
were available from the literature, our team collected data for 79 modern and extinct taxa.

Sampling strategy We sampled 374 amniote taxa (380 individuals) spanning the entire tree of life, body size variation, and ecological diversity of this
clade, in order to verify the influence of phylogeny, allometry and ecology on bone density, and to infer ecological adaptations
among non-avian dinosaurs. The dataset here published is the largest ever built for bone density in amniotes. Because this includes
extant and extinct clades and captures a broad ecological variability within each major amniote clade, we believe that the analyzed
dataset is a consistent representation of ecological evolution in Amniota.

Data collection Data collected for this study were acquired through thin sectioning or microCT scan. These were collected in the respective
Institutions housing the specimens. MicroCT scans were collected for the diaphyses of femora and then imported in VGStudio Max
3.4 where a section of the diaphysis was extracted. Thin sections were imaged through petrographic microscopes and then
transformed in Photoshop in a black and white image (black for bone). See the supplementary dataset attached to this study for the
list of taxa examined. In order to expand the dataset and cover a broader range of taxa and ecologies, we obtained data from the
literature. In this case, thin sections were directly transformed in black and white figures in Photoshop. In few cases, quantification of
bone density was already undertaken in literature: in these cases, the values for bone density and maximum diameter were simply
collected. While all authors contributed with specimens, M.F. transformed the sections in black and white figures and quantified
bone density and maximum diameter of the sections.

Timing and spatial scale  Data were collected from FMNH, YPM at Yale, AMNH, NHMUK, UMZC, SMNS, UUVP, IGWH, NMQR, NMW, BSP, MPEF, AODF, IVPP,
UM, MBC, MOR, OUMNH, MWU, MLP, STIPB, CAV, GPIT, UMMZ, OUMNH-J, LACM, SMNS, IPS, LO, RR, TMM, ROM, Wijk, SIPB R,
ZMNH, CRILAR, UA, IPB, GAD, FSAC-KK, BPI, UF, ML, and MACN-PV. Data collection started in 2015 and was constantly conducted

until 2019.
Data exclusions No data were excluded
Reproducibility Quantification of bone density was performed three times for each taxon to confidently replicate density measurements. Analyses of

ecological inference were run over 100 trees generated for all amniotes to evaluate the effects of stratigraphic uncertainty on our
analyses; the results were summarized thereafter. All data and coding required to replicate our results are available as
supplementary material to this study. Replication of the results were successful.

Randomization Randomization was applied to the alternative 100 phylogenies obtained for the PGLS analyses aimed at finding potential correlations
between bone density, ecology and allometry. All other analyses do not require randomization.

Blinding Not applicable because experiments do not require blinding
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Did the study involve field work? Yes [ Ino

Field work, collection and transport

Field conditions Desert escarpment close to Moroccan-Algerian border

Location In- and ex-situ on the slopes of a south-east facing escarpment (Zrigat, southeastern Morocco; 31° 37’ N, 4° 16’ W) fringing the
Aferdou Zrigat plateau (Tafilalt basin, Akrabou Formation, Kem Kem beds).

Access & import/export  Permits for fieldwork were obtained from Ministére de I'Energie, des Mines, et de I'Environnement. Permits: 4581/DE/2019
(issued on 17/07/2019) and 4118/DE/2018/DG (issued on 06.06.2018). The work was performed in close collaboration with
researchers in Morocco (FSAC, Casablanca). The specimens collected are deposited at the Departement de Géologie/Laboratoire

de Biodiversité et Santé, Faculté des Sciences Ain Chock, Hassan Il University, Casablanca, Morocco.

Disturbance No disturbance

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies |:| ChlIP-seq

X
Eukaryotic cell lines |Z |:| Flow cytometry
X

Palaeontology and archaeology |:| MRI-based neuroimaging
Animals and other organisms
Human research participants

Clinical data

XX XXX X &
OO0O0OXOO

Dual use research of concern

Palaeontology and Archaeology

Specimen provenance The 380 specimens used in the study range from Europe, Mongolia, Africa, North and South America.

Specimen deposition The specimens used in this study are housed in public museum collections and are freely accessible. The Institutions where the
investigated specimens are housed are listed in the supplementary data attached to this manuscript. Data were collected from
FMNH, YPM at Yale, AMNH, NHMUK, UMZC, SMNS, UUVP, IGWH, NMQR, NMW, BSP, MPEF, AODF, IVPP, UM, MBC, MOR, OUMNH,
MWU, MLP, STIPB, CAV, GPIT, UMMZ, OUMNH-J, LACM, SMNS, IPS, LO, RR, TMM, ROM, Wijk, SIPB R, ZMNH, CRILAR, UA, IPB, GAD,
FSAC-KK, BPI, UF, ML, and MACN-PV.

Dating methods No new dates were provided
|Z Tick this box to confirm that the raw and calibrated dates are available in the paper or in Supplementary Information.

Ethics oversight No ethical oversight was needed for this study, because based on Museum specimens

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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