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Tail-propelled aquatic locomotion in a 
theropod dinosaur
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In recent decades, intensive research on non-avian dinosaurs has strongly suggested 
that these animals were restricted to terrestrial environments1. Historical proposals 
that some groups, such as sauropods and hadrosaurs, lived in aquatic environments2,3 
were abandoned decades ago4–6. It has recently been argued that at least some of the 
spinosaurids—an unusual group of large-bodied theropods of the Cretaceous era—
were semi-aquatic7,8, but this idea has been challenged on anatomical, biomechanical 
and taphonomic grounds, and remains controversial9–11. Here we present 
unambiguous evidence for an aquatic propulsive structure in a dinosaur, the giant 
theropod Spinosaurus aegyptiacus7,12. This dinosaur has a tail with an unexpected and 
unique shape that consists of extremely tall neural spines and elongate chevrons, 
which forms a large, flexible fin-like organ capable of extensive lateral excursion. 
Using a robotic flapping apparatus to measure undulatory forces in physical models 
of different tail shapes, we show that the tail shape of Spinosaurus produces greater 
thrust and efficiency in water than the tail shapes of terrestrial dinosaurs and that 
these measures of performance are more comparable to those of extant aquatic 
vertebrates that use vertically expanded tails to generate forward propulsion  
while swimming. These results are consistent with the suite of adaptations for an 
aquatic lifestyle and piscivorous diet that have previously been documented for 
Spinosaurus7,13,14. Although developed to a lesser degree, aquatic adaptations are also 
found in other members of the spinosaurid clade15,16, which had a near-global 
distribution and a stratigraphic range of more than 50 million years14, pointing to a 
substantial invasion of aquatic environments by dinosaurs.

Detailed anatomical and functional studies, combined with abundant 
trackways, all point to a strictly terrestrial ecology for dinosaurs1, 
with one clade (Maniraptora) taking to the air17. Dinosaurs are not 
currently thought to have invaded aquatic environments, follow-
ing the abandonment—several decades ago5,6—of century-old ideas 
of semi-aquatic habits in sauropods and hadrosaurs2,3. Potential 
semi-aquatic lifestyles have recently been hypothesized for a small 
number of dinosaurs18,19. However, the only group of dinosaurs for 
which multiple plausible lines of evidence indicate aquatic adapta-
tions are the spinosaurids, large-bodied theropods interpreted as 
near-shore waders that fed on fish along the margins of (rather than 
within) bodies of water10,15,20.

A recent study7 of the largest known spinosaurid, S. aegyptiacus, 
identified a series of adaptations consistent with a semi-aquatic life-
style, including reduced hindlimbs, wide feet with large flat unguals, 
long bones with a highly reduced medullary cavity, and a suite of cranial 

features (such as retracted nares, interlocking conical teeth and a 
rostromandibular integumentary sensory system). This interpreta-
tion has been challenged on the basis of taphonomy9, biomechani-
cal modelling10 and anatomical concerns9. Locomotion in water is a 
major point of contention10,11, because no unambiguous evidence for 
a plausible mode of propulsion has been presented. Furthermore, 
our understanding of the anatomy and ecology of this highly derived 
theropod has been hampered because only one associated Spino-
saurus skeleton exists, with all other associated remains having been 
destroyed in World War II7. The posterior portion of the skeleton and 
the caudal vertebral series in particular, which has the potential to 
shed light on likely adaptations for aquatic locomotion, has until now 
been poorly understood12. Consequently, the tail anatomy and func-
tion of Spinosaurus has been reconstructed on the basis of highly 
incomplete remains and potentially spurious comparisons with other 
similar-sized theropods.

https://doi.org/10.1038/s41586-020-2190-3

Received: 17 June 2019

Accepted: 19 February 2020

Published online: xx xx xxxx

 Check for updates

1Department of Biology, University of Detroit Mercy, Detroit, MI, USA. 2Associazione Paleontologica Paleoartistica Italiana, Parma, Italy. 3Sezione di Paleontologia dei Vertebrati, Museo di Storia 
Naturale di Milano, Milan, Italy. 4Department of Geology and Geophysics, Yale University, New Haven, CT, USA. 5Dipartimento di Scienze della Terra ‘A. Desio’, Università degli Studi di Milano, 
Milan, Italy. 6School of the Environment, Geography and Geological Sciences, University of Portsmouth, Portsmouth, UK. 7Department of Geology, Hassan II University of Casablanca, 
Casablanca, Morocco. 8School of Museum Studies, University of Leicester, Leicester, UK. 9Staatliches Naturhistorisches Museum Braunschweig, Braunschweig, Germany. 10Museum of 
Comparative Zoology and Department of Organismic and Evolutionary Biology, Harvard University, Cambridge, MA, USA. ✉e-mail: ibrahini@udmercy.edu; spierce@oeb.harvard.edu

https://doi.org/10.1038/s41586-020-2190-3
mailto:ibrahini@udmercy.edu
mailto:spierce@oeb.harvard.edu


2  |  Nature  |  www.nature.com

Article

Here we describe a nearly complete and partially articulated tail of 
a subadult individual of S. aegyptiacus (accession code Faculté des  
Sciences of Casablanca University (FSAC)-KK 11888), from the Creta-
ceous Kem Kem beds of south-eastern Morocco (Figs. 1, 2, Extended Data 
Figs. 1–4, Supplementary Information section 1, Supplementary Video 1). 
The skeleton represents, to our knowledge, the most complete dinosaur 
known from the Kem Kem beds21,22 and the most complete skeleton 
of a Cretaceous theropod known from mainland Africa (Supplemen-
tary Information section 2). As we show here, the tail forms part of the 
neotype of S. aegyptiacus7 and was found in direct juxtaposition to the 
remainder of the skeleton (Extended Data Fig. 3). The newly recovered 
material confirms the previous conclusion7 that a single subadult indi-
vidual is preserved at the site; over 90% of the new material was recov-
ered during field excavations in late 2018, and then digitally recorded 
(Extended Data Figs. 1–4, Supplementary Information sections 2–5). 
Several elements conform closely to drawings of the Spinosaurus fossils 
that were destroyed in World War II (Extended Data Fig. 6).

More than 30 near-sequential caudal vertebrae (located within caudal 
positions 1–41) of FSAC-KK 11888 are preserved, and represent approxi-
mately 80% of the original tail length (Extended Data Figs. 3, 4, Extended 
Data Tables 1, 2). Both proximal and distal elements of the tail are complete 
and preserved in three dimensions, indicating minimal taphonomic distor-
tion (Fig. 2, Supplementary Video 2). At the level of the caudal transition 
point1, the centra become proportionally more elongate. In addition, the 
prezygapophyses no longer overhang the preceding centrum and show a 
marked decrease in size compared to those of many theropod dinosaurs1. 
The postzygapophyses also decrease in size (Fig. 2), leading to a reduced 
contact with the prezygapophyses, and are absent in the distalmost caudal 
vertebrae. This again is different from the condition seen in most thero-
pods, in which zygapophyses become more elongate and more prominent 
towards the tail tip1, restricting flexibility in more distal intervertebral joints.

The neural arches are distinctive elements of the Spinosaurus tail. 
A notably complex array of vertebral laminae and fossae is present in 

the proximal caudal vertebrae, and partly persists in mid-caudal neu-
ral arches. The morphology of the neural spines shows considerable 
variation along the sequence (Figs. 1, 2, Extended Data Table 1): the 
spines of the proximal caudal vertebrae are about three times taller than 
their centra and are cross-shaped in cross-section from their base to 
mid-height; in mid-caudal vertebrae, the spines become much longer; 
and in the small distal caudal vertebrae, the length of the neural spines 
reaches well over seven times the height of the centrum, in contrast 
to the condition suggested in a previous study11. The neural spines of 
mid-distal caudal vertebrae of Spinosaurus have a cross-section that 
is unique among theropods: they are proximodistally—rather than 
transversely—flattened. This is owing to the hyper-development of 
the spinodiapophyseal laminae and the loss of pre- and postspinal 
laminae. The chevrons also differ from those of other theropods. The 
morphology of the chevrons in Spinosaurus varies little throughout the 
caudal series, except for a slight gradual reduction of the haemal canal: 
distal chevrons are as elongate as the proximal chevrons (Extended 
Data Table 2) but become slender, paralleling the gradual decrease in 
the size of the centra. Taken together, the elongate neural and haemal 
arches result in a tail shape that is markedly vertically expanded and 
has an extensive lateral surface area (Fig. 1, Extended Data Figs. 3, 4).

The skeletal anatomy of Spinosaurus represents a major departure 
from that of other theropods—including from that of other members 
of the Tetanurae clade (which comprises crown group birds and all 
other stem theropods more closely related to birds than to Cerato-
saurus1). One feature of the Tetanurae is a stiffened tail in which the 
degree of overlap in articulation between pre- and postzygapophy-
ses increases along the caudal series, greatly diminishing the range 
of motion between individual vertebrae1. This trend toward reduced 
mobility is emphasized in paravians, with the appearance of ossified 
ligaments and/or reduction and fusion of the caudal vertebrae into a 
pygostyle17. By contrast, in Spinosaurus the pre- and postzygapophyses 
are much further reduced than in other tetanurans and—in the middle 
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and distal portions of the tail—not only do not overlap, but almost dis-
appear (Fig. 2); this allows the caudal region considerable flexibility, 
especially with regard to lateral movements.

We hypothesized that the highly specialized morphology of the  
Spinosaurus tail allowed it to function as a propulsive structure for 
aquatic locomotion. To test this idea, we evaluated the swimming 
potential of the Spinosaurus tail shape by comparing it to the tails of 
two terrestrial theropods (Coelophysis bauri and Allosaurus fragilis),  
two semi-aquatic tetrapods (the crocodile Crocodylus niloticus and 
the crested newt Triturus dobrogicus) and a rectangular control. 
Two-dimensional tail shapes were cut from 0.93-mm-thick plastic of flex-
ural stiffness 5.8 × 10−5 Nm2. The plastic tails were attached to a robotic 
controller and actuated in a water flume to provide tail-tip amplitudes that 
were approximately 40% of tail length during swimming at 0.5 tail lengths 
per second. This swimming speed and amplitude of motion is similar to that 
of slow aquatic locomotion in modern tetrapods23–25. We measured swim-
ming performance by quantifying the mean thrust and efficiency using 
a six-axis force–torque sensor attached to the shaft that drove each tail 
shape26 (Fig. 3, Methods, Supplementary Fig. 4, Supplementary Videos 3–5).

Our experimental results show that the Spinosaurus tail shape was 
capable of generating more than 8 times the thrust of the tail shapes 
of other theropods, and achieved 2.6 times the efficiency (Fig. 3, Sup-
plementary Data 1). The greatest thrust was achieved by the tail shape 
of the crested newt (1.8 times that of Spinosaurus and 14.8 times that of  
Coelophysis), but the crocodile tail shape achieved greater propulsive 
efficiency (1.5 times that of Spinosaurus and 4.0 times that of Coelophysis),  
comparable to the rectangular control (Fig. 3). The lower efficiency 
recovered in this experiment for Spinosaurus (compared to the control 
with the same surface area) and the crested newt indicates an effect of 
tail shape on performance. Overall, the vertically expanded tail shape of 
Spinosaurus imparts a substantial positive benefit to aquatic propulsion 
relative to the long and narrow tails of terrestrial theropods, supporting 

the inference that Spinosaurus used tail-propelled swimming. This tail 
morphology may have also increased the lateral stability of the body 
in the water, reducing the tendency to roll while floating10.

Contrary to recent suggestions10 that Spinosaurus was confined to 
wading and the apprehension of prey from around the edges of bod-
ies of water, the morphology and function of its tail—along with its 
other adaptations for life in water7—point to Spinosaurus having been 
an active and highly specialized aquatic predator that pursued and 
caught its prey in the water column (Extended Data Fig. 7). The skeletal 
remains of Spinosaurus (Supplementary Information) from the Kem 
Kem beds—composed of sediments deposited in a major fluvio-deltaic 
system7 that have yielded a diverse vertebrate assemblage27—provide 
further insights into the ecology of this dinosaur. The composition of 
the ecosystem represented by the Kem Kem assemblage is highly atypi-
cal, containing a rich freshwater fauna dominated by fishes (including 
lungfish and large-to-very-large sawfish and coelacanths27), a diverse 
range of crocodyliforms28 and several giant predatory dinosaurs7,22. 
The seemingly anomalous occurrence in the same deposits of sev-
eral large-bodied predators but few terrestrial herbivores is partially 
explained by the largely aquatic and probably piscivorous lifestyle 
of Spinosaurus, which considerably expands the morphological and 
ecological disparity of Kem Kem tetrapods7,29. At the same time, com-
petition with several co-occurring large aquatic predators28 may have 
driven the evolution of giant size in Spinosaurus.

Although the unique postcranial adaptations of Spinosaurus point 
towards an entirely novel mode of locomotion within Dinosauria, other 
spinosaurids share a wide range of derived anatomical features that are 
consistent with a partially aquatic, piscivorous mode of life7,8,11,14,30. The 
exact extent to which an aquatic lifestyle was adopted by these taxa, 
and how this varied across Spinosauridae, remains to be established. 
However, the near-global distribution of spinosaurids (which have now 
been reported from Europe, Asia, Africa and South America30) and their 
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substantial temporal range (first appearing, based on phylogenetic 
inference, in the Mid—or possibly even Early—Jurassic epoch and with 
a fossil record that spans more than 50 million years (from the Late 
Jurassic to the early Late Cretaceous epoch)14) point to a persistent and 
widespread invasion of aquatic habitats by dinosaurs.
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(63 cm2). See Methods for experimental setup. Raw thrust and efficiency data, 
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motions of the Spinosaurus tail are visualized in Supplementary Videos 3–5.
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Methods

No statistical methods were used to predetermine sample size. The 
experiments were not randomized and investigators were not blinded 
to allocation during experiments and outcome assessment.

Excavation and reconstruction
The Cretaceous Kem Kem beds of Morocco crop out along an exten-
sive escarpment, often located near the Moroccan–Algerian border7. 
After the accidental discovery and partial excavation by a local collec-
tor in 2008, part of a single skeleton (FSAC-KK 11888)—subsequently 
deposited at the Faculté des Sciences of Casablanca University—was 
recovered, published and designated as the neotype of S. aegyptiacus7. 
A multi-institutional collaborative project in the years 2015–2019, led by 
N.I., resulted in four joint expeditions to the neotype site. Detailed and 
careful exploration of the debris around the site, as well as a systematic 
and extended excavation of the unexposed portion of the fossiliferous 
layer of the Zrigat hill, led to the recovery of many additional elements 
of the neotype skeleton (Extended Data Figs. 1–5). A detailed descrip-
tion of the newly recovered material, as well as the geological context, is 
included in the Supplementary Information. The Supplementary Infor-
mation also includes details of a full-body flesh reconstruction of Spi-
nosaurus based on FSAC-KK 11888, as well as estimates of whole-body 
mass, segment masses, segment centres of mass and whole-body centre 
of mass (Supplementary Data 2). The position of the centre of mass in 
comparison to that in previously published analyses7, 10 can be found 
in Extended Data Fig. 8.

Osteohistological analysis
The aim of the osteohistological analysis was to determine whether 
the remains that were assigned to FSAC-KK 11888 belong to a single 
individual, rather than a chimeric association of juvenile and adult 
individuals preserved in the same location and at the same horizon. The 
analysis was based on five skeletal elements. The primary assumption 
is that, should histological details suggest that all five elements repre-
sent the same ontogenetic stage, then the remains are more likely to 
represent one individual than multiple individuals. By contrast, should 
these elements exhibit two or more distinct ontogenetic stages, this 
would point to the presence of multiple individuals of one taxon (or 
perhaps several taxa), all fortuitously preserved at a single location 
during a single depositional event31–33.

The following elements were sectioned: the right femur; the left 
fibula; one rib; and two neural spines. All specimens were sectioned 
before preparation to ensure that no outer layers of the compact cortex 
were accidentally removed. In the case of the neural spines, the apical 
portion was sectioned.

Thin sectioning followed standard protocols34. The thin sections 
have a thickness of 50–70 μm, and were analysed with a petrographic 
microscope (Leica DM 2500 P). Digital images were captured using a 
ProgRes Cfscan camera. Only continuous lines were counted as lines 
of arrested growth. Annuli were interpreted as a single year, follow-
ing a previous publication35. Retrocalculation, following a previously 
published method36, was applied to determine the likely number of 
missing lines of arrested growth, eroded through remodelling of the 
bone. In the case of the neural spines, only the width of the innermost 
zone was used to retrocalculate the missing lines of arrested growth, 
because the shape of the section could not be approximated to a cir-
cular outline. The calculation of the major and minor axes used for the 
retrocalculation was performed in ImageJ37. Results of the histological 
analysis are included in the Supplementary Information.

Experimental testing of tail-shape swimming performance
To test the aquatic locomotor potential of the newly reconstructed 
S. aegyptiacus tail, we determined the swimming performance of its 
tail shape using a robotic controller developed for studies of propulsive 

hydrodynamics38–42. The swimming performance of the Spinosaurus tail 
shape was compared to the performance of five other tail shapes from 
the following species: the small-bodied terrestrial theropod C. bauri, 
the large-bodied terrestrial theropod A. fragilis, the semi-aquatic croc-
odile C. niloticus, the semi-aquatic crested newt T. dobrogicus and a 
rectangular control tail that was scaled to the same surface area as the 
Spinosaurus tail. Tail shapes (Supplementary Fig. 4) were all scaled to 
20 cm proximodistal length, manufactured from 0.93-mm-thick plas-
tic of flexural stiffness 5.8 × 10−5 Nm2 and cut using an Epilog Zing 24  
laser cutter.

The plastic tails were attached to a robotic controller that allowed 
us to impose specific motion programmes on the rigid shaft to which 
each tail was affixed (Fig. 3, Supplementary Videos 3–5). This shaft was 
moved in both heave (side-to-side) motion, as well as in pitch (angular 
rotation), to achieve undulatory tail motions. The imposed motion 
programme was 1-Hz frequency, ±1-cm heave and ±25° pitch, which 
resulted in the tail tip undergoing peak-to-peak lateral excursions of 
approximately 40% of the proximodistal length, comparable to that 
exhibited by swimming axolotls and alligators23–25.

The shaft supporting each simulated tail at the leading edge was 
attached to an ATI (Apex) Nano-17 six-axis force–torque sensor located 
just above the water surface. Testing occurred in a recirculating water 
flume, and a free-stream flow of 0.5 l (10 cm s−1) was imposed for all 
tests. Custom LabVIEW programs (National Instruments) were used 
to control flapping frequency, flow speed, heave and pitch. A custom 
LabVIEW program also was used to acquire data from the ATI trans-
ducer at a sampling rate of 1,000 Hz. Each tail shape was tested n = 5 
times (except for the Spinosaurus tail, which was tested n = 5 times on 
2 different days for a total of n = 10 tests). Output data can be found in 
Supplementary Data 1.

Thrust and efficiency for each tail shape were calculated using stand-
ard fluid dynamic equations as in previous research43,44. Mean thrust 
force (Fx) is calculated directly from transducer output from the Fx 
channel, and we accounted for transducer rotation resulting from the 
pitch motion to provide the force component directed upstream 
(positive thrust). Propulsive efficiency is calculated as the ratio  
of the thrust coefficient (C Fx ρU cs= 2 ¯ /T

2 ) to the power coefficient 
(C P ρU cs= 2 ¯/p

3 ), in which ρ is the fluid density, U is the swimming veloc-
ity, c is the foil chord and s is the tail span. Effectively, this metric 
assesses the extent to which input power is translated into thrust.

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

Data availability
The authors declare that all data supporting the findings of this 
study are available in the paper and its Supplementary Information. 
Three-dimensional data are available on SketchFab: flesh model at 
https://sketchfab.com/3d-models/07b2b6bf4c464c09bd30daa629f 
266ff; scanned caudal vertebrae and chevrons at https://sketchfab.com/ 
3d-models/chv-7-ca70592e5d07408980220d639bc1456f (Chv7), 
https://sketchfab.com/3d-models/chv-24-d917f541a7934492aaf0be7 
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com/3d-models/ca-12-bb2f30fec9064645b2ff99be30f1ac92 (Ca12),  
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ca-24-4e21ecea81c8403484b9b7e3da7bd0d6 (Ca24), https://sketchfab.
com/3d-models/ca-31-6d0748a851994d6d86b84803743b75a4 (Ca31)  
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a335e7120b9fe9b4 (Ca41).
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Extended Data Fig. 1 | Excavation of the FSAC-KK 11888 site. a–f, Different 
stages of the excavation, which resulted in the removal of over 15 tons of rock 
using a range of tools, including picks, brushes, hammers and a jackhammer.  
a, 17 November 2013. b, 29 March 2015. c, 17 September 2018. d, 19 September 

2018. e, 5 December 2018. f, 21 July 2019. g, h, Selected bones in situ. g, Largely 
complete proximal caudal vertebra (Ca4). h, Neural spine of a mid-distal caudal 
vertebra, fragmented by syndiagenetic cracks. Scale bars, 10 cm.
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Extended Data Fig. 2 | Excavation of the caudal elements of FSAC-KK 11888. 
a, Largely complete distal caudal vertebra (Ca31), recovered in its entirety by 
digging a tunnel until the apex of the neural spine was reached. b, Semi-articulated  

mid-caudal vertebrae. c, Two haemal arches. d, Close association of middle 
caudal elements. Scale bars, 10 cm.



Extended Data Fig. 3 | Excavation map and skeletal reconstruction. 
Detailed map of the site of discovery of FSAC-KK 11888, and fully revised 
skeletal reconstruction. Colours in the map and reconstruction correspond to 
different phases of excavation: the local discovery in 2007–2008 (red), our 

excavations during the 2015–2019 expeditions (green) and sieving in the debris 
area during the 2015–2019 expeditions (yellow). Both images are at the same 
scale. Scale bar, 1 m.
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Extended Data Fig. 4 | The caudal series of FSAC-KK 11888. Photograph of 
the entire caudal series (numbered). Scale bar, 1 m.



Extended Data Fig. 5 | Elements of FSAC-KK 11888 from 2008 (first 
excavation) and 2019 (most recent excavation), matched. a–t, Evidence of 
the perfect match between elements collected by the local discoverer of the 
site in 2007–2008 (a, e, f, i, k, m, n, p, q, s) and elements excavated in situ or 
recovered from the site debris during the 2015–2019 excavations (b–d, g, h, j, l, 
o, r, t). a, b, Right and left metatarsal II. c, Left penultimate phalanx of the fourth 
pedal digit (IV-4) that came to light within the typical matrix in which bones of 
the FSAC-KK 11888 were embedded. d, e, Two possible splenial fragments 

reconnected. f–i, Phalanx IV-4 prepared and compared to the contralateral 
element of the right pes in dorsal view, and rearticulated with its ungual.  
j–m, Two complementary (broken) halves of the left squamosal and of a dorsal 
rib. n–p, s, t, Two key fragments from the debris, reconnecting the base and the 
shaft of a neural spine (possibly the 7th). q, r, The right astragalus (excavated 
in situ in July 2019) rearticulated to its tibia (from 2008). Arrows point to 
recomposed fractures.
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Extended Data Fig. 6 | Comparison of FSAC-KK 11888 caudal vertebrae to 
those destroyed in World War II. Comparison between the caudal vertebrae 
of the neotype of S. aegyptiacus, with those of the two specimens (the holotype 
and a specimen known as ‘Spinosaurus B’, both of which are now lost) from the 
Bahariya Oasis (Egypt) described by E. Stromer12. a–d, Proximal caudal 
vertebra of the holotype (accession code BSP 1912 VIII 19) in distal (a) and right 

lateral (c) views; and of Ca4 of FSAC-KK 11888 in distal (b) and right lateral (d) 
views. e–j, Proximal caudal vertebra of Spinosaurus B in dorsal (e), right lateral 
(g) and proximal (i) views; Ca11 of FSAC-KK 11888 in dorsal (f), right lateral (h) 
and proximal ( j) views. k–p, Middle caudal vertebra of Spinosaurus B in dorsal 
(k), left lateral (m) and distal (o) views; Ca21 of FSAC-KK 11888 in dorsal (l), left 
lateral (n) and distal (p) views. Scale bars = 10 cm.



Extended Data Fig. 7 | Three-dimensional fleshed-out model based on FSAC-KK 11888. a, b, Symmetrical pose in five views (a) and swimming pose (b).
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Extended Data Fig. 8 | Whole-body centre of mass. a–d, Snout tip and tail tip 
in the coordinate system (a) and centre-of-mass distance from the cranial 
margin of the acetabulum in this study (b), calculated using multiple 

approaches (Supplementary Information, Supplementary Data 2) and 
compared to the centre of mass in ref. 10 (c); and ref. 7 (d).



Extended Data Table 1 | Measurements of caudal vertebrae of FSAC-KK 11888

Measurements are in mm. (p), not complete, measured as preserved; n.p., not preserved; n.a., not applicable; e, estimated.
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Extended Data Table 2 | Measurements of chevrons of FSAC-KK 11888

Measurements are in mm. (p), not complete, measured as preserved; n.p., not preserved; e, estimated.
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Ecological, evolutionary & environmental sciences study design
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Study description We present the first unambiguous evidence for an aquatic propulsive structure in a dinosaur, the giant theropod Spinosaurus 
aegyptiacus. This dinosaur has a tail with an unexpected and unique shape consisting of extremely tall neural spines, and elongate 
chevrons forming a large, flexible, fin-like organ capable of extensive lateral excursion. Using a mechanical flapping apparatus to 
measure undulatory forces in physical tail models, we show that the tail shape of Spinosaurus produces far greater thrust and 
efficiency than the tail shapes of terrestrial dinosaurs, comparable to that of extant aquatic vertebrates that use vertically expanded 
tails to generate forward propulsion while swimming. This conclusion is consistent with a suite of adaptations for an aquatic lifestyle 
and a piscivorous diet in Spinosaurus, and with a persistent and significant invasion of aquatic environments by spinosaurid 
dinosaurs. 

Research sample A nearly complete, partially articulated fossil tail of a subadult individual of Spinosaurus aegyptiacus (FSAC-KK 11888), from the 
Cretaceous Kem Kem beds of south- eastern Morocco. Plastic tail shapes from the following species: Spinosaurus aegyptiacus,  
Coelophysis bauri, Allosaurus fragilis, Crocodylus niloticus, Triturus dobrogicus, and a rectangular control tail scaled to the same 
surface area as the Spinosaurus tail.

Sampling strategy Systematic collection of a partial dinosaur skeleton (one individual). Tail shape experiments: Coelophysis and Allosaurus are well 
known taxa and reflect a basal theropod and large-bodied theropod respectively. The two extant aquatic tetrapods (salamander and 
crocodile) were chosen as they are known for utilizing tail-propelled swimming.

Data collection N.I. led the expeditions and the project. N.I., S.M., C.D.S., M.F., M.A., D.M.M., G.B., S.Z. D.M. and A.A. collected the specimens in the 
field. N.I., S.M., C.D.S., M.F., J.W., G.V.L. and S.E.P. designed the research. N.I., S.M., C.D.S., M.F., J.W., G.V.L. and S.E.P. designed and 
performed the experiments. N.I., S.M., C.D.S., M.F., M.A., D.M.M., J.W., G.B., S.Z. D.M., D.M.U., U.J., J.J., A.A., G.V.L., and S.E.P. 
analysed the data. 

Timing and spatial scale 2018-2019; the specimen was collected from the Kem Kem beds, which crop out along the Moroccan-Algerian border for over 250 
km. The fossil was collected from a well-defined field site (site map included in our submission) located near the town of Zrigat.

Data exclusions No data were excluded

Reproducibility The experiments were repeated over multiple days to ensure consistent measures. All repeats were successful.

Randomization We did not use quantitative approaches that would require randomization.

Blinding Our study (field: palaeontology) does not include experiments that would require blinding.

Did the study involve field work? Yes No

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 fringing the Aferdou Zrigat plateau (Tafilalt basin, Akrabou 
Formation, Kem Kem beds). See Supplemental Information.

Access and import/export Permits for fieldwork were obtained from Ministère de l'Energie, des Mines, et de l'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 Aın̈ Chock, Hassan II 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. 



3

nature research  |  reporting sum
m

ary
O

ctober 2018

Materials & experimental systems
n/a Involved in the study

Antibodies
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Human research participants

Clinical data

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Palaeontology
Specimen provenance Permits for fieldwork were obtained from Ministère de l'Energie, des Mines, et de l'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 Aın̈ Chock, Hassan II University, Casablanca, Morocco.

Specimen deposition Laboratoire de Biodiversité et Santé, Faculté des Sciences Aïn Chock, Hassan II University, Casablanca, Morocco

Dating methods No new dates are provided

Tick this box to confirm that the raw and calibrated dates are available in the paper or in Supplementary Information.
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