


RESEARCH ARTICLE

2 Dominican Republic/Mexico
Pliocene 22 24 26 27 28 29 30 32 33 34f ) 35

36 37 38
10—
o Miocene
20 }
Oligocene 23 25 39

Baltic region

Neogene [q|

Eocene

2
L
Paleocene

Paleocene

807 France/Myanmar
Late

Cretaceous

120—]
Early 1| ebanon

- R

140—

IR e

0mmEE

42 43 44 45 46 47 48 49 50 51 52 53

41

Amber mines

Myitkyina

Naypyidaw

Fig. 1. Squamates in amber from the four known localities. Color key: Black, stem Squamata; blue, stem Gekkota; green, Lacertoidea; red, Acrodonta;
orange, Pleurodonta. Early Cretaceous from the Lebanon (Valanginian-Barremian): Squamata, (1) Baabdasaurus xenurus (MNHN Entomology). Albian of
France: Squamata, (2) MNHN Arc 237.5. Mid-Cretaceous of Myanmar: Squamata, (3) JZC Bu269, (4) JZC Bu268, (5) JZC Bu267, (6) AND-B-870, (7) JCZ Bu
1848; Gekkota, (8) C. burmae (Poinar collection #B-V-4), (9) JCZ Bu1847, (10) MCZ R-190835, (11) JCZ Bu1802; Lacertoidea, (12) JZC Bu1803; Acrodonta,
(13) MCZ R-190836, (14) JCZ Bu266, (15) JCZ Bu154. Eocene (Ypresian) Baltic region: Gekkota, (16) Yantarogekko balticus (GAM 1400); Lacertidae, (17 to 21)
Succinilacerta succinea. Miocene (Burdigalian-Langhian) of Dominican Republic: Gekkota, (22 to 27) personal collection of Ettore Morone, (28) Sphaerodactylus
dommeli (SMNS Do-3584), (29) S. dommeli (ZFMK 66238), (30) personal collection of Ettore Morone, (31) ZFMK specimen, (32) Sphaerodactylus ciguapa
(MCZ R-186380); Serpentes, (33) scales from typhlophid snake; Anolis, (34) AMNH DR-SH-1, (35) A. dominicanus (NMBA, entomology no. P52), (36) SMU 74976,
(37 to 39) specimens |, Il, and Il (Supplementary Materials), (40) SMNS Do-4871-M, (41) M-1062, (42) M-1153, (43) M-3410, (44) M-525, (45) OAAAA, (46) SMNS

Do-5566-X, (47) M-2096, (48) RAAA (Supplementary Materials), (49) SMNS Do-5742, (50) SMNS Do-4886-B, (51

) M-3016, (52) M-1273. Mexico: Anolis,

(53) A. electrum (UCMP 68496 and UCMP 68497). All silhouettes at the same scale.

digitally isolated and replicated on a 3D printer for character coding and
eventual reconstruction of the skull. Specimen JZC Bu1848 (Figs. 2D and
4D) is mainly pyritized, and its skeleton is not well preserved. The specimen
has a rather slender body and remarkably long toes.

JZC Bu267, AND-B-870, and JZC Bu269 display many plesio-
morphic squamate characters (for example, notochordal vertebral cen-
trum and paired premaxillae), although these specimens do share some
similarities with scincomorphs, including integumentary and osteo-
logical features. Two of these specimens (Figs. 2, A and C, and 4C) are
similar in overall anatomy, having compressed bodies, stout limbs, and
broad feet with narrow, spike-like claws, but differ in size, scale mor-
phology, and osteology. Although the bodies and heads of these fossils
lack heavily armored osteoscutes, the scales of two of them are cycloid
and multicarinate as in many modern skinks (14) (Fig. 5, A and C). The
variation in scale morphology indicates that the three specimens repre-
sent separate species instead of ontogenetic variants. All three specimens
have multicarinate dorsal cephalic scales, but in JZC Bu269 (Fig. 5A),
the scales are pectinate with four to six keels each and well separated
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from one another by small granular scales. In JZC Bu267 (Fig. 5C),
the oval cephalic scales are subimbricate, slightly swollen, and bear one
to four keels. JZC Bu269 and JZC Bu267 share a well-developed coronoid
process of the dentary (as in Scincidae, Cordylidae, Gerrhosauridae, and
Xantusiidae) (15). However, their maxillae and dentaries differ in the
approximate number of tooth loci (24 versus 17 in the maxilla and 25
versus fewer than 15 in the dentary, respectively); interdental spaces
in JZC Bu269 are narrow, whereas in JZC Bu267, gaps between loci
are almost as wide as the tooth crowns. Both specimens have a single
posterior process of the maxilla, as in some skinks, but differ in the slope
of the anterior margin on the facial process. Specimen JZC Bu269 re-
tains the left portion of the premaxilla, suggesting that this specimen
had paired premaxillae as in some skinks and gekkotans (15, I6).

Stem Gekkota

Gekkota is a clade comprising approximately 1650 extant species of geckos
and pygopods, largely nocturnal, often scansorial lizards distributed
worldwide in warm temperate to tropical areas, as well as numerous Tertiary
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Fig. 2. Lizards preserved in mid-Cretaceous Burmese amber. (A) Squa-
mata (body cavity empty; epidermis translucent) (JZC Bu269); (B) Squama-
ta (epidermis translucent; hind leg with bones) (AND-B-870); (C) Squamata
[intact specimen; epidermis with some coloration; skeleton and some
organs (for example, tongue) mostly intact] (JZC Bu267); (D) Squamata (integ-
ument, some skeletal elements, and internal organs preserved) (JZC Bu1848);
(E) Gekkota (hind legs, pelvic area, and base of tail preserved) (JZC Bu1847);
(F) Gekkota (hand, including bones and impressions of toe pads) (MCZ
R-190835); (G) Gekkota (very well preserved skull and mandibles, vertebral
column, and some disarticulated limb and pelvic bones) (JZC Bu1802);
(H) Agamidae (large left hind leg, including epidermis) (JZC Bu266 leg);
(1) Agamidae (epidermis translucent; pelvic area with left leg and parts of left
foot preserved) (MCZ 190836); (J) Lacertoidea (large specimen; integument
intact; some skeletal elements preserved as internal casts) (JZC Bu1803);
(K) Stem Chamaeleonidae (small, neonatal individual with integument and
most of skeleton preserved) (JZC Bu154); (L) Undetermined specimen (very
pyritized leg with some epidermis and bones) (JZC Bu268). Scale bar, 1 cm
for all photographs except (F) and (I)].

crown group fossils. Stem Gekkota is represented by a small number of
Eurasian fossils from the Late Jurassic to Late Cretaceous (12, 17).

C. burmae is one of two lizards previously known from burmite and
was originally assigned with uncertainty to the Gekkonidae sensu lato (9)
on the basis of the characteristic toe pads and subequal digits I to IV—
known only in gekkotans (17)—and the ungual symmetry that is typical
of pad-bearing and climbing geckos (18, 19). Three additional fossils
(Figs. 2, E to G, and 4, F and G) unequivocally corroborate the presence
of Gekkota in the mid-Cretaceous. Specimen JZC Bu1847 (Fig. 2E) consists
of the hindquarters of a large gecko, preserving the right hind leg and entire
foot, most of the left hind leg (the ungual portion of digits I to III are lost
at the amber surface), basal portion of the tail, and the pelvic region
including the cloaca. The interior of the body cavity was replaced with a
conglomerate of fine, sandy sediment, almost certainly during encasement.

Specimen MCZ R-190835 (Figs. 2F and 4F) preserves all phalangeal,
metacarpal, and carpal elements of the left manus, together with the
distal epiphyses of the radius and ulna. Skin impressions were preserved,
allowing correlation of the position of toe pads with the phalanges. The
phalangeal formula is 2-3-4-5-3, and the pisiform sesamoid contacts
the ulnare. Metacarpals 1 and 5 are subequal and are the shortest;
metacarpals 2, 3, and 4 are subequal and 1.5x longer than 1 and 5.
The longest phalanges are the penultimate one of each digit, and these
are markedly arcuate; the unguals are short, which are general features
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Fig. 3. Results from analysis of the combined morphological and
molecular data sets (70) using parsimony and Bayesian inference.
The position of three burmite lizards were consistent in both analyses. JZC
Bu267, a basal squamate; JZC Bu1802, a stem gekkotan; JCZ Bu154, a stem
chamaeleonid (see also the Supplementary Materials). Values above each
node correspond to Bremer and Relative Bremer support, and posterior
probabilities are below.

of pad-bearing geckos (19). These burmite geckos both display perfectly
preserved toe pads but of significantly different design, confirming not
only that mid-Cretaceous geckos were capable of scansorial locomotion
but also that alternative pad architectures, comparable to those of living
geckos, had already evolved by this time (Fig. 5D).

Specimen JCZ Bu1802 (Figs. 2G and 4G) preserves the entire skull,
26 presacral vertebrae (all cervical and thoracolumbar), the sacrum,
about 5 caudal vertebrae (pygal), some ribs, and the left side of the pelvis.
The soft tissues either decayed or were scavenged before resin completely
covered the skeleton. The snout-vent length (SVL) is 22.5 mm, which,
together with several immature characteristics, indicates that it is a hatchling.
The skull has features seen only in embryonic and hatchling gekkotans
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Fig. 4. HRCT images of mid-Cretaceous lizards in Burmese amber. (C, D, and F to K) Letters correspond to those used for the same specimens in Fig. 2.
(C) JZC Bu267; (D) JZC Bu1848; (F) MCZ R-190835; (G) JZC Bu1802; (H) JZC Bu266; (I) MCZ 190836; (J-A) JZC Bu1803; (J-B) digital endocast of the left maxilla
of JZC Bu1803 including the tooth row; (K) JZC Bu154. an, angular; bc, basicranium; bo, basioccipital; ce, central; cla, claws; cor, coronoid; cr, cervical rib;
cv, caudal vertebra; d, dentary; dc, distal carpal; ect, ectopterygoid; en, external nares; f, frontal; fe, femur; fi, fibula; hu, humerus; ib, innominated bone; int,
intermedium; Ip, lingual process; mc, metacarpal; mt, metatarsal; mx, maxilla; n, nasal; orb, orbit; pal, palatine; par, parietal; pbsph, parabasisphe-
noid; pf, postfrontal; ph, phalanx; pis, pisciform; pmx, premaxilla; po, postorbital; prf, prefrontal; psv, presacral vertebra; g, quadrate; , rib; ra, radius; rad, radiale;
sa, surangular; so, supraoccipital; sr, sclerotic ring; ti, tibia; ul, ulna; uln, ulnare; 1 to 5, manual digits; | to V, pedal digits.

(20), such as a frontal bone lacking a ventral fusion of the subolfactory
processes, a large parietal fontanel, and a parabasisphenoid-basioccipital
fenestra (basicranial fenestra). The separation between the subolfactory
processes is more extensive than in Gobekko cretacicus, the only other
Cretaceous gekkotan in which this character can be assessed, in which
there is only a narrow gap between these structures, and resembles the
embryonic condition of modern species (20). The specimen displays
features that are rarely preserved in fossil geckos, which are typically
represented by isolated skull bones (dentary, maxilla, or frontals) (17).
These include the sclerotic ring, the otostapes (with a stapedial foramen
as in many living gekkotans, dibamids, and certain skinks) (21), and two
circumorbital bones in the posterodorsal corner of the orbit which cor-
respond to the postfrontal and the postorbital. Two discrete elements in the
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posterodorsal part of the orbit have bearing on the controversy about the
homology of the single element in this position of living geckos,
which has been identified as the postfrontal, postorbital, or a fusion
of these two bones (22, 23). This fossil exhibits an intermediate condi-
tion between more basal stem gekkotans, which have two bones in the
posterodorsal corner of the orbit and complete postorbital and supra-
temporal bars (for example, Norellius and Eichstaettisaurus), and the extant
Gekkota, which have only a single bone and reduced temporal arcades.

Crown Lacertoidea

The Lacertoidea includes the approximately 720 living Lacertidae
(Old World), Teiidae, and Gymnophthalmidae (New World), mostly
fast-moving, active foraging, diurnal lizards. The burrowing amphisbaenians
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Fig. 5. Photomicrographs of the integument of mid-Cretaceous lizards in Burmese amber. (A) Postocular head scales of the squamate JZC
Bu269. (B) SEM image of a scale from the living skink Lepidothyris hinkeli. (C) Prefrontal scales of the squamate JZC Bu267. (D) Details of the lamellae
from toes of the gekkotan JZC Bu1847. (E) Ventral scales of the lacertoidean JZC Bu1803. (F) Detail from the dorsal surface of the talocrural region of
JZC Bu266. (G) Small scales and claws from the left forearm in the stem Chamaleonidae (JZC Bu154).

are almost certainly members of this clade (24) but were not included in
the classification followed here. Most lacertoid fossils have been assigned
to crown Lacertoidea, but our limited data from JZC Bul803 suggest its
placement outside the crown group.

JZC Bul803 is a large (SVL, 32.2 mm) specimen (Figs. 2] and 4, J-A
and J-B) with portions of the skeleton remaining and some integument
on the head and back pyritized and exposed. The ventral scales are large,
quadrangular, and arranged in regular transverse and longitudinal rows
as in most living teiids and lacertids (25, 26) (Fig. 5E). Remarkable fea-
tures of this specimen are the extremely long digits and claws. The body
cavity of this specimen was infiltrated by sediment during encasement,
creating a mold of some bones. Observation of these bones was possible
by generating digital endocasts of the internal hollow spaces using CT
(Fig. 4, ] to B). A digital endocast of the left maxilla exposed the entire
tooth row section, a dentition including about 14 functional teeth, and
an estimated 19 tooth loci. Tooth attachment is pleurodont and mor-
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phology is heterodont, with an abrupt transition from conical and
recurved teeth (first 12) to tricuspid (with divided crowns, last 7). Tri-
cuspid (or triconodonot) dentition is widespread among squamates
(13,27, 28). Among extant groups, the combination of anterior fang-like
and posterior tricuspid teeth with parallel margins, where mesial and
distal cusps are shorter than the main apex, most closely resembles that
of lacertids and teiids (15, 27). A similar dentition also occurs in the
extinct Polyglyphanodontidae (for example, Tripennaculus eatoni and
Leptochamops thrinax) (12, 29, 30), although the tooth bases of the
amber fossil seem less expanded and cemented than in members of
this clade.

Crown Agaminae

Crown Agaminae is a clade of about 450 extant species of diurnal,
acrodont, terrestrial to climbing lizards distributed throughout the Old
World tropics and warm temperate zones (except Madagascar). Crown

50f 8

1202 ‘9z Areniga uo /610 Bewasualos saoueApe//:diy Woiy papeojumod












