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PREFACE

During May 3 — 8, 2009, the Alexander Koenig Zoological Research Museum (ZFMK) hosted the Gth
International Tropical Zoology Symposium. This series of symposia was established in 1984 with the
intention of bringing together specialists from various fields of tropical research to contribute to a better
understanding of the organisms found in the most complex ecosystems, those spanning the Earth around
the equator.

The 6th symposium in 2009 was organized by the curators of the Vertebrate Department. The topic
“Tropical Vertebrates in a Changing World” was chosen to draw attention to the stochastic impacts of climate
change and direct man-made habitat alterations on various levels of vertebrate communities.

Symposium sessions were arranged geographically (Africa and Madagascar, Central and South America,
South-East Asia), and opened by six plenary talks.

The meeting was attended by over 150 colleagues from 16 nations: Australia, Ecuador, Kenya, Madagascar,
South Africa, Thailand, USA, Vietnam, and eight European countries. A total of 50 oral presentations and
23 posters were featured.

The papers published in this proceedings issue are arranged in taxonomic order, ranging from fishes,
ampbhibians, and reptiles to birds and mammals. All contributions were peer-reviewed.

I wish to express my special thanks to my colleagues from the ZFMK Vertebrate Department for the excellent
organization of the symposium, and to the many student helpers. Jobst Pfaender, however, stands out for
his painstaking efforts to keep all administrative matters under control.

Last but of course not least, I thank the authors and reviewers for their excellent cooperation and patience
throughout the process of editing this volume. Superb editorial help was provided by Alexandra Schuh and

Brian Hillcoat.

I gratefully acknowledge financial support from the German Science Council (DFG).

Karl-L. Schuchmann, Editor.
Bonn, Germany
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ON THE PHYLOGENETIC AFFINITY
OF THE EXTINCT ACRODONTAN LIZARD TINOSAURUS

K.T. Smith

Department of Palaeoanthropology and Messel Research, Senckenberg Museum,
Senckenberganlage 25, 60325 Frankfurt am Main, Germany; e-mail: krister.smith @ senckenberg.de

ABSTRACT

North American species of the fossil lizard taxon 7inosaurus have been considered as indeterminate agamids or acrodontans
for nearly a century. New material from the late Eocene Chadron Formation of North Dakota, USA, may provide the first
glimpse of non-dental cranial elements of this taxon and so new information on the affinity of North American Tinosau-
rus. The ectopterygoid is most securely referred and shows a unique apomorphy of extant Leiolepis (butterfly lizards): a
dual articulation of the pterygoid on the ectopterygoid. Other elements show a mosaic of sometimes conflicting apomor-
phies. Ultimately, the evidence provided by the new elements on the phylogenetic position of North American 7inosaurus
is not strong, and some of them might pertain to a co-occurring iguanid lizard, Cypressaurus sp. MPH. Even if further
work were to turn up more support for a union of Leiolepis and North American 7inosaurus, this would not necessarily
apply to any nominal species of 7inosaurus outside of that continent. If 7inosaurus actually is related to Leiolepis, it con-
stitutes another example of a modern tropical taxon with extratropical stem representatives in the greenhouse world of the

Eocene.

Key words: Squamata, Iguania, Agamidae, Eocene, dispersal, climate change, North America, Asia.

INTRODUCTION

Acrodonta, comprising the possibly paraphyletic
taxon Agamidae* (agamas, dragons, mastigures, etc.)
and Chamaeleonidae, is today an exclusively Old
World clade of lizards (e.g., Moody 1980). Leidy
(1872), however, recognized that a species repre-
sented by a jaw fragment from the Eocene Bridger
Formation of Wyoming, USA, is also referable to the
group. He erected the name Chamacleo pristinus for
itand later (1873) gave the specimen a fuller descrip-
tion. He did not realize, however, that Marsh (1872)
had previously named (but not figured) a new “car-
nivorous lizard,” Tinosaurus stenodon, also from the
Bridger, which likely pertained to the same lineage.
Estes (1983) questioned the distinction of the two
species but did not formally synonymize the former
with the latter. Camp (1923) concluded that 7ino-
saurus could not be distinguished from either
Chamaceleo (Chamaeleonidae) or Calotes (Agami-
dae*), implicitly questioning the diagnostic value of
the type material. Tinosaurus has subsequently been
recognized throughout the Eocene of North America
(Gunnell & Bartels 1999; Gunnell & Bartels 2001;
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Hirsch ez al. 1987; Kelly ez al. 1991; McGrew et al.
1959; Moody 1980; Pearson 1998; Schatzinger
1975; Smith 2006a, b), although no new species have
formally been named. On the other hand, a host of
new nominal species has been referred to the genus
from the Old World (Augé & Smith 1997; Averianov
2001; Dong 1965; Hou 1974; Li 1991; Li & Xue
2002; Prasad & Bajpai 2008), primarily on the basis
of tricuspid, acrodont cheek teeth and early Tertiary
age (Estes, 1983).

The chief difficulty in understanding “7inosau-
rus” is that tricuspid teeth of a similar form are prob-
ably present in some 200 living species of Agamidae*,
principally those species placed in Draconinae and
Leiolepis (Smith ez al. 2011), following the taxonomy
of Macey et al. (2000). No other features of phylo-
genetic significance are known, which partly relates
to the fact that the only described elements of Zino-
saurus are from the jaws. At the present time, even
polyphyly of “7inosaurus” cannot be excluded. Al-
though it is necessarily true that species of “7inosau-
rus” have definite affinities with extant clades, no
data are available that would link any nominal species
of the genus to a particular clade.

08.11.11 11:56
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In this paper I refer non-dental cranial remains
of a species of Tinosaurus, in particular one from
North America, for the first time. The material was
discovered during recent examination of bone con-
centrate derived from screenwashing of the late Eo-
cene Chadron Formation of North Dakota by crews
of the Pioneer Trails Regional Museum under the
direction of Dean Pearson. The material pertains to
the Medicine Pole Hills local fauna, which was al-
ready known to preserve remains of a species of 7i-
nosaurus (Pearson 1998; Smith 2006b). After describ-
ing the material, I present detailed comparative os-
teological observations on living acrodontan lizards
(Appendix), and analyze the implications of the new
character data for the relationships of North Ameri-
can Tinosaurus and their potential significance for
biogeography and divergence times in Acrodonta.

For modern comparative specimens examined,
see Appendix. Institutional abbreviations: CM: Carn-
egic Museum of Natural History — Herpetology,
Pittsburgh, Pennsylvania, USA; PTRM: Pioneer
Trails Regional Museum, Bowman, North Dakota,
USA; SMF: Forschungsinstitut und Naturmuseum
Senckenberg, Frankfurt am Main, Germany; UF:
University of Florida Museum of Natural History,
Gainesville, Florida, USA.

SYSTEMATIC SECTION
Squamata Oppel 1811
Iguania Cope 1864
Agamidae Spix 1825
Genus Tinosaurus Marsh 1872

Tinosaurus sp. MPH
[after Pearson 1998, Smith 2006a]

Figs. 1,3,5,7

Newly referred specimens. PTRM 19083 (jaw frag-
ment), 19112 (partial frontal; Fig. 7d), 19113 (par-
tial frontal; Fig. 7a—c), 19134 (partial right ectopter-
ygoid; Fig. 5), 19203-19205 (jaw fragments), 19307
(partial premaxilla), 19340 (left maxilla fragmeng;
Fig. 3), 19429 (partial premaxilla), 19467 (frontal
fragment), 19515 (partial premaxilla; Fig. 1), 19533
(right maxilla fragment).

Comments. These specimens, like all those recovered
by screenwashing, are isolated from one another and
fragmentary. Smith (2009a) briefly reviews the rea-
sons for the secondary association of such isolated
vertebrate remains. In the case of the Medicine Pole

10
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Hills local fauna, the chief difficulty in associating
the remains at hand is the existence of a second, not
uncommon iguanian species in the locality, Cypres-
saurus sp. MPH (Smith 2011), to which they could
also plausibly be attributed. In fact, the number of
identified dentigerous elements of Cypressaurus sp.
MPH markedly exceeds that of 7inosaurus sp. MPH;
relative abundance, then, might even favor the for-
mer species. Many acrodontan isolated elements are
scarcely distinguishable from their counterparts in
Iguanidae. However, in each case there appear to be
subtle features inconsistent with typical morpholo-
gies in Iguanidae but concordant with Acrodonta or
some part thereof. Thus, I provisionally refer them
to that taxon, recognizing that the study of more
numerous or complete elements from this locality or
specimens of 7inosaurus from other North American
localities could necessitate a revision in which some
of these elements are referred to Cypressaurus sp.
MPH.

In the following, I have assumed that only a
single species of acrodontan was present in the local-
ity. It is true that many modern localities feature
more than a single species of acrodontan. However,
there is no evidence that North America was colo-
nized by more than one species, and no evidence that
the lineage it spawned (7inosaurus) was ever repre-
sented by more than a single species in a locality. The
size of the specimens does not contradict their per-
taining to a single species, nor are distinct morpho-
types apparent where more than one specimen of an
element is known. The most parsimonious interpre-
tation is that all acrodontan specimens represent a
single species. It is referred to 7inosaurus under the
assumption that only a single lineage of Acrodonta
ever reached North America (see Smith 2006a),
which is parsimonious but not clearly demonstrable
at present. Informal nomenclature follows Smith
(2006a), with “MPH” referring to the Medicine Pole
Hills. Smith (2009a) notes that the common practice
of writing “Genus sp.” is informal and not governed
by the ICZN. The “MPH” provides a convenient
short-hand for specifying a population even if it is
not well enough preserved to warrant a formal name.

Description of new eclements. Premaxilla. Three
premaxillae are associated here. They are considered
to represent an iguanian because of the morphology,
which compares well to Iguania but is inconsistent
with the anguid Pelrosaurus, the only other taxon
known from the locality that is large enough and
present in sufficient abundance to have produced this

08.11.11 11:56
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premaxillary morphotype. The apomorphic presence
of a posterior shelf with dorsal facet (see below) sup-
ports referral to Acrodonta rather than to Iguanidae.
Most of the description, except where otherwise in-
dicated, comes from the more complete PTRM
19515.

Description: The smallest specimen (PTRM 19429)
is 2.2 mm across the main body, the largest (PTRM
19515) 4.4 mm. The anterior margin of the bone is
distinctly curved in dorsal view (Fig. 1a). It extends
nearly dorsally from just above its ventral edge (it is
only weakly convex in sagittal cross-section), then
curves abruptly toward the posterior (Fig. 1b). The

nasal process (n.pr.), only the base of which is pre-
served, extends posterodorsally; its anterior surface is
weakly convex in cross-section (Fig. 1b, c). A facet
for the nasal is not present on the preserved portion
of the nasal process (Fig. 1d). Lateral to the base of
the nasal process on each side is a pair of tiny foram-
ina, which presumably correspond to the posterior
premaxillary foramina (p.pm.f) of Bahl (1937);
through them the maxillary artery and a portion of
the ethmoidal nerve entered. On the left side of
PTRM 19307 that foramen is single, not double.
Lateral to these foramina is a rounded ridge that
extends to the lateral-most margin of the bone and

FIG. 1. Partial premaxilla of Zinosaurus sp. MPH, PTRM 19515, in (a) dorsal, (b) right lateral, (c) anterodor-
sal, and (d) posteroventral views. Abbreviations: a.pm.f., anterior premaxillary foramen; i.pr., incisive process;
n.pr., nasal process; pl.sh., palatal shelf; p.pm.f., posterior premaxillary foramen.
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divides the maxillary articulation into a large labial
portion and a small lingual one (Fig. 1a). The maxil-
lary articulation does not appear to run up the lat-
eral edge of the nasal process, which is somewhat
surprising. All acrodontans have a strong dorsal
projection at the anterior end of the premaxillary
process of the maxilla which articulates on the lat-
eral surface of the premaxilla (Evans ez /. 2002).
However, in most taxa the ethmoidal nerve exits the
nasal capsule onto the snout through a dorsoven-
trally elongate foramen located between the premax-
illa and the dorsal projection of the maxilla. Thus,
the articulation between premaxilla and maxilla along
the projection is not continuous (except in Uromas-
#yx!, in which the ethmoidal nerve penetrates the
premaxilla and forms a pair of foramina on its ante-
rior surface, and Physignathus cocincinus and perhaps
a few other taxa, where the foramina appear to be
greatly reduced or absent). The absence of a dorsal
maxillary articulation in Tinosaurus sp. MPH sug-
gests that these foramina were located low on the
snout. On the right side of PTRM 19515 only there
is a small anterior premaxillary foramen (a.pm.f.),
which would have transmitted a branch of the eth-
moidal nerve onto the snout.

Posterior to the nasal process is a shelf, weakly
dorsally concave in transverse section (Fig. 1a, pl.sh.).
Along the anterior margin of this shelf, at the base of
the nasal process, is a curvilinear series of about five
tiny foramina. Posteriorly the shelf is divided by a
wide median cleft. On either side of the cleft is a
posterior continuation of the palatal shelf whose
dorsal surface is marked by a weak oval depression
(facet) for articulation with the maxilla. A pair of
struts projects ventromedially from the underside of
the posterior continuation of the shelf (Fig. 1d).
These struts fused on the midline to form a distinct,
anteroposteriorly compressed, tabular incisive process
(i.pr.). On the dorsal edge of this plate is a peg-like
projection that extends as far dorsally as the dorsal
surface of the palatal shelf. Anterior to this projection
is a foramen that runs dorsoventrally through the

palatal shelf.

—_

Wilms ez al. (2009) recently revised the generic taxono-
my of Uromastyx, placing three species, U. hardwickii,
U. asmussi, and U. loricata, which had been considered
basal in the genus (Moody 1980, 1987) and which
Wilms ez al. determined to form a clade, in the genus
Saara Gray (type species: Saara hardwickii). For the pres-
ent I follow the TIGR Reptile Database (Uetz ez al.
2007) in retaining those species in Uromastyx.

Buch BZM 57.indb 12

Both of the more complete specimens had five
simple, pleurodont teeth (Fig. 1c, d). These teeth are
stocky. Their bases are circular in cross-section. Just
below the jaw parapet they begin to taper, terminat-
ing in conical tips; the tips are distinctly posteriorly
decurved, sometimes also with a distal component
(e.g., first right tooth: Fig. 1d) which gives them a
diverging appearance. No carinae or striae are evi-
dent. The base of the first right tooth appears to be
eroded, indicating that tooth replacement was in
progress.

Comparisons: The size of the lateral processes of the
premaxilla varies significantly in Acrodonta (Sieben-
rock 1895). In Leiolepis these are relatively stronger
(Fig. 2b, L.pr.) than many other acrodontans, includ-
ing Agaminae (Fig. 2a) and Uromastyx (Fig. 2c).
Consequently, it also possesses a greater number of
teeth: four teeth are present in each available speci-
men of L. belliana, whereas most other examined
acrodontans have no more than three (except Japal-
ura polygonatus, also with five, and some Uromastyx).
Siebenrock (1895) lists only a few other taxa with
four or more premaxillary teeth: Hydrosaurus, sev-
eral members of Amphibolurinae (one species each
of Ctenophorus, Amphibolurus, Pogona), and one spe-
cies of Gonocephalus. Tinosaurus sp. MPH is thus
similar to Leiolepis and a few other living acrodontans
in having >3 teeth. Outgroup comparisons with
Iguanidae (Smith 2009b) and stem acrodontans from
the Late Cretaceous of Mongolia (Alifanov 1989;
Borsuk-Bialynicka & Moody 1984; Gao & Norell
2000) suggest that the condition of having large
lateral processes and a high tooth count is plesiomor-
phic. However, its interpretation in Leiolepis depends
in part on the phylogenetic position of that taxon.

Uromastyx appears to be distinctive in Acrodonta
in commonly having anterior premaxillary foramina
(Fig. 2f). I may have erred in stating that these are
also present in Leiolepis (Smith, 2009a), for they are
absent in the three specimens currently available to
me (Fig. 2e). They only occasionally occur in other
agamids, such as unilaterally in one Trapelus pallidus
(CM 41289). The unilateral presence of a foramen
in one of three specimens of Zinosaurus sp. MPH
provides some evidence that this taxon is related to
Uromastyx, but under a frequency-coding scheme
(e.g., Poe 2004) this support would be considerably
less than one full step. Furthermore, the single fora-
men found in PTRM 19515 is relatively small in
comparison with those seen in Uromastyx and most
iguanids with such foramina.
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FIG. 2. Premaxillae of select agamids in anterodorsal (upper row), posteroventral (middle row), and right
lateral (bottom row) views. (a, d, g) Agama mossambica, UF 55339; (b, e, h) Leiolepis belliana, UF 62048;
and (¢, £, i) Uromastyx princeps, CM 145044. Abbreviations: a.pm.f., anterior premaxillary foramen; i.pr.,
incisive process; L.pr., lateral process; n.fac., nasal facet; n.pr., nasal process; pl.sh., palatal shelf; p.pm.f.,
posterior premaxillary foramen.
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The occurrence of a distinct incisive process is
quite variable in agamids. One is present in many
Agaminae (e.g., Laudakia stellio, Pseudotrapelus sinai-
tus) but highly reduced to absent in others (e.g.,
Agama mossambica: Fig. 2d); present in most (all?)
Draconinae; present in Leiolepis (Fig. 2¢) but absent
in Uromastyx (Fig. 2f); present in Hydrosaurus am-
boinensis; and present but rather small in Physignathus
cocincinus and Pogona vitticeps (Amphibolurinae). An
incisive process is absent in Chamaeleonidae. The
presence of an incisive process and its flattened shape
in Tinosaurus sp. MPH offer little guidance at this
point.

The medial apposition of the maxillae behind the
premaxilla, recognized early by Siebenrock (1895) as
a characteristic of Agamidae*, is also found in
Chamacleonidae (Frost & Etheridge 1989; Sieben-
rock 1893). (Contact appears to have been lost in a
few taxa: see Bell ez 2/ 2009.) In these taxa the an-
teromedial processes of the maxilla are expanded;
they partly rest dorsally on the palatal shelf of the
premaxilla but also extend posteriorly beyond it. In
Uromastyx and Leiolepis, additionally, the palatal shelf
is cloven between the facets for the maxilla, a char-
acteristic that does not occur in examined draconines,
amphibolurines (Pogona vitticeps and Physignathus
cocincinus), Hydrosaurus amboinensis, or most
agamines (except Laudakia stellio). However, the
feature cannot be evaluated in Chamaeleonidae be-
cause the palatal extent of the premaxilla is so highly
reduced. The occurrence of cleavage in Tinosaurus sp.
MPH suggests possible affinity with Leiolepis and
Uromastyx, but additional outgroup comparison is
desirable. The exact form of the rounded facets for
the maxilla distinguishes T7nosaurus sp. MPH from
both Leiolepis and Uromastyx, where the facets are
deep, longitudinal indentations immediately adjacent
to the median cleft, close to the condition seen in
other agamids. No other acrodontan available as a
disarticulated skeleton showed facets of a similar
form, and they may be an autapomorphy of Tinosau-
rus or some part of it.

The position of the posterior premaxillary foram-
ina in Zinosaurus sp. MPH appears somewhat un-
usual for Iguania, where, as in most other lizards, they
are generally located more medially, hidden behind
the nasal process. It is possible that a laterally dis-
placed position of these foramina is related to the
transformation of the anterior end of the maxilla. It
is observed, for instance, that the dorsal process at
this end of the maxilla is frequently bifurcated (Smith
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2009b), presumably for the subnarial artery. The
foramina appear to be laterally displaced in Leiolepis
(Fig. 2e). Yet, at least some agamids (e.g., Broncho-
cela cristatella) have more normally disposed foram-
ina, and insufficient disarticulated specimens were
available to determine if the 7inosaurus condition is
the rule in Acrodonta.

The posterior and distal decurvature of the tooth
tips that causes an appearance of divergence is not
uncommon among agamids and was found in Phy-
signathus cocincinus and Leiolepis belliana (Fig. 2e),
among taxa with at least three premaxillary teeth.

Maxilla. Two specimens can be identified as maxillae
(Fig. 3). (Other dentigerous specimens are too frag-
mentary.) The more complete of them, PTRM
19340, is a posterior fragment of a left element that,
based on adhering sediment, was probably broken
prior to burial. The anterior break passes through the
posterior end of the palatine process. The description,
unless otherwise noted, is based on this specimen.

Description: The dorsal margin of the posterior
remnant of the facial process trends straight postero-
ventrally (Fig. 3a, b, f.pr.). Just above the level of the
palatal shelf (Fig. 3b, c, pl.sh.) there is a sudden in-
flection (infl.) toward the ventral, and where the
dorsal margin drops below the level of the palatal
shelf, it begins to curve posteriorly. The inflection
point probably marks the boundary between the
lacrimal and jugal, although such an inflection is
also seen in agamids that appear to lack an ossified
lacrimal (e.g., Pogona vitticeps). The facial process
thus lacks a reentrant on the jugal (see Smith 2009b).
The jugal groove (Fig. 3b, j.gr.) is deep posteriorly,
extending well below the horizontal level of the an-
terior portion of the palatal shelf; it is also exposed
laterally (Fig. 3a), because the facial process is com-
pletely decayed posteriorly. The jugal groove shallows
anteriorly and rises along with the palatal shelf, which
is more dorsally located anteriorly than posteriorly.
The medial edge of the shelf is broadly rounded
anteriorly but becomes dorsoventrally compressed
posteriorly (Fig. 3c). The shelf curves sharply medi-
ally at the anterior-most preserved end of the bone,
forming part of the palatine process (Fig. 3b, pl.pr.),
but there is no evidence of a facet for the palatine
articulation. PTRM 19533, which preserves a slight-
ly more anterior portion of the bone than PTRM
19340, evinces a small superior alveolar foramen
(SAF), presumably the posterior-most of many, near
the anterior end of the palatine process, which is

08.11.11 11:56



SMITH, ON THE PHYLOGENETIC AFFINITY OF THE EXTINCT ACRODONTAN LIZARD TINOSAURUS

FIG. 3. Left maxilla fragment of Tinosaurus sp. MPH, PTRM 19340, in (a) lateral, (b) dorsal, and (c) medial

views. Abbreviations: f.pr., facial process (posterior remnant); infl., inflection point; j.gr., jugal groove; pl.sh.,

palatal shelf; pl.pr., palatine process.

roughly twice as long as a tooth in the same portion
of the bone; the same specimen also preserves what
is probably the last labial (alveolar) foramen at the
same transverse level as the ultimate SAE The lateral
face of the bone is divided into two surfaces by a
longitudinal ridge (Fig. 3a); dorsal to the ridge is the
laterally directed facial process, ventral to it is a ven-
trolaterally directed surface. In PTRM 19533 the
distance between the jaw parapet and this ridge de-
creases anteriorly.

Tooth morphology is similar to that previously
described for this taxon (Pearson 1998). Tooth im-
plantation is pleuracrodont. The teeth increase in
mesiodistal length as well as apicobasal height poste-
riorly. The lingual tooth surfaces are not well pre-
served, which probably reflects both wear in life as
well as postmortem damage.

Comparisons: PTRM 19340 differs from the max-

illa of most agamids in that the palatine facet does

Buch BZM 57.indb 15

not appear to extend to the posterior end of the
palatine process of the maxilla. In examined Agami-
nae (Fig. 4a), Hydrosaurus, Amphibolurinae, Draco-
ninae and Uromastyx (Fig. 4c), the maxillary process
of the palatine is medially extensive posteriotly, so
that the facet it forms is found along the entire pos-
terior margin of the palatine process of the maxilla.
In contrast, the facet does not extend to the poste-
rior margin of the process in Leiolepis (Fig. 4b). This
is additionally the case in Chamaceleonidae. Unfor-
tunately, the palatine process is incomplete in both
fossil specimens, so this observation must be re-
garded as tentative.

The posterior remnant of the facial process of the
maxilla in Agaminae (Fig. 4d), Hydrosaurus, Am-
phibolurinae, Draconinae and Uromastyx (Fig. 4f)
bears a reentrant on the jugal, but this is lacking in
Leiolepis (Fig. 4e; Smith 2009b). The reentrant is
lacking in 7inosaurus sp. MPH, in Chamacleonidae,
and rarely in other agamids (e.g., Moloch horridus;

15
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FIG. 4. Maxillae of select agamids in dorsal (left column), lateral (middle column), and medial (right column)
views. (a, d, g) Agama mossambica, UF 55339; (b, e, h) Leiolepis belliana, UF 62048; and (c, £, 1) Uromastyx
princeps, CM 145044. Abbreviations: f.pr., facial process (posterior remnant); j.gr., jugal groove; pl.pr., pala-

tine process; ree, maxillary reentrant on the jugal.

Bell ez al. 2009). It is unclear whether this feature is
autapomorphic of Agamidae* and lost in Leiolepis, or
whether the state in Leiolepis is plesiomorphic.
Among living agamids, however, Tinosaurus sp.
MPH is uniquely similar to Leiolepis in this respect.

The posterior remnant of the facial process ex-
tends posteriorly well beyond the palatine process in
most agamids (although posterior to the reentrant it
is completely absent). In Leiolepis, however, the pos-
terior extent of the facial process is reduced, extend-
ing no farther than the posterior end of the palatine
process, fully exposing the jugal in lateral view. The
length of the facial process in Tinosaurus sp. MPH is
intermediate in length, which incidentally shows that
there is no simple relationship between facial process
length and the presence of a reentrant.

In at least some specimens of Leiolepis, there is a
longitudinal slit on the dorsal surface of the (narrow)

palatal shelf (Fig. 4b). This slit is located midway
16
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between the palatine process and the posterior end
of the bone. Re-articulation of UF 62048 reveals that
the slit receives neither the edge of the jugal nor the
ectopterygoid; its presence is presumably related to a
yet undetermined feature of the connective tissue.
This slit was not found in other agamids available as
disarticulated specimens and is absent in Tinosaurus
sp. MPH. This absence is considered plesiomorphic.

Ectopterygoid. A single, partial right ectopterygoid,
PTRM 19134, is associated with this species on the
basis of size and its consistency with morphologies
commonly encountered in Agamidae* (see below).
The bone is lacking parts of the anterolateral and
posterolateral processes as well as much of the ptery-

goid process (Fig. 5).

Description: The maxillary facet (Fig. 5a, mx.fac.) is
broad on the ventral surface of the lateral process. Its
medial margin is convex, its lateral one straight to
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weakly concave. The facet is at a high angle to the
horizontal (Fig. 5b). A weak lip is developed where
the maxillary facet terminates in line with the main
body of the bone (Fig. 5a). The lip grows in promi-
nence posteriorly, but the ventral corner of the pos-
terolateral process (Fig. 5a, ¢, pl.pr.) is then trun-
cated by breakage. The extent of the ventral corner
of the process cannot be determined, but it appears
to have been more massive than the dorsal corner.
The lateral surface of the bone, which articulated
with the medial surface of the jugal, is oblique, di-
rected laterally and slightly dorsally (Fig. 5d, j.fac.).
Near its posterior end the jugal facet is concave, but
moving onto the anterolateral process it is flat, except
for a shallow groove just below the dorsal margin.
The posterior concave portion is traversed by a small
groove that arches from anteroventral to anterior and
gives off a few minor branches. The ventrolateral
edge of the bone is drawn out into a thin flange, the
maxillary and jugal facets meeting one another at an
acute angle (Fig. 5b).

The main body of the bone has a slightly convex
anterior margin and a concave posterior one (Fig. 5a).
The posterior concavity forms the coronoid recess
(cn.rec.), which receives the coronoid bone and as-
sociated tissues when the jaw is adducted. The surface
of the recess is nearly vertical medially but becomes
oblique (anteroventral) laterally. At the medial end
of the main body are two facets for articulation with
the pterygoid, each with a tapering, rounded lateral
terminus. The one on the posterior side of the bone
is the primitive pterygoid facet (Fig. 5a, c, pt.fac.p.).
The one on the anterior side extends just as far later-
ally as the first (pt.fac.a.). These distinct portions of
the pterygoid articulation are separated by a trans-
verse flange of bone whose medial edge is not
preserved, and indicate that the pterygoid possessed
an additional articular projection in the space be-
tween the lateral process of the bone and its anterior
part.

The dorsal surface of the bone is flat and smooth

(Fig. 5¢).

mx.fac. \

groove

2 mm
L —

FIG. 5. Partial right ectopterygoid of Tinosaurus sp. MPH, PTRM 19134, in (a) ventral, (b) anterior, (c)
posterior, and (d) lateral views. Abbreviations: al.pr., anterolateral process; cn.rec., coronoid recess; j.fac.,
jugal facet; mx.fac., maxillary facet; pl.pr., posterolateral process; pt.fac.a., anterior portion of pterygoid
facet; pt.fac.p., posterior portion of pterygoid facet.
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Comparisons: By retaining a posterolateral process,
this ectopterygoid is plesiomorphic in comparison
with Scleroglossa (Smith 2006b), the sister-taxon to
Iguania. Although plesiomorphy cannot be used to
unite two taxa, I consider it unlikely that PTRM
19134 represents a long-surviving previously un-
known lineage of stem-acrodontan or some other
lepidosauromorph other than Iguania. Subtle features
of this ectopterygoid, in turn, suggest its referral to
Acrodonta rather than Iguanidae within Iguania. In

iguanids the medial margin of the anterolateral pro-
cess of the bone usually curves fairly continuously
medially to form the anterior margin of the bone,
whereas in agamids the change in orientation tends
to be more abrupt (Fig. 6a, b). That is to say, the
anterior margin of the bone and the medial margin
of the anterolateral process can usually be described
by a single radius of curvature in iguanids, but in
agamids they cannot. This generality holds fairly well,

although the agamid condition is not quite so clear

a al.pr. b

pl.pr.

al.pr. c flange alpr

flange pl.pr.

FIG. 6. Ectopterygoids of select agamids in dorsal (first or upper row), anterior (second row), posterior (third
row), and lateral (fourth or bottom row) views. (a, d, g, j) Agama mossambica, UF 55339; (b, e, h, k) Leiol-
epis belliana, UF 62048; and (c, £, i, I) Uromastyx princeps, CM 145044. Abbreviations: al.pr., anterolateral
process; cn.rec., coronoid recess; j.fac., jugal facet; mx.fac., maxillary facet; pl.pr., posterolateral process;
pt.fac.a., anterior portion of pterygoid facet; pt.fac.p., posterior portion of pterygoid facet; pt.pr., pterygoid
process.
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in Uromastyx (Fig. 6¢), and the iguanid condition is
not always found in that clade. PTRM 19134 con-
forms to the agamid condition. Furthermore in Ac-
rodonta, the anterior margin of the neck of the bone
and the medial margin of the anterolateral process
tend toward a right angle (like in PTRM 19134),
where as the angle is usually obtuse in Iguanidae.
Another agamid characteristic of PTRM 19134 is the
extreme thinness of the ventrolateral edge of the bone
(also absent in Uromastyx). Finally, the slightly dor-
sally arched character of PTRM 19134 (Fig. 5b) is
fully consistent with Acrodonta but totally inconsis-
tent with Iguanidae. These are the primary reasons
for associating PTRM 19134 with Acrodonta, and
hence Tinosaurus sp. MPH.

The additional articular projection of the ptery-
goid on the ectopterygoid, as indicated by the dual
articulation facet in PTRM 19134, is also found in
Leiolepis belliana (Fig. Ge). A dual articulation is not
directly observable in articulated specimens (UF
62046, 62047, SMF 57471), but even here the semi-
translucency of the bone allows determination of
where the pterygoid terminates medially and so
provides a strong indication of this reinforced rela-
tionship between the two elements. In UF 62048
(the only available disarticulated specimen of L. bel-
liana), the two portions of the facet have an ap-
proximately equal lateral extent and are separated by
a sharp, transverse ridge (Fig. Ge, h). An anterior
articulation of the pterygoid on the ectopterygoid
appeared to be absent in all examined members of
Agaminae (Fig. 6d), Draconinae, Amphibolurinae,
and Hydrosaurus. As far as I am aware, this dual ar-
ticulation otherwise only occurs in Dipsosaurus dor-
salis and part of its stem, including the stem taxon
Queironius praelapsus, also known from the Medicine
Pole Hills local fauna (Smith 2011).

Differently derived is the condition in Uromastyx,
where the pterygoid articulation on the ectopterygoid
is also visible anteriorly. In most examined species of
the latter taxon, however, the pterygoid articulates
entirely on a curious flange found on the anterior
margin of the ectopterygoid (Fig. 6¢). The primitive
posterior articulation of the pterygoid also is braced
by a strong, posteriorly directed flange on the
ectopterygoid (Fig. 6¢). As far as I am aware, these
ectopterygoid flanges are unique to Uromastyx in
Iguania, although a smaller projection in Moloch
horridus (Bell et al. 2009) may be analogous to the
anterior flange in Uromastyx. In U. acanthinura, U.
princeps, and most probably U. geyri, the anterior and

Buch BZM 57.indb 19

posterior facets for the pterygoid are confluent, i.e.,
they are not separated by a sharp transverse ridge; in
U. hardwickii, on the other hand, a broad, rounded
ridge is in fact developed between them. In sum-
mary, the condition seen in 7inosaurus sp. MPH
appears to be found only in Leiolepis among living
acrodontans, but the equally unique condition in
Uromastyx could have been derived from it, espe-
cially considering the basal (Amer & Kumazawa
2005b; Moody 1987) position of U. hardwickii.

Usually in Agamidae* (Fig. 6j, 1), but not Chamae-
leonidae, the ventral corner of the posterolateral
process of the ectopterygoid is greatly enlarged (and
varies considerably in morphology). In Leiolepis, in
contrast, the ventral corner (particularly when the
flange bearing the maxillary facet is excluded) is rela-
tively smaller. Although both dorsal and ventral cor-
ners of this process are broken in PTRM 19134, it
appears that the ventral one may have been the stron-
ger (see above), as in most agamids. This is presum-
ably a primitive feature of ZTinosaurus sp. MPH. The
morphology of the ventral corner holds more infor-
mation, which will become useful when this portion
of the bone becomes known in Zinosaurus.

Tinosaurus sp. MPH, like Leiolepis (Fig. 6h) and
Uromastyx (Fig. 61), lacks the extreme dorsoventral
thinness and rounded ventral edge of the central
portion (neck) of the ectopterygoid which is seen in
many Agaminae (Fig. 6g), Draconinae, and Am-
phibolurinae. In this respect, Zinosaurus sp. MPH is
also presumably primitive.

The maxillary facet on the ventral surface of the
lateral portion of the ectopterygoid faces roughly
ventrally in most agamids available as disarticulated
skeletons (Fig. 6d). (The condition in chameleons is
difficult to evaluate, because the maxillary facet is so
highly reduced.) In Leiolepis, the medial portion of
the maxillary facet also faces ventrally, but laterally
the facet curves strongly ventrally and becomes verti-
cal (Fig. 6¢). In Uromastyx, the maxillary articulation
also is transformed, but the homologous surface of
the ectopterygoid, still indicated by the ventral sur-
face of the anterolateral process, is rotated such that
the surface faces ventrolaterally (i.e., it is rotated in
the opposite direction as in Leiolepis; Fig. 6f). In
Tinosaurus sp. MPH, the maxillary facet also curves
ventrally, although not as strongly as in Leiolepis. This
feature is taken to be an apomorphic similarity be-
tween the latter two taxa.

Frontal. A frontal morphotype comprising three
specimens is referred to this species on the basis of
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prf.fac.

a n.fac.

Cc

fr.tab.

prf.fac.

b ridge

prf.fac.

cr.cr.

FIG. 7. Frontals of Tinosaurus sp. MPH. (a, b, c) PTRM 19113 in dorsal, left lateral, and ventral views,
respectively; (d) PTRM 19112 in ventral view. Abbreviations: al.sp., anterolateral spine of frontal table; cr.cr.,
crista cranii; fr.tab., frontal table; n.fac., nasal facet; prf.fac., prefrontal facet; so.ss., groove marking insertion

of solium supraseptale.

size and the presence of apomorphies uniting it with
part of Agamidae*.

Description: The bone is distinctly hourglass-shaped,
narrowing markedly (by 50%) from its anterior end
to the mid-orbital portion (Fig. 7a). The dorsal sur-
face of the frontal is saddle-shaped, weakly (PTRM
19113, 19467) to strongly (PTRM 19112) concave
in transverse cross-section (Fig. 7a) and moderately
convex in sagittal cross-section (Fig. 7b). The orbital
ridges thus become especially pronounced posteri-
orly. The dorsal surface is nearly smooth, showing
only weak irregularities in certain places (Fig. 7a),
particularly on the posterior, expanding portion of
the bone. The anterior portion of the bone is most
completely preserved in PTRM 19113. Here, the
anterior end does not show clear breaks, although
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broken edges (on the right side, for instance) could
have been rounded by streamwear. The posterior
corner of the nasal facet (n.fac.) is present at the
anterolateral-most corner of the frontal table (fr.ta.).
The anterolateral spine (al.sp.) of the frontal table (fr.
ta.) is thin; it appears that it may also have been short,
for it decays rapidly in height, although it is not clear
how much its anterior extent would have been ex-
posed dorsally, nor how much may have been re-
moved by streamwear. Medial to the nasal facet is the
lateral portion of the mediolaterally broad median
spine of the frontal table; the curvature of this por-
tion suggests the spine may have been short, but this
is uncertain. As preserved, PTRM 19113 suggests
that shelves for overlap of the nasals were greatly re-
duced, especially toward the mid-line. The prefrontal
facets are U-shaped structures (Fig. 7a, b, prf.fac.).
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The anterior half is divided by a longitudinal ridge
into two surfaces, one facing dorsolaterally, the other
ventrolaterally (Fig. 7b). The ridge extends for half
the length of the facet, diminishing in prominence
from anterior to posterior. Beyond the ridge, the
prefrontal facet is directed entirely dorsolaterally (Fig.
7a). Tiny, shallow, well-demarcated, longitudinal
grooves are found at the posterior end of the ridge
(Fig. 7b).

A strong, triangular excavation for the olfactory
tracts is present on the ventral surface of the frontal
(Fig. 7¢). There is a median swelling of the ventral
surface at the anterior-most end of this excavation.

The cristae cranii (cr.cr.) are low and rounded in
transverse cross-section. Anteriorly, they sweep medi-
ally, closely approaching one another but never
touching (Fig. 7d). Their lateral surfaces, which form
also the lateral surfaces of the bone as a whole, are
steep, 10-20° from the vertical. In PTRM 19467
alone there is a pair of tiny foramina on the lateral
surface of each crista at mid-orbit. Medial to each
crista on the posterior half of the bone is a groove,
which corresponds to the attachment site for the
dorsal edge of the solium supraseptale (so.ss.; cf. de
Beer 1937 and Oelrich 1956). This groove deepens
posteriorly, and on the right side of PTRM 19112 it

n.fac.

5mm

prf.fac.

I -

FIG. 8. Frontals of select agamids in dorsal (upper row), ventral (middle row), and right lateral (bottom row)
views. (a, d, g) Agama mossambica, UF 55339; (b, e, h) Leiolepis belliana, UF 62048; and (c, £, 1) Uromastyx
princeps, CM 145044. Abbreviations: cr.cr., crista cranii; fr.tab., frontal table; n.fac., nasal facet; prf.fac.,
prefrontal facet; so.ss., groove marking insertion of solium supraseptale.
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appears to reach its nadir in a small pit, shallowing
more posteriotly. A broad, median ridge is developed
between the grooves; this ridge narrows anteriorly
and attains a depth that nearly equals (PTRM 19112;
Fig. 7d) and even exceeds (PTRM 19467) the depth
of the cristae cranii. Anteriorly, the grooves terminate
at mid-orbit in tiny impressions (Fig. 7¢, d). The
median ridge then has the appearance of diverging
to join the cristae cranii.

Comparisons: The frontal table is concave in trans-
verse cross-section in many acrodontans, including
members of Chamaeleonidae, Agaminae (Fig. 8a),
Draconinae, some Amphibolurinae (e.g., Moloch
horridus: Bell et al. 2009), and Hydrosaurus (Smith
2009a; pers. obs.). It is also concave in many Leiol-
epis (Fig. 8b), particularly larger specimens (e.g., UF
62048, SMF 57471; cf. Smith 2009a). Although the
frontal table is flat in Uromastyx (Fig. 8c), additional
outgroup comparison (Smith 2009b) suggests that a
transversely concave frontal could be primitive for
Acrodonta; thus, its occurrence in Tinosaurus sp.
MPH would be plesiomorphic.

Supraorbital flanges (Smith 2009a, b) are lacking
in Leiolepis (Fig. 8e) and Uromastyx (Fig. 8f) but
occur in Chamaeleonidae and many other agamid
clades, such as Agaminae (Fig. 8d), some Amphibol-
urinae, Hydrosaurus, and Draconinae. This is a de-
rived character in Iguanidae where it occurs (Smith
2009b), but its wide distribution in Acrodonta makes
interpretation of this feature difficult. The absence of
flanges in Tinosaurus sp. MPH could be primitive or
derived.

In most agamids, the prefrontal facet of the
frontal faces ventrolaterally in its posterior extent,
and it is scarcely visible in dorsal view, even anteri-
orly (Fig. 8a; see also Bell er al. 2009, fig. 15). In
Uromastyx, the prefrontal facet is directed mostly
laterally; U. princeps showed the most extensive dor-
sal exposure (Fig. 8c) of all examined species of the
genus. Similarly, in examined chameleons, as well as
all iguanids except certain members of Tropidurini
and Iguaninae, the only portion of the incision ex-
posed dorsally is that found dorsal to the longitudinal
ridge on the anterior half of the scar. In Leiolepis, in
contrast, essentially the entire posterior extent of the
prefrontal facet is seen in dorsally (Fig. 8b). In this
respect Tinosaurus sp. MPH is almost uniquely
similar to Leiolepis.

The steep orientation of the lateral surface of the
cristae cranii in 7inosaurus sp. MPH is uniquely
similar to what is seen in Uromastyx, where they are
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also nearly vertical (Fig. 8f). In Leiolepis, their orien-
tation varies slightly (cf. UF 62046 and UF 62048,
Fig. 8¢) but generally likens that in many other aga-
mids (Fig. 8d).

The pit developed near the posterior end of the
groove for the solium supraseptale in 7inosaurus sp.
MPH also is well-developed in Leiolepis (Fig. 8¢), in
which it appears to relate to a particularly large pro-
jection of the posterodorsal margin of the planum.
Except in Leiolepis it is very uncommon in examined
extant agamids (cf. Fig. 8d, f), found otherwise only
in Calotes versicolor (but not C. mystaceus). Such a pit
also occurs in some chameleons (e.g., Chamaeleo
hoebnelii, C. laevigatus, C. roperi), but apparently not
the basal (Rieppel & Crumly 1997; Townsend &
Larson 2002) Brookesia superciliaris (Siebenrock
1893: fig. 40). This feature is reasonably interpreted
as an apomorphy of Leiolepis at present, pending
more extensive taxon sampling. It is shared by 7ino-
saurus sp. MPH.

The apparent mediolateral thinness of the antero-
lateral corners of the frontal table of Zinosaurus sp.
MPH is similar to what is seen in Leiolepis and Uro-
mastyx (Fig. 8b, ¢), but those structures are quite
variable in agamids, so the significance of this obser-
vation is uncertain.

DISCUSSION

Acrodontan phylogeny is currentdy in flux (e.g.,
Amer & Kumazawa 2005a, b; Honda ez 2/ 2000;
Hugall & Lee 2004; Hugall et al. 2008; Macey et al.
1997, 1998, 2000; Schulte & Cartwright 2009;
Schulte ez 2/ 2003), and conclusions drawn from
new characters discussed here must be consistent
with several plausible topologies if they are to be
robust to future developments. I consider here the
following four hypotheses: (h1) Agamidae* is mono-
phyletic, and Uromastyx and Leiolepis form a clade
that is the sister-taxon to the rest of Agamidae* (Fig.
9a), based on Moody (1980) (see also maximum
parsimony results of Honda er «/ 2000); (h2)
Agamidae* is monophyletic, and Uromastyx and
Leiolepis form successively closer outgroups to the rest
of the clade (Fig. 9b), based on Macey ez al. (2000);
(h3) Uromastyx is basal in Acrodonta, with Chamae-
leonidae and Leiolepis as successively closer sister-taxa
to the rest of Agamidae* (Fig. 9¢), based on Schulte
and Cartwright (2009); and (h4) Uromastyx and
Leiolepis are sister-taxa, forming a clade that is basal
in Acrodonta.
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FIG. 9. Various hypotheses of the relationships of Zinosaurus sp. MPH within Acrodonta based on data in
Table 1. Outgroup constructed using polarity decisions. In parts A-D, the described phylogenetic scaffold
was enforced; part E shows unconstrained results. A. Uromastyx and Leiolepis form a clade that is the sister
to the remainder of a monophyletic Agamidae (after Moody 1980; also Honda ez /. 2000 under maximum
parsimony). B. Leiolepis and Uromastyx form successive outgroups to the remainder of a monophyletic
Agamidae (after Macey ez al. 2000). C. Uromastyx is basal in Acrodonta, followed by Chamaeleonidae, Leio-
lepis, and the rest of Agamidae (Schulte & Cartwright 2009); D. Uromastyx and Leiolepis are sister-taxa,
forming a clade that is the sister-group of other acrodontans. These topologies are not intended to cover all
possibilities, nor is it implied that they are equally well supported or that the authors espouse their credited
hypotheses to the exclusion of others. E. Strict consensus of 3 most-parsimonious trees (length = 13) that

result from analysis of data in Table 1.

The characters noted above support a general
relationship between North American 7inosaurus and
the living clades Uromastyx and/or Leiolepis, but are
partly contradictory in detail. Tinosaurus sp. MPH
shows derived similarity to Leiolepis and Uromastyx
within Acrodonta in the following two respects:
strong median cleft on palatal shelf of premaxilla
present; and prefrontal facet on frontal rotated to face
laterally or dorsolaterally. 7inosaurus sp. MPH shows
derived similarity to Uromastyx within Acrodonta in
the following two respects: anterior premaxillary
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foramina present (at least variably); and nearly verti-
cal orientation of lateral surface of crista cranii on
frontal. Zinosaurus sp. MPH shows derived similar-
ity to Leiolepis within Acrodonta in as many as six
respects: relatively high premaxillary tooth count and
well-developed lateral processes of premaxilla (de-
pends on tree topology); palatine facet does not ex-
tend to posterior end of palatine process of maxilla;
dual pterygoid articulations on ectopterygoid, sepa-
rated by strong, sharp transverse ridge (relationship
to condition in Uromastyx uncertain); high obliquity
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TABLE 1. Character-taxon matrix for examining relationships of Zinosaurus sp. MPH. (1) Median cleft on
palatal shelf of maxilla absent, 0, or present, 1. (2) Anterior premaxillary foramina absent, 0, or present, 1.
(3) Premaxillary tooth count >3, 0, or <3, 1. (4) Palatine articulation on maxilla reaches base of palatine
process on its posterior border, 0, or does not, 1. (5) Maxillary reentrant on jugal absent, 0, or present, 1. (6)
Pterygoid articulates only posteriorly on ectopterygoid, 0, or possess an accessory anterior articulation, 1. (7)
Maxillary facet on ectopterygoid trending dosolaterally to roughly horizontal, 0, or trending ventrolaterally,
1. (8) Lateral surface of cristae cranii on frontal strongly oblique, 0, or nearly vertical, 1. (9) Prefrontal facet
on frontal hidden beneath frontal table, 0, or visible in dorsal view, 1. (10) Distinct pit for posterior attach-
ment of solium supraseptale on frontal absent, 0, or present, 1.

1 2 3 4 5 6 7 8 9 10
Ancestor 0 0 0 ? ? 0 0 0 0 0
Uromastyx 1 1 0/1 0 1 0 0 1 1 0
Leiolepis 1 0 0 1 0 1 1 0 1 1
Tinosaurus sp. MPH 1 0/1 0 1 0 1 1 1 1 1
Chamaeleonidae ? ? 1 1 0 0 ? 0 0 ?
Other agamids 0 0 1 0 1 0 0 0 0 0

of maxillary facet of ectopterygoid; posterior portion
of prefrontal facet completely exposed in dorsal view
of frontal; and pit developed on frontal near poste-
rior end of grooves for insertion of the solium supra-
septale.

To test the relationships of Tinosaurus sp. MPH,
I generated a topological scaffold (constraint) in
PAUP* v. 4b10 (Swofford 2002) for each phyloge-
netic hypothesis mentioned above. Then, with the
matrix in Table 1 (based on descriptions and results
above), I conducted exhaustive searches for the most
parsimonious position of Zinosaurus sp. MPH with-
in that scaffold (as done by Bhullar & Smith 2008).
The resulting position of Tinosaurus sp. MPH with
respect to the major acrodontan clades is shown with
a dashed line in Figure 9a—d; in none of them is
Tinosaurus sp. MPH the sister-taxon of Leiolepis. On
the other hand, when no phylogenetic scaffold is
enforced, Tinosaurus sp. MPH is always the sister-
taxon of Leiolepis, regardless of where this clade falls
(Fig. 9e). At the least, these results do not provide
consistent support for any particular position of 7i-
nosaurus sp. MPH. Nevertheless, I find the dual ar-
ticulation of the pterygoid on the ectopterygoid
particularly compelling, and the ectopterygoid is
perhaps the most securely referred element. Thus, in
the brief discussion below I will treat Zinosaurus sp.
MPH as if it were securely related to Leiolepis.

The earliest record of North American Tinosaurus
is from the early Eocene (middle Wasatchian, ap-

proximately zone Wa4) of Wyoming (Smith 2006b).
24
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Assuming that Acrodonta invaded North America
only one time, then these remains must also be at-
tributed to the stem of Leiolepis, and one may thus
conclude that Leiolepis had diverged from other ac-
rodontans by the early Eocene. Stem representatives
of Uromastyx, which under each of the phylogenetic
hypotheses summarized in Figure 9a—d should have
diverged from other agamids at the same time as or
prior to Leiolepis, are well represented in the Paleo-
gene of Asia beginning in the early Eocene (Alifanov
2009; Averianov & Danilov 1996).

Direct dispersal of stem-Leiolepis from Asia to
North America in the early Eocene (cf. Moody 1980)
would be one possible interpretation of these data.
Yet, the phylogenetic position of European species of
Tinosaurus from the early Eocene (Augé 1990, 2005;
Augé & Smith 1997; Augé et al. 1997; Hecht &
Hoffstetter 1962; Rage & Augé 2003) must be con-
strained before a route passing first across the Turgai
Strait into Europe and thence North America could
comfortably be excluded. To be sure, extant Leiolepis
are ground-dwellers that prefer open formations
(Losos et al. 1989) and dig deep burrows (Pianka &
Vitt 2003), which may decrease the probability of
dispersal by rafting over large water bodies. On the
other hand, they are common inhabitants of beach
environments (e.g., Losos ez 2l. 1989), and the earli-
est occurrence of Tinosaurus in Europe (earliest Eo-
cene: Augé 2005; Augé & Smith 1997) appears to
precede its earliest occurrence in North America
(Smith 2006a). Still, Zinosaurus is rare in the early
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Focene of North America (Smith 2006a), and thus
its (true) first historic appearance is not well con-
strained.

The Eocene record of fossil lizards of North
America clearly shows that many taxa presently
found in the tropics once had extratropical distribu-
tions (Gauthier 1982; Smith 2006a, 2009a, 2011),
which presumably relates to the warm, wet, and
equable climates of the Eocene. North American
Tinosaurus suggests the possibility that the agamid
lizard Leiolepis could show a similar pattern. How-
ever, determining whether the historical distribution
of this or other tropical agamids also conform to this
pattern will require a much more intensive sampling
of and attention to the fossil record of the group.
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DESCRIBING EAST MALAYSIAN TADPOLE DIVERSITY:
STATUS AND RECOMMENDATIONS FOR STANDARDS AND
PROCEDURES ASSOCIATED WITH LARVAL AMPHIBIAN
DESCRIPTION AND DOCUMENTATION
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1 Biozentrum Grindel & Zoologisches Museum Hamburg, Martin-Luther-King-Platz 3,
20146 Hamburg, Germany

2 Institute of Biodiversity and Environmental Conservation, Universiti Malaysia Sarawak,
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ABSTRACT

Our ad hoc survey of 130 books and monographs showed that almost 70% did not present any descriptive information
on larval anurans, and when larval stages were included the quality of documentation often tended to be poor. The larval
(or developmental) stages of 51 species of east Malaysian frogs still remain unknown. Modern methods and techniques
have changed the way we treat larvae taxonomically, and we recommend their adoption in tadpole research. Notably, DNA
barcoding allows for unequivocal matching with adult frogs, and digital color photography provides documentation of
tadpole features of unprecedented quality, partly replacing traditional drawings. Both techniques are considered essential
for the study of tadpoles. Tadpole measurements have now reached a high level of standardization and can be performed
quickly, accurately, and easily with digital microscopes. Nevertheless, line drawings and SEM may still be valuable techniques

when certain details need to be demonstrated.

Key words: biodiversity, tadpole, inventory, morphology, barcoding, field techniques herpetology, Amphibia, Anura.

INTRODUCTION
General

Declines in amphibian numbers are a global phe-
nomenon but are most widespread and catastrophic
in the tropics (Wake & Vredenburg 2008). There is
thus an urgent need for studies on all amphibian life
stages in the tropics, where entire assemblages are
being lost before any acquisition of knowledge of
their ecological roles. However, most ecological com-
munity analyses address adults and their ecological
needs and interactions, whereas larval stages are
rarely included (Inger er al. 1986, Inger & Voris
1993, Eterovick 2003, Eterovick & Barros 2003,
Kopp & Eterovick 2006). In taxon-based books (e.g.,
Duellman & Trueb 1986, Wells 2007), larval stages
usually receive much less attention than adults. This
is rather surprising, considering that the biphasic life
cycle of anurans imposes dramatically different selec-
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tive regimes on the aquatic larval stage, the metamor-
phic stage, and the terrestrial post-metamorphic stage
(Wilbur & Collins 1973, Wassersug 1975, 1997;
Harris 1999, Hentschel 1999, Rose 2005). Most
herpetologists would agree that the tadpole stage is
just as crucial as the adult stage for the persistence of
the species at a specific locality and for its success and
distribution, and may play a decisive role in specia-
tion processes, particularly in tropical assemblages.
However, this is not yet reflected in the quantity and
depth of contemporary research efforts to record
larval diversity and to analyze the specific ecology of
this unique life stage.

The recent accelerating increase in species de-
scriptions (based on adults), and thus in the number
of known anuran species (AmphibiaWeb 2010, Frost
2010), makes clear that a huge backlog of work, both
taxonomic and ecological, is accumulating for studies
on larval forms for future workers. Even basic knowl-
edge, such as information on tadpole diets, is patchy
and not well understood (Altig ez a/. 2007). We think
that the lack of state-of-the-art tadpole descriptions,
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inventory catalogues, and reliable determination keys
is a major impediment to scientific progress in bio-
diversity and ecology research on the larval amphib-
ian semaphoront.

In this paper, we give a brief overview on the
status of tadpole descriptions as part of regional
surveys and field guides in the literature. We report
on our own project to record the tadpole diversity of
East Malaysia. The main purpose of this paper is to
1) give a status report on the knowledge on the
tadpole diversity in East Malaysia (Borneo); 2) com-
municate experiences and recommendation on
standards and procedures that we have adopted, and
3) to argue that technological progress during the
past ten years should change our standards in tadpole
research. We think that some aspects of tadpole re-
search are universal and we hope that our recom-
mendations will facilitate the study of tadpole com-
munities elsewhere, usually within tropical settings.

TADPOLE INVENTORIES
Tadpole

In order to briefly review the current attention that
tadpoles receive in the herpetological literature, we
surveyed a number of field guides, geographic her-
petological surveys, and country faunal accounts (see
Appendix 1). We included all sources that, to our
knowledge, are designed to aid field and laboratory
identification or are regional monographs and faunal
revisions, published in the last 50 years. Although we
do not claim that the list is comprehensive, the pic-
ture that emerges from evaluating these sources with
respect to the coverage of tadpoles may well be in-
dicative of the attention generally given to tadpoles
in herpetological studies.

Among the 130 books and monographs exam-
ined, 90 (69.2%) did not present any descriptive
information (morphological descriptions, drawings,
or images) on tadpole life stages. Color images tend
to be rare in published works: only 27 (20.7%) of
the publications included color images of tadpoles,
15 (11.5%) for only a few species, and only 11
(8.5%) of the publications included color images of
tadpoles for multiple species or all regional species
known at the time. Among our sources, only four
were exclusively devoted to larval forms (Inger 1985,
Chou & Lin 1997, Anstis 2002, Beringhausen
2003). An additional work (Rédel 1998), while not
on taxonomy, provides valuable data on tadpoles,
including their identification.

When information on tadpoles was provided, we

further categorized the quality and style of the il-
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lustrations (simple stylized sketches versus high qual-
ity line art). We did not try to be objective when
assigning publications to one of these two categories,
because drawings always are to some degree subjec-
tive interpretations of the object by the artist. Al-
though the matching between the drawing and the
original object, as well as the scientific precision,
cannot be assessed without the object itself, the effort
put into producing a quality drawing of a tadpole
can usually be judged, and the value of a drawing for
species identification is often evident. Examples of
meticulously prepared drawings are in Anstis (2002)
and Duellman (2001). However, only nine (6.9%)
contained high quality line art and 33 (25.4%) con-
tained only simple/stylized sketches.

The level of detail in tadpole textual description
varies as much as in the illustrations. Tadpole descrip-
tions cover a wide range, from brief descriptions of a
few lines to highly detailed accounts with a wealth of
morphological information. The usefulness of a
given description for tadpole identification can be
augmented if helpful illustrations and an identifica-
tion key goes along with it. Short descriptions with-
out supporting materials, as in the majority of the
sources examined, will usually not suffice to allow
reliable identifications and will be prone to ambigu-
ity. An attempt to evaluate the documentation status
for Bornean tadpoles has been published earlier (Das
& Haas 2005: Tab. 1). For the tadpoles in Peninsular
Malaysia, a summary was compiled by Leong (2002),
who devised a preliminary scoring system to gauge
the relative detail of documentation for each species.

The lack of our knowledge on the tadpole stages
of frogs also becomes evident when considering
tadpole identification keys. Among the sources ex-
amined, 34 (26.2%) provided some sort of identifica-
tion key or other help for identification. However,
some of the keys are to families or genera. Keys to
the species level were rarely complete, as tadpoles of
many species in the tropics remain unknown.

CURRENT KNOWLEDGE
OF EAST MALAYSIAN TADPOLES

All amphibian species from Borneo (and indeed from
the rest of the world) have been described largely, if
not entirely, on the basis of adult specimens. Know-
ledge of tadpole descriptions has thus seriously lagged
behind. At the last stock-taking, 89 of 160 species
(less than 56%) then known from Borneo had
known larval stages (Das & Haas 2005). Since this
report appeared, larval descriptions of additional
species occurring on the island have been published
(Inger et al. 2006, Haas & Das 2008, Haas ¢z /.
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2009, Inger & Stuebing 2009, Leong & Teo 2009).
New Bornean amphibian species have been described
both with (e.g., Matsui ez 2/ 2010) and without
larval information (e.g., Dehling 2008, Dehling &
Grafe 2008, Inger & Stuebing 2009). Data quality
is yet another problem, as a significant proportion of
larval descriptions lack voucher specimen informa-
tion, are abbreviated, lack details expected in con-
temporary descriptions, or are not matched using
DNA barcoding techniques. Furthermore, larval
descriptions currently listed as available in Das &
Haas (2005) are frequently derived from non-
Bornean populations that under taxonomic revision
may eventually prove to be non-conspecifics. Several
familiar groups have been shown in recent years to
represent taxonomically cryptic species (see for in-
stance Inger et al. 2009).

At the time of this writing we identify the status
of larvae of the following 51 species (taxonomically
recognized for Borneo) as unknown (32% of all
Bornean frogs):

Barbourula kalimantanensis, Ansonia echinata, A.
Sfuliginea, A. latidisca, A. torrentis, Pedostibes everetti,
Pelophryne api, P guentheri, P murudensis, P linani-
tensis, P rhopophilus, P saravacensis, Pseudobufo sub-
asper, Calluella brooksi, C. flava, C. smithi, Gastro-
phrynoides borneensis, Kalophrynus borneensis, K. eok,
K heterochirus, K. intermedius, K. nubicola, K. punc-
tatus, K. subterrestris, Leptobrachella baluensis, L.
brevicrus, L. parva, L. palmata, L. serasanae, Leptola-
lax dringi, L. hamidi, L. maurus, L. pictus, Borneoph-
rys edwardinae, Ingerana baluensis, Limnonectes aspe-
rata, L. kenepaiensis, L. paramacrodon, L. rhachodus,
Meristogeny jerboa, M. macrophthalmamus, Hylarana
baramica, H. laterimaculara, H. picturata, H. mega-
lonesa, Staurois latopalmatus, Rhacophorus everetti, R.
Jasciatus, R. gadingensis, R. rufipes, and R. penanorum.

However, our own efforts have yielded larval
samples of the following taxa awaiting formal de-
scription in the future: Calluella sp., Kalophrynus sp.,
Leptobrachella baluensis, L. brevicrus, Leptolalax
dringi, Limnonectes paramacrodon, Meristogeny jerboa,
Rhacophorus everetti, R. gadingensis, R. rufipes, and R.
penanorum. In Singapore, the discovery of tadpoles
of Hylarana laterimaculata has been confirmed and
their formal description is being prepared (T. M.
Leong, pers. comm.).

RECOMMENDATIONS FOR TADPOLE
DESCRIPTIONS

The lack of regional keys and field guides for tadpole

identification is a hindrance for ecological and com-
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munity studies on this important life stage of an-
urans. Considering the current backlog of taxo-
nomic work in describing tadpoles around the
world, it is important to make rapid progress in
describing hitherto unknown tadpoles and in revis-
ing previous work containing abbreviated tadpole
descriptions that were insufficient for reliable field
and/or lab identification. Methods recruited for the
taxonomic description of tadpoles should ideally be
fast, simple, reliable, and should lead to a high qual-
ity of description. Although very similar tadpoles of
cryptic species may exclude unequivocal identifica-
tion by morphological methods in some cases, the
paramount objective in tadpole descriptions should
be to optimize reliable diagnostics as much as pos-
sible. Following the experience gained during our
project on East Malaysian tadpoles, we would like
to communicate some recommendations in this
respect.

Line drawings

The current compilation (Appendix 1), and a previ-
ously published survey (Das & Haas 2005), show
that many tadpole descriptions were in fact published
without any illustrative figure of the tadpole con-
cerned. Among published tadpole descriptions with
figures, line drawings have been a frequently chosen
option for more than a hundred years up to the pres-
ent (Inger et al. 2006). We believe that the historic
predominance of line drawings in illustrating tad-
poles was mainly due to the ease of production and
lack of alternative technologies. Line drawings had
clear advantages: 1) easy to make; 2) low cost in
producing the drawing and producing the pring; 3)
clarity with which certain structures can be shown
(e.g, mouthparts); 4) relatively simple to reproduce
and scale at good quality (via paper photocopy); 5)
ease of grouping drawings on plates for interspecific
comparisons.

However, these advantages of line drawings are
perhaps outweighed by several disadvantages: 1) loss
of color information; 2) loss of pigmentation infor-
mation; 3) researchers may decide to hand the draw-
ing process to an artist who is not familiar with the
taxonomically relevant character states (a potential
source of additional errors of detail); 4) accuracy of
drawings depends on the skill of the artist and the
process employed; 5) one and the same individual
tadpole drawn by two different artists can look quite
different (i.e., non-repeatable); 6) drawings made
from preserved specimens may have altered body
shapes (bending of axial skeleton, shrinkage of arti-
fact caused by preservatives).
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The lack of illustrations and, if present, the pre-
dominance of line drawings in the literature with
their specific disadvantages, limit the immediate use
of published information. In other words, an ecolo-
gist planning a community-level study on tadpoles
in the tropics will hardly be able to compile enough
information from the literature to be able to reliably
identify living specimens in a given field situation
(not to mention unknown species). The use of line
drawings for the illustration of tadpoles was justified
in the early days because it was for long the best
technique and alternatives were not available. At the
end of the 20th century, color analog photography
became feasible (see Anstis 2002), but it was expen-
sive and needed training in creating and manipulat-
ing images. Furthermore, most journals were unable
or reluctant to print color images. The predominance
of line drawings is thus mostly a phenomenon of
community inertia. Novices in the field tend to do
things the way their predecessors did. Although line
drawings are still useful for some purposes (clear
depiction of the tadpole mouthparts, interspecific
comparisons), all other purposes of illustration are,
in our opinion, fulfilled better by contemporary
photographic techniques.

Tadpole photography

There are excellent examples of tadpole inventories
and taxonomic descriptions that demonstrated the
usefulness of tadpole color photography (Chou & Lin
1997, Leong & Chou 1999, Anstis 2002, Leong
2004). During the past 10 years, the advent and
rapid progress of digital photography has profoundly
changed our approach to image acquisition and pro-
cessing. For the first time catalogues of vast numbers
of high quality images can be collected for biodiversity
projects at relatively low cost (no film material or
complicated post-production work needed). Various
software packages (Adobe® Lightroom, Apple” Aper-
ture) allow the handling and meta-data annotation of
image catalogues containing several tens of thousands
of images, allowing for rapid comparisons of tadpoles
among various regions or study sites.

The resolution and quality of images has steadily
increased and any camera with a 10 megapixel (MP)
sensor chip will satisfy a biologist’s needs for image
quality in most situations. Image quality can be as-
sessed and adjusted immediately. Along with digital
cameras, flash control systems have evolved substan-
tially. All major camera manufacturers offer wireless-
controlled flash systems, making multiple flash setups
easy to handle in field situations. As most measure-
ments and data exchanges between flash and camera
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are automatic in today’s camera systems, images can
be evaluated immediately after exposure on the cam-
era screen. In general, little intervention by the
photographer is necessary and the technique is simple
and reliable in most field situations.

For tadpole photography we use customized mini-
aquaria of 20 x 10 x 4 cm (width x height x depth)
with a glass thickness of 4 mm. The aquarium usu-
ally contains 2 cm of sand and some rocks to position
the tadpole. We anesthetize tadpoles in a separate
plastic container with a weak solution of chloretone
(approx. 0,1% 1,1,1-trichloro-2-methyl-2-propanol)
and transfer specimens to the photo aquarium once
anesthetized. However, others (Julian Glos, pers.
comm.) prefer adding MS 222 (tricaine methanesul-
fonate) directly into the aquarium. Mid-column
feeders, such as microhylid tadpoles, may assume
unnatural postures when anesthetized. Microhylid
tadpoles and similar feeding specialists need to be
photographed without anaesthesia, which offers chal-
lenges in terms of obtaining images from all required
perspectives. The eggs of directly developing species
are difficult to find in the field. Some eggs of Philau-
tus species have been discovered in pitcher plant
pitchers (see Malkmus ez a/. 2002). Such clutches are
best photographed i7 situ. However, if developmental
stages are to be recorded, they must be transported in
a plastic box to the lab while maintaining appropriate
light, moisture, and temperature conditions.

The preferred lens for tadpole photography is a
100 or 105 mm macro lens. It allows sufficient dis-
tance between the front end of the lens and the
aquarium to position light modifiers. Furthermore,
its telephoto angle of view approaches a parallel
projection of view better than a lens with shorter
focal length. This is advantageous with respect to the
refraction effects (distortion) in the aquarium (air-
glass-water transition), particularly towards the pe-
riphery of the image. Excellent lighting can be
achieved by placing the main flash unit (wirelessly
controlled) on top of the aquarium and positioning
a second flash with reduced power output to the left
of the camera to fill in shadows from an angle. Tad-
poles are photographed facing to the left in order to
show the position of the spiraculum on the left side
of the body in most species. By choosing different
background colors (Anstis 2002), it can be ensured
that the outline of the tadpole tail fin is clearly visible
on the images (Fig. 1). Additional extension tubes
allow for magnifications well beyond 1:1 and allow
the documentation of finer patterns in pigmentation
or details of mouthparts. Such images were much
more difficult to achieve with analog film cameras.
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FIG. 1. Lateral view of Hylarana nicobariensis (top) from Sabah, digital photograph of an anaesthetised
specimen set up in a mini-aquarium (20 x 10 x 4 cm, WHD) (Nikon D80 [10 megapixel sensor], Sigma
Macro 105 mm; ISO 250, £/16, wirelessly controlled SB 600 flash from top). In most species a black back-
ground is suitable to show the tail fin contour. A magnification (middle left) of the cropped part of the top
image (white square) shows the level of detail and limits of resolution with the camera/lens combination used.
The ventral perspective of the living tadpole (middle right, same specimen) gives valuable color and pigmen-
tation details. The lower left and right images show the same individual as above after formalin preservation.
Backgrounds have been cropped. The color information that can be gained from preserved specimens is
largely reduced; compare ventral views and iris in life and in preservation. For scale see bottom images;
generated with a Keyence VHX-500 digital microscope..
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Further advances in tadpole research can be
achieved by applying high speed videography. High
speed video recording is an essential tool to record
the rapid raking movements of tadpole jaws and
keratodonts during feeding (Venesky et /. 2010) or
the details of various swimming behaviours (Roberts
et al. 2000). Rapid progress in technology will likely
facilitate field work with high speed technology, as
the technology gets more affordable and the sensors
more sensitive. We sucessfully used a consumer-grade
Casio Exilim EX-FH20 digital camera for filming the
grazing behavior of Meristogenys jerboa in the above-
mentioned tank at 400 frames per second, under field
conditions.

In summary, properly lit, standardized lateral and
ventral digital photographs of tadpoles capture the
body shape, proportions, and pigmentation details
in far superior quality than any line drawing could
accomplish (Fig 1). During our inventory of East
Malaysian tadpoles, systematically collected digital
color images of tadpoles have proven to be an indis-

pensable tool for their identification. Tadpole pho-
tography with modern digital camera equipment can
be considered a technological paradigm shift, that 1)
makes taking high quality images much simpler than
in analog photography; 2) allows the taking of large
numbers of images for documentation of variation;
3) provides good color rendition; 4) is superior to
drawings in maintaining correct body proportions
and showing details; 5) captures valuable details in
living specimens that vanish in preservation (silver
and golden iridocytes). At present, a number of
journals print color images in high quality from

digital files.

Measurements

A variety of external characters are accessible to mea-
surement in tadpoles. Although various authors may
use slightly different measurements, lists of measur-
able variables have been proposed (e.g., Altig &
McDiarmid 1999; Fig. 2). The intraspecific ontoge-
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FIG. 2. Proposed standard tadpole body measurements developed from definitions by Altig & McDiarmid
(1999). BH, body height; BL, body length from snout to the point where the axis of the tail myotomes meets
the body wall; BS, body end to center of spiracle; BW, maximum body width; ED, eye diameter; ES, eye-
snout distance; IND, internarial distance (center to center); IOD, interorbital distance; LFH, lower fin height
(at MTH); MTH, maximum tail height; NE, distance from center of naris to center of eye; ODW; oral disk
width; SN, distance of naris (center) from snout; SS, distance of snout to center of spiracle; TAL, tail length
(=TL-BL); TMH, tail muscle height at body-tail junction, where ventral line of musculature meets trunk
contour; TMW;, tail muscle width at the same level as TMW; TTL, total length; UFH, upper fin height.
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netic stability of commonly used measurements has
recently been assessed and pertinent literature dis-
cussed (Grosjean 2005). Grosjean (2005) showed
that a number of external and internal features re-
main stable during ontogeny, whereas others (such
as tail fin height) may vary as a response to external
factors. He recommended taking tadpoles of stages
32-40 (Gosner 1960) for tadpole descriptions, be-
cause in this phase many taxonomically relevant
character states are stable.

Taking measurements has become much more
efficient with the advent of digital microscopy. Using
camera lucida devices, or measuring eyepieces, has
been replaced by calibrated digital imaging. Modern
digital microscopes (e.g., Keyence VHX Series) not
only allow rapid measurements from calibrated digital
images but also offer greater depth of field than stan-
dard stereomicroscopes. Digital images thus taken can

further be used as backdrops for drawings of any kind.

SEM

After the scanning electron microscope had been
devised (von Ardenne 1938) it rapidly became a
popular tool in biological sciences in the second half
of the 20th century. SEM has been used widely in
tadpole research (e.g., Wassersug 1976,1980; Was-
sersug & Rosenberg 1979, Viertel 1982, Inger 1985,
Wassersug & Heyer 1988, Das 1994, Hall & Larsen
1998). SEM was used in tadpole descriptions primar-
ily to show the mouthparts and the internal oral and
buccal soft tissues (e.g., Grosjean 2005, Haas & Das
2008). However, if no SEM is available, major
qualitative tadpole characters (mouthpart papillation,
buccal floor/roof papillation) can be recorded by al-
ternative methods, such as methylene blue (e.g.,
Anstis 2002, Aguayo et al. 2009) or crystal violet
(Altig 2007) staining and subsequent capture of im-
ages with a digitally equipped microscope. These
stains give more contrast to otherwise translucent
papilla. SEM will render keratodonts in a 3-dimen-
sional fashion, though keratodonts can be put on
microscopic slides and studied by light microscopy
as well (Aguayo ez al. 2009). Thus the unavailability
of SEM technology is no hindrance in describing
tadpoles at high levels of detail.

DNA barcoding

DNA barcoding uses mitochondrial gene sequences
that can be amplified with universal primers in order
to facilitate species identification and description,

Buch BZM 57.indb 35

HAAS, DESCRIBING EAST MALAYSIAN TADPOLE DIVERSITY

reveal cryptic species, or link highly dimorphic males
and females. Furthermore, in biphasic organisms,
such as arthropods and amphibians, barcoding tech-
niques are an efficient tool to link tadpoles to their
adult semaphoronts. Although it is still debated
whether CO1 or 16S is the more efficient gene in
amphibian barcoding (Vences et al. 2005a, Vences
et al. 2005b, Smith ez al. 2008), it is unquestioned
that barcoding techniques are a major advance in
tadpole research (Inger e al. 2006, Haas & Das
2008, Hendrix et /. 2008, Haas et 2/ 2009, Randri-
aniaina ez al. 2009; see application in Gawor et al.
2009). Some researchers have tried to identify tad-
poles by raising them through metamorphosis. This
approach has been successful with species that de-
velop unique color patterns on their thighs or dorsum
at pre- or mid-metamorphic stages, such as Polyped-
ates otilophus ot Hylarana luctuosa among Bornean
species. In less conspicuous species, metamorphs may
be indistinct from unrelated species that occur in
syntopy (e.g., Polypedates colletti; pers. obs.) or even
highly divergent in their color pattern from adults
(Rhacophorus nigropalmatus; Ready 2009) making
assignments ambiguous or erroneous. Barcoding
techniques could clarify previously ambiguous tad-
pole assignments (Haas & Das 2008, Haas ez al.
2009). DNA barcoding is 1) easy to perform; 2)
relatively affordable; 3) can be done completely by a
contractor if a molecular lab is not available; 4) is far
more reliable in linking tadpoles to adults than tra-
ditional techniques; and 5) allows us to identify any
developmental stage from egg to adult.

Data richness and dissemination

The highly variable depth and quality of available
tadpole descriptions (Das & Haas 2005) impose
limitations on tadpole research. However, some
published works point the way towards a standard in
depth of treatment (e.g., Inger 1985, Chou & Lin
1997, Leong & Chou 1999, Duellman 2001, Anstis
2002, Leong 2004) for the tadpole faunas of south-
east Australia, Taiwan, Middle America, and the
Malay Peninsula, respectively. Peer-reviewed journal
articles are the preferred method of publishing taxo-
nomic information. This ensures quality, but taxo-
nomic information becomes only slowly available.
Dissemination of taxonomic information via internet
portals cannot be an alternative, but a supplemen-
tary way to provide taxonomic resources. Data from
our own project are integrated in Haas & Das
(2010). Web publication of supplementary informa-
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tion such as imagery and short descriptions is 1) fast;
2) casily accessible from all parts of the world; and
3) can summarize regional faunal information oth-
erwise too scattered or cryptic to access. Several web
portals have been devised for amphibians (e.g., Am-
phibiaWeb 2010, Frost 2010, Norhayati ez 2/. 2010),
but to the best of our knowledge only two (Altig ez al.
1998, Haas & Das 2010) cover larval forms with
images for quick reference.

CONCLUSIONS

Recent technological developments provide tools that
facilitate the description of tadpoles. Contemporary
procedures, such as digital photography and digital
microscopy, are not only more efficient and easier to
apply than older technologies, but offer a high level
of precision and data quality, contributing to the goal
of reliable tadpole diagnostics. Efforts to catalogue
tadpole communities, particularly in the species-rich
tropics, should adopt the new techniques rather than
uncritically following outdated schemes of tadpole
descriptions. We conclude: 1) Digital photography
of living specimens and subsequent color prints in
publications are indispensable for tadpole descrip-
tions. Good photographs give a great amount of
information and can replace traditional drawings to
a large extent. 2) Drawings should be used when they
can deliver clarity better than other methods (mouth-
parts, contour line, interspecific comparisons). 3)
DNA barcoding has become affordable and easy to
handle. Tadpole identities should initially be con-
firmed by DNA matching to adults, until reliable
morphological diagnostics have been established. 4)
Standard morphological features and morphometric
traits must be recorded (Grosjean 2005, Altig 2007).
Digital microscopes facilitate the taking of measure-
ments. 5) Soft tissue tadpole characters can be exam-
ined with staining techniques if an SEM is not ac-
cessible. 6) Tadpole descriptions should be published
in peer-reviewed journal articles. However, internet
portals are a fast and universally accessible, supple-
mentary source to disseminate descriptions, keys,
image catalogues, and regional inventories.
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APPENDIX 1. Compilation of field guides, geographic herpetological surveys, and country faunal accounts
that have been in used for the past 50 years in the identification of amphibians. Assessment of contents with
respect to anuran amphibian larval stages: 0, absent; 1, present; S, short description; L, long detailed descrip-

tion (including measurements).

References Country/Geographical Morphol- Color ~ High Simple/  Identi-  Descrip-
Region ogy data photos/ quality  stylized fication tion detail:
paintings line art  sketches keys Absent (0)/
Short (S)/
Long (L)
Ahmed ez al. (2004) Endau Rompin, 0 0 0 0 0 0
Peninsular Malaysia
Ahmed ez al. (2005) Ulu Muda, 0 0 0 0 0 0
Peninsular Malaysia
Ahmed ez al. (2009) North-east India 0 0 0 0 0 0
Alcala (1986) Philippines 0 0 0 0 0 S
Alcala & Brown (1998) Philippines 0 0 0 0 0 0
Almonacid et /. (2005) South America 0 0 0 few 0 0
spp. of
Atelopus
Anstis (2002) South-east Australia 1 1 1 0 1 L
Auerbach (1987) Botswana 0 0 0 0 0 0
Baier et al. (2009) Cyprus 0 Isp, O 0 0 0
Baloutchi & Kami (1995) Iran 0 0 0 0 0 0
Baran (2005) Turkey 0 0 0 0 0 0
Barker et al. (1995) Australia 1 0 0 0 0 S
Behler & King (1979)  North America 0 0 0 0 0 0
Beringhausen (2003) Germany 1 1 0 0 1 S
Berry (1975) Peninsular Malaysia 0 0 0 0 0 0
Beshkov & Nanev (2006) Bulgaria 0 0 0 0 0 0
Branch (2005) East Africa 0 0 0 0 0 0
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References Country/Geographical Morphol- Color ~ High Simple/  Identi-  Descrip-
Region ogy data photos/ quality  stylized fication tion detail:
paintings line art  sketches keys Absent (0)/
Short (S)/
Long (L)
Brennan & Holycross  Arizona, USA 0 0 0 0 0 0
(2006)
Carruthers (2001) Southern Africa 1 few spp. 0 0 0 0
Chan-ard (2003) Thailand 0 0 0 few spp. 0 0
Chanda (1994) North-east India 0 0 0 0 0 0
Chanda (2002) India 0 0 0 0 0 0
Channing (2001) Central and 1 0 1 0 1 S
Southern Africa
Channing & Howell East Africa 1 0 1 0 1 S
(2005)
Chou & Lin (1997) Taiwan 1 1 1 0 1 L
Christie (1997) Prince Edward County, 0 0 0 0 0 0
Ontario, Canada
Cogalniceanu ez a/. (2000) Romania 0 0 0 1 0 S
Cogger (1994) Australia 0 0 0 0 0 0
Conant & Collins (1998) Eastern/Central USA 0 0 0 1 0 S
Corkran & Thoms Oregon and Washing- 0 1 0 0 1 S
(2006) ton, U.S.A. and British
Columbia, Canada
Daniel (2002) India 0 0 0 0 0 S
Daniels (2005) Peninsular India 0 0 0 0 0 0
Das (2007) Brunei Darussalam 0 0 0 0 0 0
de Silva (2009) Sri Lanka 0 0 0 0 0 0
Desroches & Rodrigues Quebec, Canada 0 0 0 0 1 S
(2004)
Disi (2002) Jordan 0 0 0 0 1 0
Disi et al. (2001) Jordan 0 0 0 0 1 S
Duellman (2001) Middle America 1 0 1 0 diagnos- L
tic table
Duguet & Melki (2003) France, Belgium and 1 1 0 0 1 S
Luxembourg
du Preez & Carruthers  Southern Africa 0 1 0 few spp. 1 0
(2009)
Dutta & Manamendra- Sri Lanka 0 0 0 0 0 0
Arachchi (1996)
Engelmann ez al. (1985) Europe 0 0 0 1 1 S
Fei & Ye (2001) Sichuan, China 0 few spp. 0 few spp. 1 N
Fei ez al. (1999) China 0 few spp. 0 0 1 S
Fei et al. (2005) China 0 0 0 1 1 0
Fei et al. (2009a) China 0 0 0 1 0 S
Fei et al. (2009b) China 0 0 0 1 0 S
Fisher ez al. (2007) Canada 0 0 0 0 0 0
Franzen et al. (2008) South-western Turkey 0 1 0 0 0 S
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References Country/Geographical Morphol- Color ~ High Simple/  Identi-  Descrip-
Region ogy data photos/ quality  stylized fication tion detail:
paintings line art  sketches keys Absent (0)/
Short (S)/
Long (L)
Gallardo (1987) Argentina 1 0 0 0 0 S
Geniez et al. (2004) Western Sahara 0 0 0 0 0 0
Gibbs et al. (2007) New York, USA 1 0 0 0 0 S
Gilhen (1984) Nova Scotia, Canada 0 0 0 0 0 S (mea-
surements)
Glandt (2010) Europe 0 0 0 0 0 S (mea-
surements)
Glaw & Vences (2007) Madagascar 0 0 0 0 0 0
Goris & Maeda (2004) Japan 1 0 0 0 0 S
Grismer (2002) Baja California, Mexico 1 0 0 0 0 S
Giinther (1996) Germany 1 0 1 0 1 L
Guyer & Donnelly (2005) La Selva, Costa Rica 0 0 0 0 0 0
Henkel & Schmidt Madagascar, Mascarene, 1 0 0 0 0 S
(2000) Seychelles and the
Comoro archipelago
Inger (1966) Borneo 1 0 0 1 1 L
Inger (1985) Borneo 1 0 0 0 1 L
Inger & Stuebing (1989) Sabah, Malaysia 0 0 0 0 0 S
Inger & Stuebing (2005) Borneo 0 0 0 0 0 S
Iskandar (1998) Java and Bali, Indonesia 1 0 0 1 1 S
Jaafar et al. (2008) Pulau Pinang, 0 0 0 0 0 0
Peninsular Malaysia
Jacob ez al. (2007) Wallonie (French- 0 1 0 0 0 S
speaking Belgium)
Jewel (2008) New Zealand 0 few spp. 0 0 0 S
Jongbloed & Brown United Arab Emirates 0 0 0 0 0 0
(2000)
Jovanovic ez al. (2007)  Madagascar 0 0 0 0 0 0
Kabir ez al. (2009) Bangladesh 1 onesp. 0 0 0 S
(Clino-
tarsus
alticola)
Karsen et al. (1998) Hong Kong 0 0 0 0 0 S
Khan (2006) Pakistan 1 0 0 0 1 S
Kubicki (2007) Costa Rica 1 few spp. 0 0 0 S
Kuzmin & Maslova (2005) Russian Far East 1 0 0 1 0 L
Le Berre (1989) North Africa 0 0 0 0 1 S
Lee (2000) Mexico, Guatemala, 1 0 0 1 0 S
Belize
Lehr (2002) Peru 0 0 0 0 0
Leviton et al. (1992) Middle East 0 0 0 1 1 0
Lim & Lim (2002) Singapore 0 few spp. 0 1 0 S
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References Country/Geographical Morphol- Color ~ High Simple/  Identi-  Descrip-
Region ogy data photos/ quality  stylized fication tion detail:
paintings line art  sketches keys Absent (0)/
Short (S)/
Long (L)
MacCulloch (2002) Ontario, Canada 0 1 0 0 0 S
Malkmus (2004) Portugal, Madeira and 0 1 0 0 0 0
the Azores Archipelago
Malkmus ez al. (2002)  Mount Kinabalu, 1 few spp. few spp. few spp. genera S
Malaysia
Manthey & Grossmann South-east Asia 1 few spp. 0 1 family S
(1997)
Mathew & Sen (2010) North-east India 0 0 0 0 0 0
Matsuda ez al. (2006)  British Columbia, 0 0 0 0 0 S
Canada
Matz & Weber (1983)  Europe 0 0 0 0 0 S
McCranie & Wilson ~ Honduras 1 0 few spp. 1 S/L
(2002)
McKay (2006) Bali, Indonesia 1 0 0 0 1 S
Menzies (1976) New Guinea 0 0 0 0 0 0
Minton (1966) Pakistan 1 0 0 0 0 S
Murphy (1997) Trinidad & Tobago 0 0 0 0 0 0
Necas et al. (1997) Czech Republic 0 few spp. 0 0 0 S
Nguyen ez al. (2009)  Vietnam 0 0 0 0 0 0
Nollert & Nollert (1992) Europe 1 0 1 0 1 detailed
(as part of
key)
Nutphand (2001) Thailand 0 0 0 few spp. 0 0
Passmore & Carruthers South Africa 0 0 0 0 0 0
(1995)
Pickersgill (2007) Southern and eastern 1 0 0 1 0 L
Africa
Pikacha ez al. (2008) Solomon Islands 0 0 0 0 0 0
Poynton (1964) Southern Africa 0 0 0 0 0 0
Preston (1982) Manitoba, Canada 0 0 0 1 sp. 1 S
(Litho-
bates
sylvatica)
Razzetti & Msuya (2002) Tanzania 0 0 0 0 0 0
Renjifo (2000) Colombia 0 0 0 0 0 0
Renjifo & Lundberg Urra, Colombia 0 0 0 0 0 0
(1999)
Rivero (1972) Venezuela 0 0 0 0 0 0
Rédel (1998) Ivory Coast 0 few spp. 0 1 0 0
Rédel (2000) Ivory Coast 1 0 1 1 0 L
Russell & Bauer (2000) Alberta, Canada 0 0 0 0 1 S
Saleh (1997) Egypt 0 0 0 0 0 0
Salvador & Paris (2001) Spain 0 0 0 1 1 S
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References Country/Geographical Morphol- Color ~ High Simple/  Identi-  Descrip-
Region ogy data photos/ quality  stylized fication tion detail:
paintings line art  sketches keys Absent (0)/
Short (S)/
Long (L)
Savage (2002) Costa Rica 1 0 0 1 1 S
Schietz (1999) Africa 1 0 0 few spp. 0 S
Schleich & Kistle (2002) Nepal 1 0 0 few spp. genus 0
Schleich et al. (1996)  North Africa 1 0 0 1 1 S
Shim (2003) Korea 0 few spp. 0 few spp. 0 0
Shrestha (2001) Nepal 0 0 0 0 0 S
Stewart (1967) Malawi 0 0 0 0 0 Sfora
few spp.
Taylor (1962) Thailand 0 0 0 0 0 0
Terbish ez al. (2006) Mongolia 0 0 0 0 0 0
Thy & Holden (2008) Cambodia 0 0 0 0 0 0
Trapp (2007) Greece (mainland) 0 0 0 0 0 0
Tyler ez al. (2000) Western Australia 0 0 0 0 0 0
Valakos ez al. (2008) Greece 0 0 0 0 1 0
Wager (1986) South Africa 1 few spp. 0 1 0 S
Wu et al. (1987) Guizhou, China 0 0 0 some 0 S
b&w
photos
Yang (1991) Yunnan, China 1 0 0 0 0 S
Yang (1998) Taiwan 1 few spp, 0 few spp. 0 0
Yang & Rao (2008) Yunnan, China 0 0 0 0 0 0
Zhao & Adler (1993)  China 0 0 0 0 0 0
Ziegler (2002) Vietnam 1 1 0 0 0 0
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ABSTRACT

An updated list of anuran species of the Bolivian Departamento Pando is provided. The list contains 114 species belong-
ing to 13 families. One species (Dendropsophus brevifrons) is recorded for the first time from Bolivia. Three other species
(Dendropsophus cf. nanus, Pristimantis olivaceus and Trachycephalus coriaceus) are recorded for the first time within the ter-

ritory of the Departamento Pando.

Key words: Amphibia, Anura, species list, new country record, Departamento Pando, Bolivia.

INTRODUCTION

The Departamento Pando represents the northern-
most region of Bolivia. It is situated in the southwest-
ern Amazonian basin, within the zone of tall ever-
green lowland rainforest. Results of recent herpeto-
logical investigations of this region show that lowland
Bolivian Amazonia harbors an unusually rich anuran
fauna containing still unrecorded and undescribed
species (see e.g. Cadle & Reichle 2000, Kohler &
Lotters 2001, Cadle & Guerrero 2003, Cadle er al.
2003, Padial ez 2/ 2004, Reichle 2007, Padial & De
la Riva 2009, Angulo & Icochea 2010). Since the
available lists of amphibian species of the Departa-
mento Pando (Kohler & Lotters 1999, De la Riva
et al. 200