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New fossils of the giant African crocodyliform Sarcosuchus imperator clarify its
skeletal anatomy, growth patterns, size, longevity, and phylogenetic position.
The skull has an expansive narial bulla and elongate jaws studded with stout,
smooth crowns that do not interlock. The jaw form suggests a generalized diet
of large vertebrates, including fish and dinosaurs. S. imperator is estimated to
have grown to a maximum body length of at least 11 to 12 meters and body
weight of about 8 metric tons over a life-span of 50 to 60 years. Unlike its
closest relatives, which lived as specialized piscivores in marginal marine hab-
itats, S. imperator thrived in fluvial environments.

A partial skull of an enormous crocodyliform
was discovered in 1964 by geologists mapping
a remote section of the Ténéré Desert in Niger.
Named Sarcosuchus imperator (1), its paleon-
tological significance has never been fully ex-
plored, despite the recovery of many additional
specimens (2).

We outline the skeletal anatomy of this giant
among crocodyliforms with newly discovered
skulls and partial skeletons from the Lower
Cretaceous (Aptian-Albian) El Rhaz Formation
in Niger (Fig. 1). The snout is proportionately
long (about 75% of skull length) but is consid-
erably broader than in the living gharial and
other narrow-snouted crocodyliforms (Fig. 2, A
to C). The subtriangular supratemporal fossae

are only slightly larger than the orbits, which are
dorsally oriented and moderately telescoped. On
the roof of the snout, the slender tips of the

nasals maintain contact with the premaxillae,
which form an expansive bulla around the large
and undivided external naris. The sidewall of the
snout lacks any trace of antorbital or maxillary
fossae [contrary to previous reports (1, 2)]. In
palatal view, the relatively large internal nares
are divided by a narrow pterygoid septum. They
are positioned posterior to the suborbital
fenestra and are bounded by the palatines ante-
riorly and pterygoids posteriorly.

There are 5 premaxillary teeth, which an-
gle posteroventrally, and 30 maxillary teeth
(Fig. 2A). The third and fourth premaxillary
teeth are the largest teeth in the jaws; the 10th
maxillary tooth is also enlarged (Fig. 2, A
and C). There are 31 dentary teeth, the third
and fourth of which are enlarged (Fig. 2,
D and F). All of the dentary teeth occlude
inside the maxillary tooth rows (Fig. 2D).
Both upper and lower crowns have carinae
fore and aft but are otherwise smooth and
remarkably stout (Fig. 2E).

The lower jaw is noticeably shorter than the
upper jaw, which overhangs the flared anterior
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Fig. 1. Mid-Cretaceous (Aptian-Albian, about
112 million years ago) paleogeographic map
showing the position of Africa and location of
fossils (white cross; Mollweide projection, lati-
tude and longitude lines at 30° intervals with
longitude greater than 120° omitted) (32).

Fig. 2. Skull of S. imperator (MNN 604). (A) Skull and lower jaws in left lateral view. Cranium in
(B) dorsal and (C) ventral views. (D) Anterior end of the jaws in ventral view. Right dentary tooth
4 (E) and 17 (F) in anterior and cross-sectional views. Scale bars: (A) to (C) 50 cm; (D), 10 cm; and
(E) and (F), 1 cm. Abbreviations: 1-31, tooth number; a, angular; bo, basioccipital; d, dentary; dep,
depression; ec, ectopterygoid; emf, external mandibular fenestra; f, frontal; gr, groove; if, incisive
foramen; in, internal nares; j, jugal; l, lacrimal; m, maxilla; n, nasal; oc, occipital condyle; p, parietal;
pl, palatine; pm, premaxilla; po, postorbital; prf, prefrontal; pt, pterygoid; q, quadrate; qj, quadra-
tojugal; sa, surangular; sq, squamosal.
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end of the dentary. A 10-cm gap is present
between the premaxillary tooth row and the
anterior margin of the lower jaw (Fig. 2D).
Moreover, none of the enlarged upper or lower
teeth occlude with palatal depressions or insert
into the sizable diastemata in upper and lower
tooth rows (Fig. 2D).

Several of these jaw features characterize S.
imperator (3) and contrast sharply with the
proportionately narrower snouts and more elon-
gate, interlocking teeth of extant crocodylians
that are primarily ichthyophagous (4). Terres-
trial mammals comprise a substantial propor-
tion of the diet of large extant crocodylids such
as Crocodylus niloticus (4). Adult S. imperator
may well have had a similar generalized diet
that included large terrestrial prey such as the
abundant dinosaurs that cohabited the region.

All of the vertebral centra are amphicoelous
(Fig. 3, B and C), in contrast to the procoelous
condition in Crocodylia or the incipiently pro-
ceolous condition in a few crocodylian out-
groups (e.g., atoposaurids). Cervical vertebrae

have shallow ventral keels and short overlap-
ping ribs. Dorsal vertebrae have long transverse
processes but stout neural spines. The scapulae,
coracoids, and pubes are strongly flared, and the
iliac blade has a broad dorsal surface (Fig. 3G).
Little is known of the limbs except the femur.
The osteoderms resemble those of the gonio-
pholodids Sunosuchus (5) and Goniopholis (6).
Cervical and trunk osteoderms have low later-
ally positioned keels, hook-shaped anterolateral
processes, and overlapping articular surfaces
(Fig. 3, D and E). Caudal osteoderms are quad-
rangular or subtriangular and lack anterolateral
processes and keels (Fig. 3F). The osteoderms
formed a continuous surface from the anterior
cervical vertebrae to the middle of the tail, as in
Araripesuchus (7) and other basal crocodyli-
forms, but unlike extant crocodylians that exhib-
it discontinuity between the dermal armor of
cervical and trunk regions (8).

In juvenile skulls of S. imperator up to
1 m in length (Fig. 4A, left) (9), the maxillary
portion of the snout tapers in width anteriorly

as in Gavialis and the most slender-snouted
living crocodylids. With maturity, the snout
becomes substantially more robust and ex-
pands in width anteriorly, a very unusual
snout shape (Fig. 4A, right). In addition, the
narial bulla expands in width and invaginates,
and the premaxillary teeth and alveolar mar-
gin turn inward (Fig. 2A and Table 1).

We used skull length (10) to estimate max-
imum body length in S. imperator, because no
single skeleton is complete enough for direct
measurement (Fig. 4B). In extant crocodylians,
skull and total body lengths of subadult and
adult individuals are strongly correlated and
show negligible sexual variation (11–16). Lin-
ear equations show that the skull is proportion-
ately longest relative to the body in the slender-
snouted Gavialis gangeticus, intermediate in
crocodylids such as Crocodylus porosus, and
shortest in the broader snouted alligatorids such
as Alligator mississippiensis.

Using a large adult skull of S. imperator (17)
and the mean of total body length values based

Fig. 3. Skeletal reconstruction of adult S. imperator showing (A) pre-
served bones (right side) and scutes (left side) (length 11.65 m, or 38
feet, 3 inches). Individual bones: (B) mid cervical vertebra in left lateral
and anterior views ( juvenile MNN 605), (C) posterior dorsal vertebra in
lateral and anterior views (subadult MNN 606), (D) mid cervical scute in
dorsal view (subadult MNN 607), (E) trunk scute in dorsal view (MNN
605), (F) caudal scute in dorsal view (MNN 607), and (G) pelvic recon-

struction ( juvenile MNN 606, subadult MNN 607). Scale bars in (B) to
(G), 10 cm; human silhouette is 1.68 m (5 feet, 10 inches) tall. Abbre-
viations: acet, acetabulum; ant, antitrochanter; apr, anterolateral process;
di, diapophysis; il, ilium; is, ischium; k, keel; ms, median suture; nc, neural
canal; ns, neural spine; om, overlap margin; pa, parapophysis; pop,
postacetabular process; poz, postzygapophysis; prp, preacetabular pro-
cess; prz, prezygapophysis; pu, pubis; tp, transverse process.
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on regressions for G. gangeticus and C. porosus
(18), we estimate maximum adult body length
in S. imperator to be at least 11 to 12 m (or 37
to 40 feet) (Fig. 4B). This is slightly greater than
previous estimates for S. imperator (2) and for
the enormous Miocene crocodylid Rhamphosu-
chus (19). The Late Cretaceous crocodylian
Deinosuchus may have achieved a similar max-
imum body size (20, 21), although this has yet to
be established from reasonably complete cranial
remains. Using a regression for body weight in
C. porosus (22), we estimate that an adult S.
imperator with a body length of about 11.5 m

would have a body weight of about 8.0 metric
tons (or 17,500 pounds).

Thin sections of trunk osteoderms from a
subadult individual (80% of maximum adult
size) show about 40 annual growth rings or
lines of arrested growth. This count suggests
that a maximum adult size was achieved only
after a duration of 50 to 60 years. Because
extant crocodilians do not actively grow or
typically survive this long in the wild (16,
23), S. imperator appears to have achieved its
enormous body size by extending the dura-
tion of rapid growth as has been shown to be

the case in the giant crocodylian Deinosuchus
(20), rather than accelerating the rate of bone
deposition.

A suite of unusual features of the snout
unites Sarcosuchus with a similar age, smaller
bodied North American relative Terminonaris
(24) (Fig. 4C, node 2). These features include
the transverse expansion and ventral offset of
the snout end (Figs. 2, A and D, and 4D) (25).
The anterior snout is unknown in the earlier
European relative Pholidosaurus (26), and so it
is united more loosely with Sarcosuchus, Ter-
minonaris, and Dyrosaurus (Fig. 4C, node 1).
Linking Dyrosaurus with the aforementioned
pholidosaurids as a clade is an interesting result
supported previously by only one study (24).
With one exception, members of this clade are
slender-snouted, fish-eating specialists adapted
to near-shore marine habitats. The giant croco-
dyliform Sarcosuchus stands in sharp contrast to
its closest of kin, its jaws and teeth those of a
generalist predator unearthed from fluvial de-
posits within a terrestrial setting.

At higher levels within Crocodyliformes,
phylogenetic analysis placed the long-snouted
thalattosuchians as the basal sister group to
Metasuchia, a clade comprising an array of
moderate or small-bodied taxa, some more
closely related to Notosuchus and others to Cro-
codylia (Fig. 4C). Within this phylogenetic

Table 1. Measurements (in millimeters) and ratios of the crania of juvenile and adult S. imperator (Fig.
4A). Parentheses indicate estimated measurement.

Measurement or ratio Juvenile Adult

Cranial length (midline) 870 1500
Snout length 645 1150
Snout width, mid length 99 270
Snout width, anterior end of maxillae 117 365
Snout width, premaxillary narial rim 130 (440)
Occiput, width across paroccipital processes 326 520
Occiput, height at quadrate condyles 104 230
Dentary rami width, neck before distal flare – 176
Dentary rami width, distal flare – 285
Snout length/cranial length 0.74 0.77
Snout width: anterior end of maxillae/mid length 1.18 1.35
Snout width: premaxillae/mid length 1.31 1.63
Mandibular flare: flare/neck width – 1.62

Fig. 4. (A) Outline of juve-
nile (left) and adult (right)
snouts of S. (drawn to the
same size) (for measure-
ments, see Table 1). (B)
Scatter plot and regression
lines for total body length
versus skull length in Ga-
vialis gangeticus (crosses)
and Crocodylus porosus
(dots) with an estimate of
maximum body length for
an 87-cm juvenile skull of
Sarcosuchus imperator
(cross in circle) and the
largest recorded adult
skull (160 cm) (cross in
circle with dashed lines)
(18). (C) Strict consensus
tree based on three mini-
mum-length trees of 196
steps for 20 crocodyliform
taxa based on maximum
parsimony analysis of 72
characters (CI 0.52; RI
0.61) (33). Sarcosuchus
(bold) and Terminonaris
are united by seven unam-
biguous synapomorphies
(node 2); another six un-
ambiguous synapomor-
phies unite these taxa,
Pholidosaurus, and Dyro-
saurus (node 1) (charac-
ters and data matrix avail-
able at Science Online)
(29). Dots at nodes for
Crocodyliformes and Metasuchia signify node-based definitions of node-stem triplets (30). (D) Skull of Terminonaris robusta (98 cm length) in dorsal view
(right), with the end of the snout shown in right lateral (top left) and ventral (bottom left) views. Scale bars in (D), 10 cm.
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framework (27), Sarcosuchus and its closest
relatives are understood as basal neosuchians,
allied with but outside Crocodylia and the radi-
ation that gave rise to all living crocodylians.
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3. Sarcosuchus imperator, revised diagnosis (conditions

unknown in S. hartti ): crocodyliform with premaxil-
lary narial bulla, maxillae that expand about 25% in
width anteriorly, anterior maxillary teeth reduced in
size. Sarcosuchus, revised diagnosis (S. imperator, S.
hartti): crocodyliforms with dentary teeth 3 and 4
enlarged (28); diastema between dentary tooth 4 and
5; dentaries with fan-shaped distal expansion (28)
reaching a width 50% greater than the narrowest
portion of the rami; dentary symphysis extending
posteriorly to about dentary tooth 20.

4. A. C. Pooley, in Crocodiles and Alligators, C. A. Ross,
Ed. (Merehurst, London, 1989), pp. 76–91.

5. X.-C. Wu, D. B. Brinkman, A. P. Russell, Can. J. Earth
Sci. 33, 606 (1996).

6. R. W. Hooley, Q. J. Geol. Soc. London 63, 50 (1907).
7. M. K. Hecht, in Santana Fossils, J. G. Maisey, Ed.

(T.F.H. Publications, Neptune City, NJ, 1991), pp.
342–347.

8. F. D. Ross, G. C. Mayer, in Advances in Herpetology
and Evolutionary Biology, A. G. Rhodin, K. Miyata, Eds.
(Harvard Univ. Press, Cambridge, MA, 1983), pp. 305–
331.

9. E. Buffetaut, Mém. Soc. Geol. France Nov. Ser. 60, 1
(1981).

10. Skull length is measured from the anterior end of the
premaxilla to the posterior end of the occiput in the
midline.

11. H. Wermuth, Senck. Biol. 45, 369 (1964).
12. A. E. Greer, J. Herpetol. 8, 381 (1974).
13. G. J. W. Webb, H. Messel, Aust. J. Zool. 26, 1 (1978).
14. L. A. K. Singh, H. R. Bustard, Br. J. Herpatol. 6, 253

(1982).
15. G. J. W. Webb, R. Buckworth, S. C. Manolis, Aust.

Wildl. Res. 10, 383 (1983).
16. A. R. Woodward, J. H. White, S. B. Linda, J. Herpetol.

29, 507 (1995).
17. The holotypic skull of S. imperator in the collections

of the Musée National du Niger (MNN) has a length
of 160 cm (2) and is the largest verified skull length
on record (the same reference reported a 170-cm
skull, but there are no figures of this specimen).

18. Regressions of body length ( y) against head length
(x) for G. gangeticus ( y 5 269.369 1 7.4x, r2 5
0.972) and C. porosus ( y 5 220.224 1 7.717x, r2 5
0.98) yield total body length estimates of 11.15 m
and 12.15 m, respectively, for a skull length of 160
cm. Mean total body length equals 11.65 m (38 feet,
3 inches) (Fig. 4B). Data for G. gangeticus (n 5 17)
include measurements taken by P. Sereno from cap-
tive bred gharials in the Kukrail Picnic Center and
Katerniaghat National Reserve in northern India and
available measurements for individuals greater than
1.5 m long (11). Data for C. porosus (n 5 28) come
from wild individuals in northern Australia (A. Brit-
ton) and from available measurements for individuals
greater than 1.5 m long (11) (excluding one suspi-
cious record with body length of 4.91 m) (for mea-
surement data, see supplementary material) (29).

19. J. J. Head, J. Vert. Paleontol. 21, 59A (2001).
20. G. M. Erickson, C. A. Brochu, Nature 398, 205 (1999).
21. D. R. Schwimmer, J. Vert. Paleontol. 19, 74A (1999).
22. Using linear equations for C. porosus (13), we esti-

mated snout-vent length in S. imperator from skull
length (160 cm, yielding 572 cm) and from total body
length (11.65 m, yielding 570 cm). We used mean
snout-vent length (571 cm), in turn, to estimate a
body weight (bw) of 7.96 metric tons [log bw5
22.0894 1 3.2613 (log 571 cm)].

23. S. Grenard, Handbook of Alligators and Crocodiles
(Kreiger, Malabar, FL, 1991).

24. X.-C. Wu, A. P. Russell, S. L. Cumbaa, J. Vert. Paleon-
tol. 21, 492 (2001).

25. Sarcosuchus 1 Terminonaris: premaxillary palate with

circular paramedian depressions (Fig. 2D); premaxillary
teeth and alveolar margin angled posteroventrally (2, 9,
24), premaxillary tooth rows angled posterolaterally
(120° intervening angle) (9, 24); last premaxillary tooth
lateral to first maxillary tooth; ventral offset of premax-
illary tooth row (9, 24); broad premaxillary-maxillary
diastema; transverse expansion of distal end of dentary
(characters 68 to 72; see supplementary material) (29).

26. C. W. Andrews, Annu. Mag. Nat. Hist. 11, 485 (1913).
27. Phylogenetic definitions are provided below for key

higher level taxa for stability of taxonomic content (30):
Crocodyliformes, Protosuchus richardsoni, Crocodylus
niloticus, and all descendants of their common ancestor;
Protosuchia, all crocodyliforms more closely related to
Protosuchus richardsoni than to Crocodylus niloticus;
Mesoeucrocodylia, all crocodyliforms more closely re-
lated to Crocodylus niloticus than to Protosuchus rich-
ardsoni; Metasuchia, Notosuchus terrestris, Crocodylus
niloticus, and all descendants of their common ancestor;
Notosuchia, all crocodyliforms more closely related to
Notosuchus terrestris than to Crocodylus niloticus; Neo-
suchia, all crocodyliforms more closely related to Cro-
codylus niloticus than to Notosuchus terrestris. Croco-
dylia is defined as Gavialis gangeticus, Crocodylus nil-
oticus, and all descendants of their common ancestor
[modified from (31)].

28. E. Buffetaut, P. Taquet, Palaeontology 20, 203 (1977).
29. Supplementary data are available on Science Online

at www.sciencemag.org/cgi/content/full/1066521/
DC1.

30. P. C. Sereno, Syst. Biol. 48, 329 (1999).
31. H. C. E. Larsson, dissertation, University of Chicago

(2000).
32. A. G. Smith, D. G. Smith, B. M. Funnell, Atlas of

Mesozoic and Cenozoic Coastlines (Cambridge Univ.
Press, Cambridge, 1994).

33. D. L. Swofford, PAUP 3.1 (Illinois Natural History
Survey, Champaign, IL, 1993).

34. Supported by the David and Lucile Packard Foundation,
the National Geographic Society, and the Pritzker Foun-
dation. We thank C. Abraczinskas for the finished illus-
trations; A. Beck, A. Britton, C. Brochu, J. Conrad, J. Head,
W. Langston Jr., and J. Wilson for comments on the
manuscript; B. Barr, B. C. Choudhury, and G. Martin for
help in measuring G. gangeticus; A. Britton for measure-
ments of C. porosus; E. Dong, A. Gray, L. Mahler, T.
Keillor, R. Masek, and C. Noto for fossil preparation; A.
Beck, D. Blackburn, J. Bradshaw, J.-P. Cavigelli, J. Conrad,
E. Duneman, D. Dutheil, M. Hettwer, G. Lyon, T. Lyman,
J. Marcot, R. Sadleir, G. Wilson, J. Wilson, and D. Varric-
chio for their contributions during expeditions in 1997
and 2000; and I. Kouada and the government of the
Niger Republic for their support of this research.

24 September 2001; accepted 16 October 2001
Published online 25 October 2001;
10.1126/science.1066521
Include this information when citing this paper.

ARR1, a Transcription Factor for
Genes Immediately Responsive

to Cytokinins
Hiroe Sakai,1* Takashi Honma,1† Takashi Aoyama,1

Shusei Sato,2 Tomohiko Kato,2 Satoshi Tabata,2 Atsuhiro Oka1‡

Cytokinins are a class of phytohormones involved in various physiological
events of plants. The Arabidopsis sensor histidine kinase CRE1 was recently
reported to be a cytokinin receptor. We used a steroid-inducible system to show
that the transcription factor–type response regulator ARR1 directs transcrip-
tional activation of the ARR6 gene, which responds to cytokinins without de
novo protein synthesis. This fact, together with characteristics of ARR1-over-
expressing plants and arr1 mutant plants, indicates that the phosphorelay to
ARR1, probably from CRE1, constitutes an intracellular signal transduction
occurring immediately after cytokinin perception.

Cytokinins induce a variety of physiological
events, including cell division, chloroplast de-
velopment, and shoot formation (1, 2). These
cytokinin responses in Arabidopsis are at least
partly triggered through the recognition of cyto-
kinins by the sensor protein CRE1, which is a
member of the protein histidine kinase family
(3, 4). In bacteria, histidine kinases participate
in His-Asp phosphorelays, which respond to
environmental stimuli, usually in association
with cytoplasmic response regulators, the ma-
jority of which are transcription factors (5). If

the His-Asp phosphorelay is also the case in
plants, an intracellular signal transduction path-
way starting from the CRE1 sensor may involve
response regulators. The Arabidopsis genome
codes for 22 response regulators (ARRs), 12 of
which contain a Myb-like DNA binding domain
called ARRM (type B) (6–9). The remainder
(type A) possess no apparent functional unit
other than a signal receiver domain containing
two aspartate and one lysine residues (DDK) at
invariant positions, and their genes are transcrip-
tionally induced by cytokinins without de novo
protein synthesis (7, 9, 10). The type B mem-
bers, ARR1 and ARR2, bind DNA in a se-
quence-specific manner and work as transcrip-
tional activators (11, 12).

We analyzed the morphological characteris-
tics of transgenic plants carrying 35S::ARR1 and
35S::ARR1DDDK genes (13), in which the full-
length ARR1 and its truncated version missing

1Laboratory of Molecular Biology, Institute for Chem-
ical Research, Kyoto University, Uji, Kyoto 611-0011,
Japan. 2Kazusa DNA Research Institute, Kisarazu,
Chiba 292–0812, Japan

*These authors contributed equally to this work.
†Deceased 14 July 2001.
‡To whom correspondence should be addressed. E-
mail: oka@scl.kyoto-u.ac.jp

R E P O R T S

www.sciencemag.org SCIENCE VOL 294 16 NOVEMBER 2001 1519


