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directly or indirectly through the BZR1 family)
leads to higher BIN2 activity and derepression
of SPCH, promoting accumulation of SPCH in
active meristemoids (Fig. 4F). Overall, this feedback mechanism by SPCH would serve to reinforce
differences between SPCH-expressing meristemoids
and nonexpressing neighbors, which may be important for local patterning and coordinating the
lineage with overall BR-mediated growth controls.
Here, we revealed the broad influence of SPCH
in stomatal lineage specification through MOBEChIP. This technique, which is based on a simple
scale increase, could be widely applicable in other
tissues or organisms to obtain high-quality binding
information about cell-type–specific regulators.
The large number of SPCH-binding regions reported here is reminiscent of the behavior of the
bHLH transcription factor MyoD, a master regulator of mammalian myogenesis, which associates with more than 30,000 regions in the human
genome and is responsible for resetting global
transcriptional and epigenetic states during development (29). Additional experiments are needed
to establish definitively how often and by what
mechanisms SPCH binding alters gene expression. However, our data that hundreds of genes,
including those mediating abiotic and hormone
responses, are directly regulated by SPCH supports previous functional studies (20, 22) that
place SPCH in a critical position to integrate physiological and environmental information into a
developmental program that optimizes leaf properties (stomatal density and size) for prevailing
environments.
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Early Levallois technology and the
Lower to Middle Paleolithic
transition in the Southern Caucasus
D. S. Adler,1* K. N. Wilkinson,2 S. Blockley,3 D. F. Mark,4 R. Pinhasi,5
B. A. Schmidt-Magee,1 S. Nahapetyan,6 C. Mallol,7 F. Berna,8 P. J. Glauberman,1
Y. Raczynski-Henk,9 N. Wales,1,10 E. Frahm,11 O. Jöris,12 A. MacLeod,3 V. C. Smith,13
V. L. Cullen,13 B. Gasparian14
The Lower to Middle Paleolithic transition (~400,000 to 200,000 years ago) is marked
by technical, behavioral, and anatomical changes among hominin populations throughout
Africa and Eurasia. The replacement of bifacial stone tools, such as handaxes, by tools
made on flakes detached from Levallois cores documents the most important conceptual
shift in stone tool production strategies since the advent of bifacial technology more
than one million years earlier and has been argued to result from the expansion of
archaic Homo sapiens out of Africa. Our data from Nor Geghi 1, Armenia, record the
earliest synchronic use of bifacial and Levallois technology outside Africa and are
consistent with the hypothesis that this transition occurred independently within
geographically dispersed, technologically precocious hominin populations with a
shared technological ancestry.

T

he Late Middle Pleistocene [LMP, oxygen
isotope stage (OIS) 12/11e to OIS 6/5e, ~425
to 130 thousand years ago (ka)] witnessed
the evolution of Homo sapiens in Africa and
Neandertals in western Eurasia (1, 2). In
Africa, the Early Stone Age (ESA)–Middle Stone
Age (MSA) transition is characterized by the slow
replacement of bifaces by flakes, points, and
blades produced through various hierarchical
core reduction strategies, among which Levallois
concepts are the most notable (3–6). In Western
Europe, lithic assemblages from Late Acheulian
contexts highlight the asynchronous, geographically discontiguous evolution from bifacial to
Levallois technology and the gradual transition
from the Lower Paleolithic (LP) to the Middle
Paleolithic (MP) ~300 to 200 ka (7–9). Levantine
sites assigned to the Acheulo-Yabrudian (AY, ~400
to 200 ka) document non-Levallois methods for
the manufacture of blades, broad flakes, and thick
scrapers with scalar retouch (Quina) and the gradual disappearance of bifaces (10, 11). The techno-

logical variability apparent in these regions reflects
the complex hominin behavioral mosaic in place
before the MSA and the MP (12) (Fig. 1). Within
the Southern Caucasus, a region situated between
Africa and Europe, this critical period of technological and behavioral evolution remains uncharted and undated (13).
In bifacial technology (Mode 2), a mass of stone
is shaped through the serial removal of interrelated flakes (façonnage) until the remaining
volume takes on a desired form, such as a handaxe.
This method of stone tool production originated in
Africa ~1.75 million years ago and spread to Eurasia
with the initial Acheulian dispersal <900 ka. In
contrast, Levallois technology (Mode 3), a specific hierarchical core reduction strategy, entails
the multistage shaping (façonnage) of a mass of
stone (core) in preparation to detach a flake of
predetermined size and shape from a single preferred surface (débitage) (14, 15). Flakes resulting
from biface production were generally treated as
waste, whereas particular flakes detached from a
26 SEPTEMBER 2014 • VOL 345 ISSUE 6204
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Levallois core are the desired products. The novel
combination of the shaping and flaking systems in
Levallois technology during the Late Acheulian
and the eventual replacement of bifacial technology by Levallois methods denote the beginning of
the MSA/MP.
In Levallois technology, the volume of the core
is conceived as two hierarchically related surfaces separated by a plane of intersection, with
the upper, or flake release surface representing
the exploitable volume and the lower, or striking
platform surface representing the unexploited
volume (14, 15). The flake release surface is shaped
through the management of lateral and distal
convexities so as to control the morphology of
the resulting products (flakes), and the flake release surface is parallel to the plane of intersection. The intersection between the flake release
surface and the striking platform is perpendicular to the axis of percussion, and all stages of
reduction are achieved through hard-hammer
percussion.
Levallois technology is subdivided into the preferential method, in which a single Levallois flake
is produced before the repreparation of core
convexities, and the recurrent method, in which
multiple Levallois flakes are detached before repreparation (14, 15). Core convexities are created
through the detachment of preparatory flakes
(e.g., débordants), which in turn influence the
pattern of detachments from the flake release
surface. Three main patterns are typically observed among Levallois cores and flakes: removals from one direction (unidirectional, parallel,
or convergent), from two directions (opposed or
orthogonal), or along the circumference of the
core (radial or centripetal).
Recent studies highlight a specific set of multiple functional/adaptive advantages, or “coinciding optima” (16–18), that might help explain
the broad temporal and geographic distribution

of Levallois reduction methods after OIS 8. For
example, Levallois technology is shown to be optimal in terms of raw material economy and flake
utility (17), and Levallois flakes detached from
preferential Levallois cores form a statistically
robust group with morphologically desirable characteristics that are distinguishable from those
of other flakes (19).
The diffusion of ideas or movement of populations is routinely implicated in the distribution
of Levallois technology, with some scholars arguing that its geographic proliferation in Eurasia
was predicated on the expansion of archaic Homo
sapiens from Africa (20). This and allied hypotheses imply that the appearance of Levallois technology outside Africa was sudden, reflecting a

behavioral, if not an actual biological replacement event. Therefore, technological discontinuity
with the preceding Acheulian (Mode 2) is to be
expected. Such hypotheses also assume direct
correlations between specific hominin species
and certain stone tool technologies, with movements of the former taken to explain complex
geographic and temporal patterns in material
culture evolution and distribution (20–22). These
expectations and assumptions are ill suited to the
LMP, during which the poorly sampled archaeological record exhibits substantial technological
variability across great spans of time and space,
the sparse chronometric record is of limited accuracy and precision, and significant variability
in the ancient DNA and hominin fossil records
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Fig. 1. Spatiotemporal distribution of early Levallois and biface technology during the LMP (>200 ka,
>OIS 9 to OIS 7) in the Old World. Data are correlated with table S6, which provides detailed information
on each site. The inset illustrates the spatiotemporal distribution of the Eurasian data correlated with
technology. Landmasses conform to modern coastlines, and ancient coastlines are drawn to ~ –75 m
(average glacial levels). Ice cover is not depicted. The background map is modified after (37).
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defy simple taxonomic attributions (23, 24). Our
research at Nor Geghi 1 (NG1), a stratified Late
Acheulian open-air site at the edge of the Armenian
Volcanic Highlands (Fig. 1 and fig. S1), challenges
the single-origin and dispersal hypothesis by providing the earliest evidence outside Africa for a
transitional site at which hominins engaged in
the simultaneous practice of bifacial and Levallois
technology (25).
NG1 was discovered in 2008 when obsidian
artifacts were found eroding from a 135-m-long
section exposed on the western wall of the
Hrazdan Gorge (40°20.8'N, 44°35.823'E, 1375 m
above sea level). The Hrazdan River connects
Lake Sevan (36 km north) with the Arax River
(38 km southwest), and in its central 40-km
stretch the Hrazdan cuts through basaltic lava
flows emanating from volcanoes in the western
part of the Gegham range (fig. S1). A broad
chronology for these flows is provided by 40K/40Ar
and 40Ar/39Ar dating of lavas from the Hatis,
Gutanasar, and Mensakar volcanoes, suggesting
that the vents formed ~700 ka and had eruptive
histories spanning ~550,000 to 200,000 years
(26–28).
The archaeology of NG1 is contained within
alluvial sediments sandwiched between an upper
(Basalt 1) and a lower (Basalt 7) lava flow (figs. S2
to S5). The 40Ar/39Ar technique was used to date
Basalt 7 (441 T 6 ka) and Basalt 1 (197 T 7 ka) (fig.
S8 and database S2), thereby bracketing the
stratified alluvial sediments between late OIS 12
and the end of OIS 7 (Fig. 2). The five stratigraphic
units recorded between the basalts (from bottom
to top, Units 5 to 1) form a normally bedded sequence of fine-grained sedimentary beds, with a
minor proportion of sands and gravels toward
the base. The grain sizes and structural properties
of the sediments indicate that they were deposited first within channels (Unit 5), later at the
channel/floodplain interface (Unit 4), and finally
on the floodplain of the paleo-Hrazdan River
(Units 3 to 1). Micromorphological analysis shows

that the alluvial layers are primarily composed of
pyroclastic silt and sand. Unit 2 is the humic A
horizon and Unit 3 the Bt horizon of a floodplain
soil, whereas Unit 1 represents renewed alluvial
deposition. Two unconformities exist within the
alluvial sequence. The first, of unknown age and
duration, is located at the contact between Units 2
and 1 and represents the missing O horizon of the
floodplain soil profile. The second, located between
Unit 1 and Basalt 1, is associated with the truncation of the former before the passage of the
latter and represents roughly 100,000 years, based
on 40Ar/39Ar dating of sanidine grains from cryptotephra obtained from the uppermost 5 cm of
Unit 1 (308 T 3 ka) (Fig. 2, fig. S9, and databases S1
and S2). A third unconformity is documented at
the contact between Unit 5 and Basalt 7.
Strong links between paleoclimate variations
and environmental changes have been identified
at Early Pleistocene localities within the region
and show that the environmental responses to
past climate changes in western Asia were broadly comparable to those from Europe and the
Mediterranean, with cooler and drier glacial periods, and warmer and more humid interglacials
(29, 30). Pedogenic processes in the Southern
Caucasus probably coincided with warm, humid
interglacials that led to soil development over
most of Europe and vast parts of Asia. Consequently, based on the 40Ar/39Ar ages of the Unit
1 tephra and Basalt 7 and the unconformity
identified between Units 1 and 2, we correlate
the deposition of Units 5 to 4 with late OIS 10/early
OIS 9e, deposition of and pedogenesis within Units
3 to 2 with OIS 9e (335 to 325 ka), and accretion of
the overlying truncated basal remnant of Unit
1 with OIS 9c/b (Fig. 3).
The NG1 lithic assemblage (Fig. 4, table S5,
and figs. S10 to S14) is produced entirely on obsidian, and all stages of reduction and manufacture are represented. All cores exhibit a volumetric
core concept, with hierarchically organized surfaces separated by a plane of intersection. Seven-

Fig. 2. Representative stratigraphic section of NG1. See figs. S4 and S5 for section location.
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teen of these cores conform to criteria that define
Levallois technology (14, 15), and both the preferential and recurrent Levallois methods are present.
Core dorsal scar patterns are predominantly unidirectional, bidirectional, and centripetal, and
débordants document the management of core
flake release surfaces. Levallois flakes and blades
typically exhibit plain or faceted platforms, and
dorsal scar patterns are principally unidirectional
with evidence at their distal extremities for the
lateral and distal preparation of the cores from
which they were detached. The bifaces are of
variable sizes and morphologies; however, the
larger specimens are morphologically similar
to Late Acheulian bifaces found throughout
Eurasia. Scrapers of various types (e.g., déjeté

Fig. 3. Age model of the NG1 geostratigraphic
sequence. The sequence is based on the 40Ar/39Ar
age chronology, stratigraphic, and micromorphological results, correlated with the last 500 ka of the
European Project for Ice Coring in Antarctica Dome
C deuterium isotope record of Pleistocene climate
change {delta deuterium [parts per million] (ppm)
(38)}. Left/even blue numbers indicate cold dry
stages; right/odd red numbers indicate warm,
humid stages; and green shading (delta deuterium
levels > –400 ppm) indicates peak interglacial
periods, during which most of Europe was densely
forested.
26 SEPTEMBER 2014 • VOL 345 ISSUE 6204
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and transverse, with Quina retouch) dominate
the retouched tool assemblage, and resharpening
flakes indicate the onsite production and maintenance of these implements.
The elemental composition of 316 artifacts was
measured nondestructively using portable x-ray
florescence (pXRF) (31). The results indicate that
93.7% of the artifacts derive from the Gutanasar
volcano obsidian flows (2 to 8 km northeast),
2.8% from Hatis (12 km east-southeast), 3.2%
from Pokr Arteni (70 km west), and 0.3% from
Pokr Sevkar (120 km southeast) (figs. S15 and
S16). The latter two sources are located within
distant drainages not linked to the Hrazdan, and
therefore hominin transport is the only mechanism to explain their presence at NG1. The procurement of obsidian from a variety of local and

nonlocal sources suggests that hominins at NG1
were exploiting large, environmentally diverse
territories.
Early evidence for Levallois technology is found
in assemblages from Western Europe dated to
late OIS 9 and perhaps earlier (Fig. 1 and table
S6), but these are often from secondary contexts
or assigned to the “Final Acheulian” because of
the presence of bifaces and the low frequency or
absence of the preferential Levallois method. In
addition, these assemblages lack the Quina
scrapers that in part define the AY, where the
Levallois method is rare or absent (32). The lithic
assemblage from NG1 is unique in its combination of bifacial and Levallois technology, with
Quina retouch and blade production, all recovered from a secure stratigraphic context.

Given the absence of taphonomic mixing, the
intimate archaeological association of these technologies and artifact types could result from multiple hominin groups with distinct lithic traditions
occupying NG1 alternately over thousands of years,
thus producing a “mixed” lithic signature. However, this hypothesis would require us to accept
that LMP hominins were less technologically flexible than indicated by the African and Eurasian
archaeological evidence (6, 33, 34). Our data are
consistent with the hypothesis that the synchronic technological variance documented at NG1
reflects the behavioral variability and technological evolution of a local Late Acheulian population
and are thus inconsistent with the expectations
and assumptions of the single-origin and dispersal model for Levallois technology.
Empirical evidence supports the contention
that Levallois technology is an inherent property
of the Acheulian that evolves out of the existing,
but previously separate technological systems of
façonnage and débitage (7, 35), and shows that
Acheulian bifacial technology and Levallois technology are homologous, reflecting an ancestordescendant relationship (36). Rather than a
“technical breakthrough” that spread from a
single point of origin, Levallois technology resulted
from the gradual synthesis of stone knapping
behaviors shared among hominins in Africa and
those indigenous to the Acheulian dispersal area
in Eurasia (Fig. 1). Consequently, the development of Levallois technology within Late Acheulian contexts represents instances of technological
convergence.
The geographically and temporally discontiguous pattern of early Levallois technology and
the presence of Acheulian-like assemblages in
the LMP (≤late OIS 6) suggest that hominins
shifted between different technological options
and/or that technological change was not always
maintained, perhaps due to small effective population sizes, geographically restricted social networks, or high extinction rates (35). The eventual
proliferation of Levallois technology during OIS 8
to OIS 7 and its continued ubiquity into late OIS 3
(Fig. 1 and table S6) establish it as an evolutionarily significant adaptation practiced by diverse
hominin populations irrespective of taxonomic
affiliation or environment. As such, variations in
lithic technology cannot be considered proxies for
hominin demographic changes during the LMP.
At NG1, the early synchronic use of bifacial and
Levallois technology is consistent with the hypothesis that developments in the technological
realm of LMP hominins resulted from deep-rooted
evolutionary processes based on a common technological ancestry.
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PALEONTOLOGY

Semiaquatic adaptations in a giant
predatory dinosaur
Nizar Ibrahim,1* Paul C. Sereno,1 Cristiano Dal Sasso,2 Simone Maganuco,2
Matteo Fabbri,3 David M. Martill,4 Samir Zouhri,5 Nathan Myhrvold,6 Dawid A. Iurino7
We describe adaptations for a semiaquatic lifestyle in the dinosaur Spinosaurus
aegyptiacus. These adaptations include retraction of the fleshy nostrils to a position
near the mid-region of the skull and an elongate neck and trunk that shift the center of
body mass anterior to the knee joint. Unlike terrestrial theropods, the pelvic girdle is
downsized, the hindlimbs are short, and all of the limb bones are solid without an open
medullary cavity, for buoyancy control in water. The short, robust femur with hypertrophied
flexor attachment and the low, flat-bottomed pedal claws are consistent with aquatic
foot-propelled locomotion. Surface striations and bone microstructure suggest that
the dorsal “sail” may have been enveloped in skin that functioned primarily for display
on land and in water.

B

ones of the predatory dinosaur Spinosaurus
aegyptiacus first came to light over a century ago from Upper Cretaceous rocks in
Egypt (1–3) but were destroyed in World
War II (4). More recently, isolated teeth
and bones (5) and the anterior half of an adult
skull (6) have been discovered in the Kem Kem
beds of eastern Morocco (Fig. 1A) and equivalent horizons in Algeria, but are insufficiently
complete to estimate the size, proportions, and
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functional adaptations of this species. Here
we report the discovery of a partial skeleton of
S. aegyptiacus from the middle of the Kem Kem
sequence (Fig. 1B), which is probably Cenomanian
in age (~97 million years ago) (7).
The subadult skeleton, here designated the neotype of S. aegyptiacus (8), preserves portions of the
skull, axial column, pelvic girdle, and limbs. It was
discovered in fluvial sandstone that has yielded remains of the sauropod Rebbachisaurus (9) and three
other medium-to-large theropods (an abelisaurid,
Deltadromeus, and Carcharodontosaurus) (7, 10).
We regard two additional Kem Kem theropods,
Sigilmassasaurus brevicollis and S. maroccanus
(11, 12), to be referable to S. aegyptiacus (8).
The neotype skeleton and isolated bones referable to S. aegyptiacus were scanned with computed tomography, size-adjusted, and combined
with a digital recreation of the original Egyptian
fossils (Fig. 2A, red). Missing bones were extrapolated between known bones or estimated from
those of other spinosaurids (6, 13, 14). The digi-
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tal model of the adult skeleton of Spinosaurus
(Fig. 2A), when printed and mounted, measures
over 15 m in length, longer than Tyrannosaurus
specimens (~12.5 m) (15).
A concentrated array of neurovascular foramina
open on the anterior end of the snout and appear similar to foramina in crocodilians that
house pressure receptors that detect water movement (8, 16) (Fig. 2B and fig. S6). The enlarged,
procumbent, interlocking anterior teeth are well
adapted for snaring fish (5, 6) (Fig. 2B and fig. S4).
The fossa for the fleshy nostril is small and, unlike
any other nonavian dinosaur, is retracted to a
posterior position to inhibit the intake of water
(Fig. 2C and figs. S4 and S6) (8).
Most cervical and dorsal centra are elongate
compared to the sacral centra, resulting in a proportionately long neck and trunk (Figs. 2A and 3
and tables S1 and S2). The anteriormost dorsal
centra, however, are proportionately short, exceptionally broad, and concavoconvex (Fig. 2D).
These characteristic vertebrae, the affinity of which
has been controversial (7, 11, 12), are referred
here to S. aegyptiacus, based on their association
with spinosaurid skeletons in Niger (8) and Egypt
(2). The horizontal cervicodorsal hinge created
by these broad centra would facilitate dorsoventral excursion of the neck and skull in the pursuit of prey underwater.
The distal two-thirds of the tail comprises vertebrae with relatively short centra, diminutive
zygapophyses, and anteroposteriorly compressed
neural spines (Fig. 2G). The affinity of these
caudal elements has been uncertain (17), but
comparisons with associated remains from Egypt
(2) and more proximal caudals in the neotype
(Fig. 2A) allow referral to Spinosaurus. Short
centra and reduced neural arch articulations
enhance lateral bending during tail propulsion
in bony fish (18).
The forelimb has hypertrophied deltopectoral
and olecranon processes for powerful flexion and
extension (Fig. 2A). Elongate manual phalanges
(Fig. 2H) and less recurved, manual unguals that
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