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ABSTRACT

The fossil record of turtle reproduction (e.g., eggs, embryos, nests and copulating pairs) is rela-
tively poor compared with that of dinosaurs. This record extends from the Middle Jurassic to the
Pleistocene, and specimens are known from every continent except Antarctica. Fossil turtle eggs
are recognized as body fossils, and confident taxonomic identification at the genus or species
level is dependent on embryos preserved within fossil eggs or by eggs found within a gravid fe-
male. Cladistic analysis of egg and eggshell characters demonstrates a high degree of homoplasy,
and only a few characters provide a strong phylogenetic signal. Taphonomic studies of fossil tur-
tle eggs are rare but can elucidate size and number of eggs produced by extinct taxa. Pathologi-
cal fossil turtle eggs are known from a few localities and provide information about physiological
or environmental stresses experienced by the gravid female. Fossil turtle eggs are relatively abun-
dant in Asia, Europe and North America but are poorly represented in Gondwana. An ootaxo-
nomic review of fossil turtle eggs shows that of 15 named ootaxa, 8 are nomina valida, 5 are

nomen nudum and 2 are junior synonyms of other ootaxa.
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Introduction

Turtles are some of the most distinct animals liv-
ing today and possess unique anatomical and
physiological characters, also in regard to their
reproduction. For example, unlike all other living
amniotes, turtles produce eggs composed of the
mineral aragonite, rather than calcite (Hirsch
1983). When preserved in the rock record, this
mineral composition allows definitive assignment
of fossil eggs and eggshell to Testudines or their
stem lineage. Indeed, based on this unique eggshell
composition, some authors suggest that hard-
shelled eggs evolved independently in turtles
from all other amniotes (Carpenter 1999; Sander
2012).

Fossil turtle eggs are known from every conti-
nent except Antarctica and range in age from the
Jurassic to the Pleistocene. The oldest described
turtle eggs were collected from the Middle Jurassic

of England (Carruthers 1871). This corresponds
roughly to the age of the turtle crown, as estimated
from the fossil record (Danilov and Parham 2006;
Joyce 2007; Anquetin et al. 2009) or through
molecular calibration studies (Joyce, Parham et al.
2013). Considering that the oldest known fully
shelled amniote (“turtle” in common parlance),
Proterochersis robusta, is known from the Late Tri-
assic (Fraas 1913; Joyce, Schoch et al. 2013), it is
apparent that the presence of aragonitic eggs is
either a feature that was acquired just before the
split of the crown group, or that a substantial gap
exists in the fossil record. In contrast to nonavian
dinosaurs, which receive most of the attention in
paleoological studies, modern analogs exist for
extinct turtle eggs, embryos, nests and copulating
pairs. In addition, extant turtles provide informa-
tion about growth and development, physiology,
anatomy and paleoecology that are necessary for
more accurate interpretations of fossil specimens



and localities. For institutional abbreviations see
Appendix 1. Named turtle oogenera are listed in
Appendix 2.

Methods Used in the
Study of Fossilized Eggs

Standard preparation techniques for the study of
fossil eggshell include examination of thin sec-
tions with a polarized light microscope (Quinn
1994) and scanning electronic microscope, the
latter typically being equipped with energy dis-
persive X-ray and backscatter electron imaging
(Tyler 1969; Erben et al. 1979; Carpenter 1999;
Jackson et al. 2002; Schweitzer et al. 2002).
Depending on the purpose of the study, addi-
tional analyses might include cathodolumines-
cence (England et al. 2006; Grellet-Tinner et al.
2010; Ferndndez and Matheos 2011), epifluores-
cence microscopy (Jackson et al. 2010) and X-ray
diffraction (Jackson et al. 2002). Structural attrib-
utes of eggshell (shell thickness, pore width) are
typically measured with image analysis software.
Computed tomography and phase contrast syn-
chrotron microtomography allow high-resolu-
tion imaging of eggs, which is necessary for
identification of in ovo embryonic remains, while
avoiding mechanical preparation and potential
damage to the specimens (Fernandez et al. 2012).
Finally, two recent studies of fossil eggs also
include electron backscatter diffraction and ori-
entation contrast imaging to “map” the orienta-
tion of crystal growth (Grellet-Tinner et al. 2012;
Moreno-Azanza, Mariani et al. 2013).

Physical Attributes of Turtle Eggs

Turtle eggs range from spherical in large-bodied
species to elongate in relatively small-bodied
species (Ewert 1979; Iverson and Ewert 1991).
Intra- and interspecific variation in egg size, shape
and number of eggs per clutch characterizes mod-
ern turtle taxa. For example, younger, smaller
females might lay fewer and smaller eggs per
clutch than older, larger females (Kuchling 1999).
Clutch size ranges from a single large egg in Plate-
mys platycephala to more than 100 eggs in the
leatherback sea turtle (Dermochelys coriacea;
Ernst and Barbour 1989). Interestingly, D. cori-
acea lays both large and small eggs in a single
clutch. The small, yolkless eggs are thought to

result from excess albumen (Spotila 2004) or,
alternatively, to act as spacers between the larger,
viable eggs thereby increasing gas exchange
(Gulko and Eckert 2004).

Turtle eggshell consists of a single layer of shell
units composed of needle-like aragonite crystals
that originate from an organic core within the shell
membrane. The degree of mineralization varies
widely among turtle eggs and includes pliable
(chelonioids, emydids and some pleurodires),
semipliable (chelydrids), and rigid-shelled eggs
(carettochelyids, geoemydids, kinosternoids, tes-
tudinids and trionychids). This variation in
eggshell mineralization corresponds to variation
in the height to width ratios of the shell units and
whether the shell units are loosely or tightly spaced
and interlocking in structure (Figure 1). The
tightly interlocking structure of rigid-shelled eggs
enhances their potential for preservation in the
fossil record (Hirsch 1983).

Classification of Fossil Turtle Eggs

Early studies often assigned fossil eggs to turtles
based on their size, spherical shape and eggshell
texture (Buckman 1859; Meyer 1860; Carruthers
1871; Hay 1908; Van Straelen 1928), but ‘Oolithes’
bathonicae Buckman, 1859, was the only named
taxon well into the 20th century. Hirsch (1983)
was the first to compare the microstructure of fos-
sil eggs with that of modern turtle eggs, emphasiz-
ing the importance of polarized light microscopy
and scanning electron microscopy. Hirsch (1996)
later extended the parataxonomy developed for
classifying dinosaur eggs to include fossil turtle
eggs and started naming fossil turtle oospecies
using microstructure characteristics as the basis
of his diagnoses. Based on the degree of eggshell
mineralization, he established two morphotypes
under the Testudoid basic type of eggshell struc-
ture: (1) Spheruflexibilis, for soft or pliable eggs;
and (2) Spherurigidis, for rigid eggshell, spheru
referring to the spherulitic ultrastructure of the
shell units. These morphotypes are distinguished
by the height to width ratio of their shell units and
whether the shell units are tightly interlocking. A
single oofamily corresponds to each morphotype,
namely Testudoolithidae and Testudoflexoolithi-
dae, respectively. Currently, at least five valid
oogenera and eight valid oospecies have been
established for fossil turtle eggs (Table 1).



FIGURE 1. Eggshell microstructure of fossil and modern turtle eggs. A, Pliable-shelled turtle eggs with shell units
wider than tall. B, Semipliable turtle eggs with shell units as wide as tall. C, Rigid-shelled turtle eggs with shell
units taller than wide. D, Turtle eggshell structure. Abbreviations: oc, organic core; p, pore; sm, shell membrane;

su, shell unit. Modified from Hirsch (1983, fig. 2).

It is important to note that Hirsch’s (1996)
attempt to build an internally coherent nomen-
clatural system for turtle eggshells that is consis-
tent with the International Code of Zoological
Nomenclature (ICZN) failed from the beginning
because his scheme demands referral of the previ-
ously named oospecies Oolithes bathonicae Buck-
man, 1859 to the new oogenus Testudoflexoolithus.
Following the rules of the ICZN (ICZN 1999), Tes-
tudoflexoolithus is the objective junior synonym of
Oolithes and should not be used. However, given
that Hirsch’s (1996) nomenclatural system has be
utilized consistently over the course of the past two
decades (e.g., Kohring 1999b; Jackson et al. 2008;
Barta et al. 2014), we herein maintain nomenclat-
ural stability by maintaining this system, while for-
mally acknowledging the apparent break with the
ICZN.

Taxonomic Assignment
of Fossil Turtle Eggs

Many authors have attempted to identify the
species of turtle that potentially laid a given fossil
egg (Gergens 1860; Meyer 1860; Hummel 1929;
Kohring 1993; Gaffney 1996; Azevedo et al. 2000).

However, definitive identification requires
embryonic remains or eggs that occur within a
gravid female because eggshells generally do not
provide enough characters to allow diagnosing
species (Hirsch 1989). Therefore, all identifica-
tions that lack these criteria should be treated with
suspicion. In addition, embryos often lack the
diagnostic features necessary to identify fossil eggs
beyond the genus level. For example, McGee
(2012) identified fossil turtle eggs with embryos
from Canada as originated from Adocus based on
eggshell microstructure and morphology of the
embryonic bones. However, she refrained from
identifying the specimens to a particular Adocus
species because diagnostic morphologies were not
present in the embryos, likely due to their early
ontogenetic stage. Fossil gravid turtles can poten-
tially provide species-level identification of eggs,
depending on the presence of autapomorphic
characters and quality of adult preservation. For
example, eggs were discovered in an undescribed
Canadian specimen of Basilemys variolosa after
the carapace was inadvertently damaged (Braman
and Brinkman 2009). Although fossil gravid tur-
tles can provide higher levels of taxonomic iden-
tification, incomplete egg formation at the time



TasLE 1. Valid turtle ootaxa and key features for diagnosis.

Eggshell  Shell unit
Ootaxon Egg Length by thickness  (height:
and holotype Material shape width (mm) (mm) width)
Testudoflexoolithus agassizi Eggshell — — 0.06-0.1  1:l1or2:3
MCYZ 2810/HEC 49 fragments
Testudoflexoolithus bathonicae An egg Ellipsoidal 48 x 26 0.2-0.25 1:1
MB(NH)37983/HEC 186 embedded
in matrix
Chelonoolithus braemi Eggshell — — 0.2 1:1
Guimarota 98-2 fragments
Emydoolithus laiyangensis A nearly Elongate 91x22 0.4-0.5 2:1to 5:1
IVPP V18544 complete egg
Haininchelys curiosa Eggshell — — 0.25-03 1.2:1t02.3:1
fragments
Testudoolithus hirschi Eggshell — — 0.15 3:1
fragments
Testudoolithus jiangi A clutch Spherical 35x 52 0.7-1.0  2.5:1to3:1
ZMNH M8713 of 23 eggs
Testudoolithus rigidus Half of Spheroidal 42 x 47 0.22-0.24 2:1
UCM 55806/ HEC 425 an egg

of death results in thinner than normal eggshell
(Zelenitsky et al. 2008; Knell et al. 2011) that could
complicate identification.

In addition to incorrect taxonomic identifica-
tion of fossil turtle eggs, some older literature refers
to megaloolithid dinosaur eggs as “testudoid”
(Sochava 1971; Erben et al. 1979). These studies
explicitly state that the eggs in question are those
of dinosaurs and that the term does not reflect tax-
onomic identification. The word “testudoid” refers
to the gross similarity between the eggshell struc-
ture of megaloolithid and modern turtle eggs, thus
resulting in misleading terminology. Similarly,
Mikhailov (1997) provides identical descriptions
for both Discretispherulitic (megaloolithid) and
testudoid eggs. However, turtle eggs are composed
of aragonite and have a smaller overall egg size and
generally a smooth external surface compared with
megaloolithid eggs.

Fossil Eggs: Trace Compared
with Body Fossils

Fossil eggs are interesting because they do not
strictly conform to the traditional definitions of
either trace or body fossils but rather are some-
where in between these categories. Some authors
(Jain 1989; Lockley and Gillette 1989; Bray and
Hirsch 1998) regard fossil eggs and eggshell as trace

fossils. This category is defined as any evidence of
an organism, excluding body parts, and character-
ized by organismal behavior preserved in a sub-
strate, such as footprints, burrows, feeding marks
and coprolites (Martin 2013). Further, Bertling
et al. (2006) suggests that trace fossils should be cat-
egorized by their morphology alone and should not
be influenced by the taxonomic identity of the trace
maker; however, others (Simpson 1975; Lockley
and Gillette 1989) suggests that a certain level of
taxonomic identification is possible.

On the other hand, Martin (2001) views fos-
sil eggs as the preserved remains of an organism
itself, and therefore, they are body fossils. Here we
argue that, of the views presented, the evidence
for eggs being body fossils is most convincing
because eggshell, similar to the shell of inverte-
brates, is an essential part of the developing
organism (Martin 2001). The chorioallantoic
membrane provides a direct connection between
the embryo and the egg, which allows for aerobic
metabolism and the uptake of calcium by the
embryo from the eggshell (Carpenter 1999). In
addition, the aragonite structure of the eggshell is
under direct genetic control (Rodriguez-Navarro
et al. 2007; Dunn et al. 2012), and the embryo,
yolk, albumin, membranes and mineralized
eggshell form a single unit. As such, fossil eggs
and eggshell offer insight into some of the earliest



ontogenetic stages of extinct organisms and are
occasionally augmented by data from identifiable
embryonic remains and gravid females. In con-
trast, the preserved structure of a nest and its egg
arrangement are trace fossils that provide evi-
dence of parental behavior in the preparation of a
suitable environment for embryonic develop-
ment, sometimes including manipulation of the
eggs by the parent (Varricchio et al. 1999).

Cladistic Analysis of
Eggs and Eggshell Characters

Several studies advocate the usefulness of egg
and eggshell characters in determining phyloge-
netic relationships among extinct taxa (Mikhailov
1992; Zelenitsky and Modesto 2003; Grellet-
Tinner and Chiappe 2004; Varricchio and Jackson
2004; Grellet-Tinner 2006; Jin et al. 2010). How-
ever, such analyses are rarely applied to extant taxa
in order to test the validity of this approach.

Winkler (2006) mapped eggshell characters
onto a composite phylogeny of extant pleurodi-
ran turtles (12 taxa and 13 characters). This study
suggests a high degree of homoplasy in the eggs
and eggshells of these taxa, and only 3 characters
provide a phylogenetic signal. However, the scope
of her study was narrow because she only exam-
ined pleurodiran turtles from two families (e.g.,
Chelidae and Pelomedusidae), both of which lay
hard-shelled eggs.

Lawver (2012) more recently conducted an
expanded cladistic analysis using egg and eggshell
characters to assess the phylogenetic relationships
of multiple turtle clades (e.g., Chelidae, Kinostern-
idae, Dermatemydidae, Trionychidae, Bataguri-
dae and Testudinidae) within Testudines and also
included a fossil turtle egg from the Upper Creta-
ceous (Campanian) Judith River Formation of
Montana, which likely represents an Adocus sp.
egg because of its microstructural similarities to
those from an in situ clutch discovered in Alberta,
Canada (Zelenitsky et al. 2008). The resulting strict
consensus tree contains a fully resolved archosaurian
clade with a sister taxon relationship to Tes-
tudines. Within Testudines, a clade consisting of
the Trionychidae and the fossil turtle egg is
resolved, but all other ingroup taxa form a large
polytomy. If the Adocus sp. identification of the
fossil is confirmed, it would suggest that some egg
and eggshell characters are potentially informative

for diagnosing a clade consisting of trionychids
and Adocus sp. This clade is otherwise well sup-
ported by previous morphological analyses
(Gaffney and Meylan 1988; Meylan and Gaffney
1989; Joyce 2007). The results of the study by
Lawver (2012) are otherwise consistent with Win-
Kkler’s (2006) conclusions by demonstrating a high
degree of homoplasy in turtle egg characters and
only limited use in diagnosing turtle clades.

Nests

Most descriptions of fossil turtle eggs focus on
isolated specimens rather than in situ eggs and
clutches, thus providing little or no information
about site taphonomy. Currently, descriptions of
in situ material include only the three specimens
discussed subsequently.

Zelenitsky et al. (2008) describes an in situ
Adocus sp. egg clutch and gravid female, respec-
tively, from the Upper Cretaceous (Campanian)
Oldman and Dinosaur Park formations in
Alberta, Canada. The in situ clutch covers an
oval-shaped area of 480 mm by 350 mm and con-
sists of approximately 26 eggs. Zelenitsky et al.
(2008) interpreted the sandy siltstone surround-
ing the clutch as well-drained levee deposits.
Twenty-four of the 26 rigid-shelled eggs are
crushed, whereas 2 relatively uncrushed speci-
mens measure about 40 mm by 42 mm in diam-
eter. The eggshell measures 730 to 810 um thick.

The second specimen consists of a gravid
adult that displays a crushed carapace 310 mm
wide by 405 mm long. The carapace contained at
least five 35 mm by 40 mm rigid-shelled eggs. The
eggshells measure 500 to 650 pm thick and some
preserve permineralized membrane that meas-
ures about one-third of the eggshell thickness.
The substantially thinner eggshell associated with
the gravid female, compared with the in situ
clutch, indicates that the eggs were not fully
formed but within days of oviposition (Zelenit-
sky et al. 2008). Zelenitsky et al. (2008) uses the
correlation between body size and clutch size
among extant turtle species to estimate (1) the
carapace length of the female that laid the in situ
clutch and (2) the number of eggs produced by
the gravid female. The 26 eggs in the in situ clutch
suggest an adult carapace length of 495 mm,
whereas the gravid female likely produced a
smaller clutch of approximately 19 eggs. The



latter, however, preserved only 5 eggs within the
specimen. Rigid eggshell is thought to have
evolved independently in turtle clades in response
to predation, and the low pore density of Adocus
sp. eggs is consistent with low water vapor con-
ductance, which could indicate adaptation in
response to dry nesting conditions (Zelenitsky
etal. 2008).

Fangetal. (2003) describe two eggs from a tur-
tle clutch from the Lower Cretaceous Tiantai Basin,
Zhejiang, China, establishing a new oogenus and
oospecies within a new oofamily. Jackson et al.
(2008) reassigned the specimens to Testudoolithus
jiangi and provided information about the clutch
and its paleoecology and depositional environ-
ment. These eggs and their rather confusing
parataxonomic history are discussed in our “Sys-
tematic Paleontology” section. Here, we focus on
the clutch and sedimentology of the nesting site.

As typical of many specimens from the
Tiantai Basin, the clutch was recovered from a
construction site, and its original size remains
unknown. In its current condition, the 27 cm by
47 c¢m block contains 23 eggs and 4 additional
eggs separated from the block during excavation.
Sedimentary structures associated with the clutch
confirm its original orientation in the stratum and
indicate a low flow regime, typical of fluvial envi-
ronments that characterize many turtle nesting
localities today. In addition, the clutch contains
three superimposed layers of eggs, suggesting that
the female buried the eggs in a relatively deep,
excavated hole. Blue-gray reduction “halos” sur-
rounding the eggs and associated burrow and
root traces indicate that pedogenic processes
occurred near or below the water table.

Based on comparison of egg shape and size
with extant taxa, Jackson et al. (2008) propose that
the clutch belonged to a Cretaceous turtle of large
body size, possibly comparable to large-bodied
extant testudinids turtles. The thick, rigid eggshell
and spherical egg shape likely reduced the possibil-
ity of lethal desiccation because the greater pore
length and reduced surface area retarded water
loss during incubation. In addition, the specimen
reveals rare evidence of fungal-animal association
in the fossil record (Jackson et al. 2009). A single
egg on the periphery of the clutch contains fossil
fungal structures, suggesting opportunistic fungal
invasion after the egg was compromised and prior
to subsequent failure of the clutch as a whole.

Bishop et al. (2011) reports a sea turtle nesting
trace that included an egg chamber, egg molds,
body pit and an adult crawlway from the Late Cre-
taceous (Maastrichtian) Fox Hills Formation in
Elbert County, Colorado. The strata containing
the traces consist of (1) basal sandstone with faint
horizontal and cross-bedding; (2) a strongly lam-
inated sequence of heavy mineral layers interbed-
ded with bioturbated sands, which in turn were
overlain by (3) anatomizing sandstones with
scour-flute casts on their bases; and (4) a thin
homogenous interval capped by festoon cross-
bedded sandstone. Bishop et al. (2011) interprets
the sequence as representing a forebeach, back-
beach and dune field. The sedimentary structures
of these nesting traces (Bishop et al. 2011, figs. 13.8
and 13.9) strongly resemble the size and morphol-
ogy of those produced by modern loggerhead sea
turtles at nesting sites monitored by the St. Cather-
ines Island Sea Turtle Conservation Program near
Savannah, Georgia (Bishop et al. 2011).

Winkler and Sédnchez-Villagra (2006) describe
a single layer of abundant turtle eggshells in a
coarse, poorly sorted sandy deposit. These eggshells
occur within a 600 m? area at a locality in the
Miocene Urumaco sequence of Venezuela. Based
on an in situ fragment of an egg, they suggest an
elliptical shape and estimate the original size as
56.5 mm by 43.5 mm. This red oxidized sandstone
also contained foraminifera, the ichnofossil Tha-
lassinoides, and small unidentifiable fragments of
bivalve shells, possibly of marine origin. Although
providing no evidence for their conclusions, Win-
kler and Sanchez-Villagra (2006) interpret these
eggshell fragments as egg “clusters” or “clutches.”
Further, they conclude that turtles deposited their
eggs at a colonial nesting site on a beach directly
facing the sea or brackish waters, possibly near a
river delta or lagoon. Based on a large, poorly pre-
served carapace within a few centimeters of a
purported egg clutch, they tentatively assign the
eggshells to Bairdemys venezuelensis. The lack of a
detailed site description warrants caution with the
interpretations of this locality.

Pathological Conditions of Eggs

In extant amniotes that lay hard-shelled eggs,
adverse stimuli from physiological or environ-
mental stress occasionally produce prolonged egg
retention by the female. One or more eggshell lay-



ers can be deposited over the retained egg, produc-
ing an unusually thick, multilayered eggshell that
typically results in embryonic death (Ewert et al.
1984). Among modern taxa, this condition occurs
most commonly in turtles, currently reported in
10 species (Jackson and Schmitt 2008). However,
reports of similar abnormal conditions in fossil
turtle eggshells are rare. Kohring (1998b) reported
multilayered turtle eggs from the Miocene of the
Czech Republic, and Jackson and Schmitt (2008)
document a multilayered egg in a weathered
clutch from the Upper Cretaceous (Campanian)
Judith River Formation of Montana.

Paleobiogeography

The temporal and geographic distribution of fos-
sil turtle eggs and eggshell suggest two interesting
trends. First, there is a trend for the gradual
increase in fossil turtle eggs and eggshell occur-
rences toward the present. This “pull of the
recent” can be explained by the fact that the arag-
onite composition of turtle eggshell is metastable
and therefore is likely to be altered with increas-
ing geologic time. However, some specimens
from the Jurassic show relatively unaltered arag-
onite crystals, whereas specimens from three to
four million year rocks are completely altered
(Hirsch 1996). This suggests that certain local
environments are more suitable for exceptional
preservation for longer periods of time. Addition-
ally, certain time periods (Campanian and
Albian) show an unexpectedly large number of
occurrences. This can be explained by collecting
biases toward accessible and highly productive
localities of this age, or perhaps the preservation
potential was higher for aragonite during this
period. An exact mechanism for such preserva-
tion is unknown at this time.

The Miocene also shows a large peak of
occurrences of fossil turtle eggs and eggshell;
however, the Miocene represents 17.5 my, which
is significantly longer than many other geologic
periods. At this time, limited age information for
several specimens discussed previously prohibits
proper analysis using equilibrated time binning.

Second, the geographic distribution of turtle
reproduction in the fossil record shows that the
vast majority of specimens come from Laurasian
continents, with at least 49 occurrences. In contrast,
Gondwanan continents have significantly fewer

occurrences (approximately 14) of fossil turtle eggs
and eggshell (Appendix 3). This is likely due to col-
lection biases. Trends such as these have also been
observed in the temporal and geographic distribu-
tions of dinosaurian ootaxa in which the greatest
diversity is found in Laurasian continents at the
end of the Cretaceous (Varricchio et al. 2011).

Systematic Paleontology

Valid Ootaxa
See Appendix 4 for the hierarchical taxonomy of
ootaxa as described in this work.

Testudoflexoolithidae Hirsch, 1996

Diagnosis. Eggshell of the taxon Testudoflexoolithidae is diag-
nosed by the testudoid basic type, the spheruflexibilis morpho-
type, loosely abutting shell units, pore canals absent or widely
spaced between shell units and spheroidal to ellipsoidal egg
shape.

Testudoflexoolithus Hirsch, 1996

Type ocospecies. Testudoflexoolithus bathonicae (Buckman,
1859).

Diagnosis. Eggshell of the ootaxon Testudoflexoolithus is diag-
nosed by loosely abutting shell units, an ellipsoidal egg shape
and 0.06 to 0.2 mm thick eggshell.

Testudoflexoolithus agassizi Hirsch, 1996

Taxonomic history. Testudoflexoolithus agassizi Hirsch, 1996

(new oospecies).

Type material MCZ 2810/HEC 49 (holotype), eggshell frag-
ments (Hirsch 1996, fig. 3a-d).

T'ype locality. Florida, USA (see Figure 2); Florida Oolite, Pleis-
tocene (Hirsch 1996).

Diagnosis. Eggshell of the ootaxon Testudoflexoolithus agassizi
is diagnosed by a shell unit height to width ratio of 1:1 to 2:3
and 0.06 to 0.1 mm thick eggshell. T. agassizi can be distin-
guished from T. bathonicae by a shell thickness that is two or
more times thicker.

Comments. The microstructure of Testudoflexoolithus agassizi
is very similar to that of the extant sea turtle Lepidochelys kem-
pii, but the egg shape remains unknown (Hirsch 1996). Given
the relatively recent age of the fossil and the facies in which they
were found, it is plausible that a cheloniid sea turtle produced
these specimens. The loosely abutting eggshell units of this
oospecies are likely to disassociate from one another after
decomposition of the shell membrane. Preservation of this pli-
able eggshell is therefore rare (Hirsch 1996). Very little locality
information is available for this taxon.
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FIGURE 2. The geographic distribution of valid ootaxa in the New World. Type localities are indicated with stars.
Locality numbers are cross-listed in Appendix 3. Abbreviations: BC, British Columbia, Canada; CO, Colorado;
FL, Florida, MT, Montana; NE, Nebraska; NM, New Mexico; SD, South Dakota; TX, Texas; UT, Utah; SP, Sao

Paulo State, Brazil. Map provided by Walter Joyce.

Testudoflexoolithus bathonicae (Buckman, 1859)

Taxonomic history. Oolithes bathonicae Buckman, 1859 (new
oospecies); Testudoflexoolithus bathonicae Hirsch, 1996 (new
combination).

Type material. BMNH 37987/HEC 186 (lectotype), “egg A" of
Hirsch (1996), an egg embedded in matrix (Van Straelen 1928,

fig. 2; Hirsch 1996, fig. 2a-d); BMNH 37987/HEC 186 (para-
lectotype), “eggs B” of Hirsch (1996), a second egg found in
association with the lectotype (Van Straelen 1928, fig. 2; Hirsch
1996, fig. 2a).

Type locality. Hare Bushes-Quarry, great Oolite of Cirencester,
England (see Figure 3); White Limestone Formation, Bathon-
ian, Middle Jurassic.
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FIGURE 3. The geographic distribution of valid ootaxa in Europe and Africa. Type localities are indicated with
stars. Locality numbers are cross-listed in Appendix 3. Abbreviations: BE, Belgium; CI, Canary Islands; CV,
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Kingdom. Map provided by Walter Joyce.

Diagnosis. Eggshell of the ootaxon Testudoflexoolithus bathon-
icae is diagnosed by small (48 mm by 26 mm), ellipsoidal eggs
with a shell unit height to width ratio of 1:1 and 0.2 to 0.25 mm
thick eggshell. T. bathonicae can be distinguished from T. agas-
sizi by a shell thickness that is approximately half as thick.

Comments. Buckman (1859) reports fossil eggs from the Mid-
dle Jurassic (Bathonian; Riding et al. 1985) Great Oolite of
Cirencester (White Limestone Formation), England, and
named them Oolithus bathonicae, which was the first name

assigned 1o a fossil egg. However, Buckman (1859) ruled out a
turtle origin for the specimens because they were not spherical.
Instead, he suggested that a saurian reptile or perhaps a
teleosaurian laid these eggs. [t was not until 1996 that Hirsch
reexamined these specimens and discovered their true identity,
assigning the eggs to a turtle, later confirmed by Cox et al.
(1999). Hirsch (1996) furthermore referred O. bathonicae to the
newly created taxon Testudoflexoolithus in an attempt to create
an internally consistent parataxonomic nomenclatural system
for turtle eggs (see “Classification of Fossil Turtle Eggs” above).



Despite the obvious break with the rules of the ICZN, we main-
tain the internal integrity of the parataxonomic nomenclature
developed by Hirsch (1996), who also designated the lectotype
of T. bathonicae from the original type series. The microstruc-
ture of T. bathonicae is similar to recent sea turtle eggs (Hirsch
1996); however, it is unlikely that a chelonioid turtle produced
T. bathonicae because this clade did not appear until the Early
Cretaceous (Joyce, Parham et al. 2013). Additionally, the ellip-
soidal shape of T. bathonicae differs from the spherical egg
shape of all extant sea turtles.

Testudoolithidae Hirsch, 1996

Diagnosis. Eggshell of the ootaxon Testudoolithidae is diag-
nosed by the testudoid basic type, the spherurigidis morpho-
type, presence of a calcareous layer with interlocking shell units,
simple and widely spaced pores between shell units and spher-
oidal to ellipsoidal egg shape.

Chelonoolithus Kohring, 1998a

T'ype and only included oospecies. Chelonoolithus braemi
Kohring, 1998a.

Chelonoolithus braemi Kohring, 1998a

Taxonomic history. Chelonoolithus braemi Kohring, 1998a
(new oospecies).

Type material FUB Guimarota 98-2 (holotype), eggshell
(Kohring 1998a, figs. 1-6).

T'ype locality. Guimarota Coal Mine, Leiria District, Portugal;
Alcobaga Formation, Kimmeridgian, Upper Jurassic (Kohring
1998a).

Diagnosis. Eggshell of the ootaxon Chelonoolithus is diagnosed
by a shell unit height to width ratio of 1:1, an eggshell thickness
of approximately 0.2 mm and a flat and smooth (unorna-
mented) exterior surface of the eggshell (Kohring 1998a).

Comments. The shell unit height to width ratio is consistent
with that of some extant aquatic taxa such as Chelydra ser-
pentina, some Kinosternon spp., some trionychids and Chelod-
ina longicollis (Kohring 1998a). The great age of this specimen,
however, makes any attribution to one of these taxa implausi-
ble (Joyce, Parham et al. 2013).

Emydoolithus Wang et al., 2013

Type and only included oospecies. Emydoolithus laiyangensis
Wang et al., 2013.

Emydoolithus laiyangensis Wang et al., 2013

Taxonomic history. Emydoolithus laiyangensis Wang et al,, 2013

(new oospecies).

Type material. IVPP V18544 (holotype), a nearly complete egg
(Wang et al. 2013, fig. 3a).

Type locality. Jingangkou, Laiyang, Shandong Province, China
(see Figure 4); Jingangkou Formation, Upper Cretaceous
(Wang et al. 2013).

Diagnosis. Eggshell of the ootaxon Emydoolithus laiyangensis
is diagnosed by a symmetrical, elongate, elliptical (91 mm by 22
mm) egg; eggshell 0.4 to 0.5 mm thick; shell unit height to width
ratio 2:1 to 5:1; 50 to 60 shell units per square millimeter.

Comments. Emydoolithus laiyangensis is similar to Testu-
doolithus jiangi in microstructure and eggshell thickness but
differs in its elongate egg shape (Wang et al. 2013). Wang et al.
(2013) compares E. laiyangensis to the eggs of Podocnemis
unifilis but suggests that the eggs belong to an emydid turtle;
however, this identification is unlikely considering the lack of
emydid fossils from the Cretaceous, combined with the results
of recent molecular calibration studies (Joyce, Parham et al.
2013).

Haininchelys Schleich et al., 1988

Type and only included oospecies. Haininchelys curiosa Schle-
ichetal., 1988.

Haininchelys curiosa Schleich et al., 1988

Taxonomic history. Haininchelys curiosa Schleich et al., 1988
(new oospecies).

I'ype material. BSPG uncat. (syntype series), eggshell fragments
(Schleich et al. 1988, fig. 4a-h).

Type locality. Hainin, Hainaut Province, Belgium; Upper Pale-
ocene (Schleich et al. 1988).

Diagnosis. Eggshell of the ootaxon Haininchelys curiosa is diag-
nosed by a shell thickness of about 0.25 to 0.30 mm, a height to
width ratio of 1.2:1 to 2.3:1 and primary spherites diameter of
0.02 to 0.04 mm.

Comments. The microstructure of Haininchelys curiosa appears
similar to Testudoolithus rigidus; however, the pores are funnel
shaped, as opposed to the simple, straight pores of T. rigidus.
The external surface of each shell unit is rounded in H. curiosa,
similar to the eggshell of Emydura subglobosa, which could indi-
cate that a pleurodire produced this type of egg,.

Testudoolithus Hirsch, 1996
T'ype oospecies. Testudoolithus rigidus Hirsch, 1996.

Diagnosis. Eggshell of the ootaxon Testudoolithus is diagnosed
by spheroidal egg shape and an eggshell thickness between 0.2
and 0.8 mm.

Testudoolithus hirschi Kohring, 1999b

Taxonomic history. Testudoolithus hirschi Kohring, 1999b (new
oospecies).

Type material. FUB uncat. eggshell fragments (Kohring 1990c,
fig. 1a—f; Kohring 1999b, fig. 62a—c).
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Typelocality, KM 11 locality, Guimarota Coal Mine, Leiria Dis-
trict, Portugal; Alcobaga Formation, Kimmeridgian, Upper
Jurassic (Kohring 1999b).

Diagnosis. Eggshell of the ootaxon Testudoolithus hirschi is diag-
nosed by slender shell units with a height to width ratio of 3:1
and a shell thickness of 0.15 mm. T. hirschi can be distinguished
from other Testudoolithus ootaxa by the extremely thin eggshell.

Comments. Kohring (1999b) did not assign Testudoolithus
hirschi to a turtle taxon. The slender shell units of T. hirschi are
similar to those of some kinosternid and geoemydid turtles and
could indicate that this oospecies was produced by a cryptodire.
Note that the locality KM 11 refers to the 11th stratigraphic layer

at the Guimarota Coal Mine, which is dominated by limestone
and marls (Helmdack 1971).

Testudoolithus jiangi (Fang et al., 2003)

Taxonomic history. Tiantaioolithus jiangi Fang etal., 2003 (new
oospecies); Testudoolithus jiangi Jackson et al., 2008 (new com-
bination).

I'ype material. ZMNH M8713 (syntype series), a clutch of 23
eggs (Fang et al. 2003, figs. 7-9, pl. 2; Jackson et al. 2008, fig,
2a—c; Jackson et al. 2009, fig. 2).



Type locality. Shuantang Village, Tiantai County, Zhejiang
Province, China; Liangtoutang Formation, Albian, Early Creta-
ceous (Jackson et al. 2008).

Referred material and range. TM 006, Upper Cretaceous,

Chichengshan Formation, Shuangtang, Zhejiang Province,
China (Jackson et al. 2008).

Diagnosis. Eggshell of the ootaxon Testudoolithus jiangi is diag-
nosed by spherical eggs approximately 35 to 52 mm in diame-
ter, a shell thickness of 0.7 to 1.0 mm and a shell unit height to
width ratio of 2.5:1 to 3:1. T. jiangi can be distinguished from
other Testudoolithus ootaxa by an eggshell thickness that is three
or more times thicker.

Comments. Fang et al. (2003) erected a new oofamily Testu-
doolithidae for these specimens, but this taxon had previously
already been named by Hirsch (1996). This led Jackson et al.
(2008) to propose that Testudoolithidae Fang et al, 2003 is a
junior homonym of Testudoolithidae Hirsch, 1996 and that
Tiantaioolithus Fang et al., 2003 is a junior subjective synonym
of Testudoolithus Hirsch, 1996. The microstructure differs from
Testudoolithus hirschi, and therefore, Jackson et al. (2008) pro-
posed a new combination, Testudoolithus jiangi, for the speci-
mens. Jackson et al. (2008) compared Testudoolithus jiangi with
extant tortoise eggs but did not suggest that a tortoise produced
these eggs because of their Cretaceous age. It is likely that the
similarity between Testudoolithus jiangi and some extant tor-
toises is due to similar ecology (Jackson et al. 2008).

Testudoolithus rigidus Hirsch, 1996

Taxonomic history. Testudoolithus rigidus Hirsch, 1996 (new
oospecies).

T'vpe material. UCM 55806/HEC 425 (holotype), half of an egg
with well-preserved eggshell (Hirsch 1996, fig. 1a—c).

Typelocality. UCM L 87086, North of Stoneham, Weld County,
Colorado, USA; Ogallala Formation, Miocene (Hirsch 1996).

Referred material and range. BMNH 47208, Lower Cretaceous,
Gault Formation, Folkstone, England (Hirsch 1983); CMNH
AL 108, Pliocene, Sidi Hakoma Member of the Hadar Forma-
tion, Hominid Site, Afar, Ethiopia (Hirsch 1983); MLP uncat.,
Pliocene, Calcarenites, Gran Canaria (Hirsch and Lépez-Jurado
1987); MNHN-MTr. Pascal 1871-222, Miocene, Saint-Gérand-
le-Puy, Department of Allier, France (Kohring 1993).

Diagnosis. Eggshell of the ootaxon Testudoolithus rigidus is
diagnosed by shell unit height to width ratio of about 2:1,
eggshell thickness 0.22 to 0.24 mm and spheroidal eggs (42 mm
by 47 mm). T. rigidus is distinguished from T. hirschi by a
smaller height to width ratio and differs from T. jiangi by
eggshell that is a third the thickness.

Comments. Van Straelen (1928) described a fossil turtle egg
from the late Early Cretaceous (Albian; Gale et al. 1996) of Eng-
land, and Hirsch (1983) confirmed this identification. Later, this
specimen was assigned to the oospecies Testudoolithus rigidus
Hirsch, 1996. Hirsch (1996) compared the microstructure of T.

rigidus with that of the extant taxa Gopherus polyphemus and
Chelonoidis carbonaria and determined that T. rigidus is more
similar to G. polyphemus and that the eggshell thickness is thin-
ner than C. carbonaria. Mueller-Téwe et al. (2011) describe five
turtle eggs and multiple eggshell fragments from the Pliocene
Apolakkia Formation of Rhodes, Greece. Despite some diage-
netic alteration, the eggshell microstructure allowed assignment
to the oospecies T. rigidus. Mueller-Towe et al. (2011) suggest
that the eggs were laid by a giant land tortoise.

Invalid and Problematic Ootaxa

Emydidarum ovum Schleich and Kastle, 1988
nomen nudum

Material. BSPG 195211, 270 isolated eggs and eggshell fragments
(Schleich and Kastle 1988, pl. 42.1-8).

Locality. Gaimersheim, Germany; Chattium, Upper Oligocene
(Schleich and Kistle 1988).

Comments. Schleich and Kistle (1988) proposed a classifica-
tion system and zoological nomenclature for fossil eggshell of
geckos, lizards, snakes, crocodilians, turtles and tortoises. How-
ever, their system and nomenclature were never widely
accepted. Schleich and Kistle (1988) suggested Emydidarum
ovum as the name for fossil turtle eggs (presumably for emydid
eggs) that were difficult to systematically classify. A formal diag-
nosis and type specimen, however, were never published, and E.
ovum is therefore herein interpreted as a nomen nudum.

Testudinarum ovum Schleich and Kistle, 1988
nomen nudum

Material. Eggshell fragments (Schleich and Kistle 1988, pl.
44.3-8, pl. 45.1-8; Schleich et al. 1988, figs. 2-3).

Locality. Pottmes and Weidorf, Bavaria, Germany; Aragonium,
Middle Miocene (Schleich and Kiistle 1988).

Comments, See previous comments for Emydidarum ovum
Schleich and Kiistle, 1988. Schleich and Kistle (1988) suggested
the name Testudinarum ovum for fossil turtle eggs that were
difficult to systematically classify. A formal diagnosis and type
specimen were never published, however, and T. ovum is there-
fore interpreted herein as a nomen nudum. Interestingly, one of
these specimens shows purported evidence of a cuticle layer on
the exterior eggshell surface (Schleich and Kistle 1988), a feature
typical of some avian eggshell.

Testudoolithus magnirigidus Zelenitsky, 1995
nomen nudum

Material. TMP 94.16.1A, eggshell fragments (Zelenitsky 1995,
pl. 8.1-6, pl. 9.1-6, pl. 10.1-2).

Locality. Wann’s Hill Locality, southern Alberta, Canada; Old-
man Formation, Campanian, Late Cretaceous (Zelenitsky 1995,
fig. 2.1).



Comments. The in situ clutch described by Zelenitsky et al.
(2008) and McGee (2012) were referred to the name Testu-
doolithus magnirigidus. Eggshell of this oospecies is thicker than
T. rigidus but comparable in eggshell thickness to T. jiangi. How-
ever, the shell unit comprising T. magnirigidus displays a domed
external surface and “lateral feathering” (Zelenitsky et al. 2008),
both of which are absent in T. jiangi (McGee 2012). Zelenitsky
et al. (2008) compared the structure of the eggs from the in situ
clutch with eggs discovered inside gravid Adocus specimens from
Alberta and Utah. They concluded that T. magnirigidus can be
confidently identified as the eggs of an Adocus species.

Zelenitsky (1995) named the taxon Testudoolithus magni-
rigidus in her unpublished master’s thesis. According to Arti-
cle 8.1.3 of the fourth edition of the ICZN, species names are
only valid if “produced in an edition containing simultane-
ously obtainable copies by a method that assures many identi-
cal and durable copies.” An unpublished master’s thesis does
not meet these criteria because it is not widely distributed, and
therefore, T. magnirigidus is not a valid taxon according to the
ICZN. We believe that T. magnirigidus should be formally de-
scribed and thereby made available. Such validation is impor-
tant because a high level of homoplasy in turtle eggs (as was
documented above in the “Cladistic Analysis of Eggs and
Eggshell Characters” section) suggests that several different
turtle taxa could produce eggs with similar microstructure as
T. magnirigidus. Therefore, specimens that are not associated
with embryos or gravid females might be incorrectly inter-
preted as Adocus eggs. Additionally, validation would facilitate
future comparisons with new specimens.
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Appendix 1:
Institutional Abbreviations

BMNH  The Natural History Museum, London,

United Kingdom

BSPG Bayerische Staatssammlung fiir Palaontolo-
gie and Geologie, Munich, Germany

CMNH  Cleveland Museum of Natural History,
Cleveland, Ohio, USA

FUB Institut fiir Paldontologie, Freie Universitit
Berlin, Berlin, Germany

HEC Hirsch Eggshell Catalogue, University of
Colorado, Boulder, Colorado, USA

IVPP Institute of Vertebrate Paleontology and
Paleoanthropology, Beijing, China

MCZ Museum of Comparative Zoology, Cam-
bridge, Massachusetts, USA

MLP Museum Las Palmas, Gran Canaria,
Canary Islands

MNHN  Muséum National d’Histoire Naturelle,
Laboratoire de Paléontologie, Paris,
France

™ Tiantai Prefecture Museum, Tiantai, Zhe-
jiang Province, China

TMP Royal Tyrrell Museum of Palaeontology,
Alberta, Canada

UCM University of Colorado Museum, Boulder,
Colorado, USA

ZMNH  Zhejiang Museum of Natural History,
Hangzhou, Zhejiang Province, China

Appendix 2:
Named Turtle Oogenera
Chelonoolithus Kohring, 1998a

(type oospecies: Chelonoolithus braemi Kohring,
1998a)
Emydidarum Schleich and Kastle, 1988
(type oospecies: Emydidarum ovum Schleich and
Kastle, 1988)
Emydoolithus Wang et al., 2013
(type oospecies: Emydoolithus laiyangensis Wang
etal, 2013)
Haininchelys Schleich et al., 1988
(type oospecies: Haininchelys curiosa Schleich et al.,,
1988)
Oolithes Buckman, 1859
(type oospecies: Oolithes bathonicae Buckman, 1859)
Testudinarum Schleich and Késtle, 1988
(type oospecies: Testudinarum ovum Schleich and
Kastle, 1988)
Testudinidovum Schleich and Kastle, 1988
(nomen nudum, lacking diagnosis and type species)
Testudinovum Schleich and Kistle, 1988
(nomen nudum, lacking diagnosis and type species)
Testudoflexoolithus Hirsch, 1996
(type oospecies: Testudoflexoolithus bathonicae
[Buckman, 1859])
Testudoolithus Hirsch, 1996
(type oospecies: Testudoolithus rigidus Hirsch,
1996)



Tiantaioolithus Fang et al., 2003
(type oospecies: Tiantaioolithus jiangi Fang et al.,
2003)

Appendix 3:
Biogeographical Summary of
Fossil Turtle Eggs, Embryos,

Nests and Copulating Pairs

Numbers in brackets reference Figures 2, 3 and 4.

Australia

[1] Pleistocene; Ned’s Beach Formation; Lord Howe
Island; Meiolania platyceps; eggs and clutches
(Anderson 1925; Gaffney 1996)

Comments Numerous eggs and clutches associated with bones
of Meiolania platyceps occur in the Pleistocene Ned's Beach For-
mation of Lord Howe Island, Australia, and have been assigned
to this taxon (Anderson 1925; Gafifney 1996). This taxonomic
assignment seems plausible because the eggs are quite large,
approximately 9 cm in diameter (Gaffney 1996). It is also plau-
sible that various sea turtles (Chelonioidea) laid their eggs at
some of these localities, but no extant chelonioid turtle is known
to lay eggs of this size (Ernst and Barbour 1989). M. platyceps
otherwise represents the only taxon known from Lord Howe
Island that was capable of laying eggs of this size. However, these
eggs remain undescribed and lack embryonic remains, and
therefore, this identification remains tentative for the moment.

Belgium
[2] Late Paleocene; Hainaut Province; Haininchelys
curiosa; eggs (Schleich et al. 1988)

Brazil

[3] Late Cretaceous (Turonian-Santonian); Adaman-
tina Formation; Sdo Paulo State; ?Podocnemis; egg
with a possible embryo (Azevedo et al. 2000)

Comments. Azevedo et al. (2000) describe a possible turtle egg
and embryo from the Late Cretaceous (Turonian-Santonian)
Adamantina Formation of Brazil (Nava and Martinelli 2011).
Additionally, the authors tentatively assign the egg to the genus
Podocnemis. However, the study only included examination of
structural features of the outer egg surface and low quality com-
puted tomography scans for embryo identification. Confirma-
tion of their results requires identification of the aragonite
eggshell composition and mechanical preparation or use of syn-
chrotron tomography for detailed description of the embryo. It
is unlikely that future analysis will confirm the taxonomic attri-
bution of this material to crown group Podocnemis because this
clade did not diversify until the Tertiary. However, it is plausi-
ble that this egg is attributable to the clade Podocnemididae as
this taxon is known to have Cretaceous representatives (Gaffney
etal. 2011).

Canada

[4] Late Cretaceous, late Campanian; Dinosaur Park
Formation; Alberta; Basilemys variolosa and Testu-
doolithus magnirigidus/Adocus sp.; gravid turtles
(Zelenitsky et al. 2008; Braman and Brinkman 2009)

[5] Late Cretaceous, late Campanian; Oldman Forma-
tion; Alberta; Testudoolithus magnirigidus/Adocus
sp.; clutch of eggs with embryos (Zelenitsky 1995;
Zelenitsky et al. 2008; McGee 2012)

Comments. McGee (2012) provides a detailed description of
the morphology of the embryonic remains from a clutch of tur-
tle eggs from the late Campanian Oldman Formation of Alberta
using computer tomography. She concurs with Zelenitsky
etal’s (2008) referral to Adocus sp. and also concludes that the
embryos died at a late stage of development. Additionally, an
undescribed specimen of Basilemys variolosa from the Upper
Cretaceous (late Campanian) Dinosaur Park Formation on dis-
play at the Royal Ontario Museum was discovered to contain
eggs when the carapace was accidently broken (Braman and
Brinkman 2009).

Canary Islands

[6] Miocene and Pliocene; Calcarenites; ?Geochelone
burchardi; Fuerteventura; eggs (Rothe and Klemmer
1991)

[7] Pliocene; Calcarenites; Testudoolithus rigidus/?
Geochelone; Gran Canaria; egg (Macau-Vilar 1958;
Lopez-Jurado 1985; Hirsch and Lépez-Jurado 1987).
Note: Specimen was subsequently lost.

[8] Tertiary; Calcarenites; ?Geochelone; Lanzarote and
Fuerteventura; eggs (Hutterer et al. 1997)

[9] Miocene; Calcarenites; Lanzarote; eggs (Garcia-
Talavera 1990)

Comments. Fossil turtle eggs have been reported from Miocene
and Pliocene deposits from Fuerteventura, Lanzarote and Gran
Canaria, Canary Islands. All of these eggs were assigned to the
genus Geochelone because of their similarity to eggs of modern
Geochelone species (Hutterer et al. 1997). However, the eggs
from Fuerteventura were most likely laid by G. burchardi, the
only species of testudinid turtle, fossil or modern, known from
this island (Rothe and Klemmer 1991).

Cape Verde
[10] Miocene; Maio; eggs (Bebiano 1932)

Comments Bebiano (1932) reports eight turtle eggs from the
Miocene of the Republic of Cape Verde. However, this identi-
fication was made using the egg shape and the fact that they
were found in embedded in calcareous sands. Further investi-
gation is needed to confirm this identification.

China

[11] Early Cretaceous, Albian and Late Cretaceous,
Cenomanian-Turonian; Liangtoutang and Chicheng-
shan formations, respectively; Zhejiang Province; Tes-
tudoolithus jiangi; egg and clutch (Fang et al. 2003;
Jackson et al. 2008; Jin 2009)

[12] Late Cretaceous; Nanchao Formation; ?emydid;
eggs with embryos (Cohen et al. 1995)

[13] Cretaceous; Henan Province; egg with embryo
(Fang et al. 2009)

[14] Late Cretaceous; Jingangkou Formation; Shandong
Province; Emydoolithus laiyangensis; egg (Wang et al.
2013)



Comments. Yabe and Ozaki (1929) describe purported fossil
turtle eggs from the Cretaceous Tsuantou Formation (Zhang
2009) of Liaoning Province, China. This identification was
based on the spheroidal egg shape rather than microstructural
features of the eggshell. Wang et al. (2013) recently identified
these specimens as those of dinosaurs but did not assign them
to a specific oospecies.

Turtle eggs with embryos are also known from the Upper
Cretaceous Nanchao Formation of China. These specimens are
hypothesized to belong to an emydid turtle; however, Cohen et
al. (1995) failed to provide a formal description of this material.
If this identification proves correct, this specimen would push
the fossil record of emydid turtles back 40 million years
(Cohen et al. 1995), which seems unlikely considering recent
molecular calibration studies (Joyce, Parham et al. 2013). Addi-
tionally, a turtle egg with a purported embryo was discovered in
Xixia County, Henan Province, China (Fang et al. 2009, fig. 1).

Czech Republic
[15] Early Miocene; Testudoolithus; eggshell (Kohring
1998b, 1999a)

Comments. Kohring (1998b, 1999a) reports Testudoolithus
eggshell from the Early Miocene of the Czech Republic. One of
these specimens exhibits pathological multilayered eggshell.

England

[16] Early Cretaceous, Albian; Gault Formation; Kent;
Testudoolithus rigidus; egg (Van Straelen 1928;
Hirsch 1983, 1996)

[17] Middle Jurassic, Bathonian; White Limestone For-
mation; Gloucenstershire; Testudoflexoolithus bathon-
icae; eggs (Buckman 1859; Hirsch 1996; Cox et al.
1999)

[18] Middle Jurassic, Bathonian; White Limestone For-
mation; Gloucenstershire; eggs (Carruthers 1871)

Comments. In addition to the specimens described by Buck-
man (1859), Carruthers (1871) also describes fossil eggs from
the Great Oolite and agrees with Buckman that the eggs were
reptilian but suggests that turtles or pterosaurs laid these eggs.
He named two new ootaxa, Oolithus sphaericus for specimens
from Stonesfield, England, and O. obtusatus for a single egg
from the Isle of Wight. However, Carpenter and Alf (1994) sug-
gest that O. sphaericus specimens are actually dinosaur eggs, and
Mikhailov et al. (1996) categorized O. sphaericus and O. obtusa-
tus as incertae sedis. Further study of these specimens is required
to determine their true taxonomic identity. Ensom (1997)
describes numerous eggshell fragments and discusses their sim-
ilarity to turtle eggshell described by Kohring (1990a) but ulti-
mately rejects this identification in favor of megaloolithid
eggshell, typically assigned to sauropod dinosaurs (Ensom 2002).

Ethiopia
[19] Pliocene; Hadar Formation; Afar; Testudoolithus
rigidus; eggs (Hirsch 1983)

Comments. Hirsch (1983) discusses two partially and one com-
pletely altered turtle eggshell from the Pliocene Hadar Forma-
tion (Hominid Site) in the Afar region of Ethiopia. He
determines that although aragonite might be completely

replaced by calcite, the eggshell can be confidently identified as
that of a turtle using polarized light and scanning electron
microscopy (Hirsch 1983), presumably because specimens pre-
serve a pseudomorph of the original aragonite structure.

France

[20] Early Cretaceous, late Albian; ?Formation of
Salazac; Department of Gard; egg (Masse 1989)

[21] Late Cretaceous; Testudoolithidae; Department of
Bouches-du-Rhéne; eggshell (Garcia 2000)

[22] Early Miocene; Department of Allier; Testu-
doolithus rigidus/?Cheirogaster sp.; eggs (Kohring
1993)

[23] Eocene; Department of Bas-Rhin; eggs (Kuntz
1981)

[24] Tertiary; Department of Lot-et-Garonne; eggs
(Brunet 1838)

Comments. Masse (1989) discusses one complete and one par-
tial pliable turtle egg from the Early Cretaceous (late Albian) of
France. These specimens are diagenetically altered, but the radi-
ating crystals suggest that they were originally composed of
aragonite. Garcia (2000) also describes several eggshell frag-
ments from the Late Cretaceous of France and assigns the spec-
imens to Testudoolithidae. Kohring (1993) reports six turtle
eggs from the Early Miocene of France and assigns them to
Cheirogaster sp. This identification is based on size and shape of
the eggs and not microstructural features. Kuntz (1981) men-
tions six oval and smooth turtle eggs from the Eocene of France.
Brunet (1838) reports three turtle eggs measuring approxi-
mately 6.0 cm by 2.5 cm from the Tertiary of the Gironde basin.

Germany

[25] Oligocene and Miocene; Testudinarum ovum; State
of Bavaria; eggs (Schleich and Kistle 1988)

[26] Jurassic; Solnhofen; State of Bavaria; ?Eurysternid;
gravid turtle (Joyce and Zelenitsky 2002)

[27] Eocene; Messel; State of Hesse; Allaeochelys cross-
esculpta; copulating pair (Joyce et al. 2012)

[28] Tertiary; Trionyx gergensi or Chelonia mydas; State
of Rhineland-Palantinate; egg (Gergens 1860; Meyer
1860; Hummel 1929)

[29] Pleistocene; State of Saxony-Anhalt; 2Emys orbicu-
laris; eggs and embryo (Hemprich 1932)

Comments. Joyce and Zelenitsky (2002) describe a gravid eurys-
ternid turtle from a Late Jurassic limestone concretion discov-
ered near the village of Schamhaupten, Germany. After initial
preparation, the concretion was cut into four sections to deter-
mine whether it was fossiliferous, revealing four circular egg-
like objects within a turtle shell. However, investigation of the
microstructure revealed complete diagenetic alteration of the
eggshell. Further, the eggshell now seems to be inside out (e.g.,
the base of the shell units are on the exterior of the eggshell),
and the exact mechanism for such preservation remains
unknown. The authors conclude that these eggs must be
referred to as pseudomorphs because no details of the eggshell
microstructure can be ascertained (Joyce and Zelenitsky 2002).
Hemprich (1932) discusses turtle eggs (one containing a possi-
ble embryo) from the Pleistocene of Germany and assigns them
to Emys orbicularis; however, this assignment seems to be based



on their similarity to the eggs of this extant species and not
eggshell microstructure or embryonic remains. Therefore, a
detailed systematic description of these specimens is needed.
Meyer (1860) mentions turtle eggs from the Tertiary of Mainz,
Germany, and suggests that they belong to Trionyx gergensi,
based on egg size and shape. In contrast, Gergens (1860) sug-
gests that these eggs belong to Chelonia mydas. Later, Hummel
(1929) mentions the same specimens and agrees with Meyer
(1860) that they were laid by Trionyx gergensi; however, the
author does not give his reasoning for this assignment.

Preservation of paired turtle specimens includes numerous
examples of Allaeochelys crassesculpta are known from the
Eocene Messel Pit in Germany. However, Joyce et al. (2012) pro-
vide the first definitive evidence that these turtles died while cop-
ulating. The authors inferred the gender of the individuals by
using body size and tail length (i.e, males are smaller, have
longer tails and lack plastral kinesis). Additional confirmation
that these turtles died in the act of mating includes their in-line
position and the presence of interlocking tails in some speci-
mens (Joyce et al. 2012). The authors hypothesize that once the
male mounted the female, they sank to the bottom of the lake
where anoxic conditions resulted in their demise. This is further
supported by the fact that some extant aquatic turtles “freeze”
while mating and sink to the bottom of open bodies of water
(Joyce et al. 2012).

Greece

[30] Pliocene; Apolakkia Formation; Rhodes; Testu-
dolithus rigidus/?Giant land tortoises; eggs (Mueller-
Towe etal. 2011)

[31] Late Miocene; central Macedonia; eggs (Del Cam-
pana 1919)

Comments. Del Campana (1919) describes six fossil turtle eggs
from the Upper Miocene of Thessaloniki (formerly Salonica),
Greece, and suggests that these eggs are those of a sea turtle
because they occurred in marine sediments. However, micro-
structural analysis of the eggshell was not done.

India

[32] Late Cretaceous; State of Tamil Nadu; egg (Sahni
1957)

[33] Late Cretaceous, Maastrichtian; Lameta Formation;
State of Maharashtra; ?Pelomedusid; eggshell and
partial clutch (Mohabey 1998)

Comments. Sahni (1957) reports the first fossil egg from India.
This elongate egg measures 49 mm wide by 27 mm long; how-
ever, this identification is based on gross morphology and not
microstructural features. Further research is necessary to con-
firm its turtle affinities. Mohabey (1998) reports a partial turtle
nest and eggshells from the Lower Cretaceous (Maastrichtian)
Lamenta Formation of India and mentions turtle eggs from the
Pleistocene of the Narmada Valley. However, Kohring (1999b)
questions the turtle origin of the Cretaceous specimens because
of the calcite mineralogy and poor quality of the photographs.
Additionally, Mohabey (1998) identified a mammillary layer at
the basalmost portion of the eggshell. This feature is character-
istic of avian and nonavian theropods; therefore, assignment of
these specimens to a turtle remains questionable (Jackson et al.
2008; Knell et al. 2011), and further analysis is needed.

Japan

[34] Early Cretaceous; Kuwajima Formation; Ishikawa
Prefecture; eggshell (Isaji et al. 2006)

[35] Late Cretaceous (Coniacian); Middle and Upper
Yezo Group; Hokkaido; ?Protostegid; egg (Fukuda
and Obata 1991)

[36] Late Cretaceous (Coniacian); Hokkaido; ?Chelonia
and ?Trionychid; eggs (Obata et al. 1972)

Comments. Isaji et al. (2006) describe turtle eggshells from the
Lower Cretaceous Kuwajima Formation of central Japan and
suggest that these specimens were laid by an unidentified
aquatic turtle. Fukuda and Obata (1991) and Obata etal. (1972)
report on turtle eggs from the Late Cretaceous (Turonian-
Coniacian) of Hokkaido, Japan. Both specimens preserved two
superimposed layers that are thought to represent secondary
diagenetic deposits. Additionally, the specimens described by
Isaji et al. (2006) also seem to be diagenetically altered because
aragonite was not found after staining the thin sections; how-
ever, the turtle origin of these specimens is supported by the
radiating crystallite in the shell units.

M
[37] Late Cretaceous (Campanian); Menabe Region;
eggs (Lawver 2013)

Comments. Lawver (2013) describes three associated spherical
eggs from the Late Cretaceous (Campanian) Morondava basin,
western Madagascar, and assigns them to Testudoolithus oosp.
Two of the eggs lack evidence of eggshell in hand sample, and
their spherical morphology results from infilling of the eggs by
sediment prior to erosion of the eggshell. The third egg pre-
serves eggshell on approximately half of the specimen. Thin sec-
tions of the eggshell reveal substantial diagenetic alteration of
the original aragonite. However, portions of the lower two-
thirds of the eggshell preserve the original crystalline structure,
thus allowing definitive assignment to Testudines (Lawver
2013). Bright red to orange-red color under cathodolumines-
cence suggests replacement of the original aragonite by calcite
(Lawver 2013).

Mongolia )
[38] Late Cretaceous; Omnogovi Province; egg with
embryo (Mikhailov et al. 1994)

Comments. Ologoy-Ulan-Tsav locality of Mongolia. These
specimens, important because at least one egg contains embry-
onic remains, require further research.

Portugal

[39] Late Jurassic, early Kimmeridgian; Alcobaga For-
mation; Leiria District; Testudoolithus hirschi and
Chelonoolithus braemi; egg and eggshell (Kohring
1990b, 1990c, 1998a, 1999a, 2000)

Comments, Kohring (1990c) reports two different types of tur-
tle eggshell from the Upper Jurassic (early Kimmeridgian)
Guimarota mine of Portugal. The author suggests that the spec-
imens belong to cryptodiran turtles because only these turtles
are known from the Guimarota mine.



South Korea

[40] Late Cretaceous, Campanian; Seonso Formation;
South Jeolla Province; eggs (Huh and Zelenitsky
2002; Lee 2003)

[41] Early Cretaceous, Albian; Jindong Formation;
South Gyeongsang Pronvince; eggs (Lee 2003)

[42] Late Cretaceous; Goseong Formation; South
Gyeongsang Pronvince; eggs (Yang et al. 2006; Paik
etal. 2012)

Comments. Huh and Zelenitsky (2002) report fossil eggs from
the Upper Cretaceous (Campanian; Kim et al. 2008) Seonso
Formation of South Korea and tentatively identify a partial egg
and eggshell fragments as those of a turtle. This identification is
based on the small size, eggshell thickness and smooth outer
surface; however, no microstructural features are preserved
because the eggshell is completely altered to sparry calcite. Lee
(2003) provides limited locality data for these specimens, as well
as for undescribed fossil turtle eggs from the late Early Creta-
ceous (Albian) Jindong Formation of South Korea.

Spain

[43] Pleistocene; Testudoolithus; Formentera; eggs
(Filella-Subira et al. 1999)

[44] Early Cretaceous, early Barremian; El Castellar For-
mation; Teruel Pronvince; Testudoolithus, Testud-
oflexoolithus/?Batagurinae, Testudoid and others;
eggshell (Kohring 1990a; Ruiz-Omefiaca et al. 2004)

[45] Early Cretaceous, late Barremian; Cuenca Province;
Testudoolithus; eggshell (Buscalioni et al. 2008)

[46] Early Cretaceous, Valanginian-Hauterivian; Vil-
lanueva de Huerva Formation; Aragon; Testudoolithi-
dae; eggshell (Moreno-Azanza et al. 2008, 2009)

[47] Early Cretaceous, late Berriasian; Leza Formation;
La Rioja Province; Testudoolithidae; eggshell
(Moreno-Azanza, Gasca et al. 2013)

Comments. Kohring (1990a) describes three types of eggshell
fragments from the Early Cretaceous (lower Barremian) of
Galve, Spain. His type A eggshell was attributed to a semiaquatic
turtle because its shell unit height to width ratio is 1:1 (Kohring
1990a). The type B eggshell exhibits very large pores that are
surrounded by smaller pores, which could be an artifact of dia-
genesis. Kohring (1990a) suggests that this eggshell type belongs
to a batagurid turtle. Type C eggshell was assigned to tortoises
because of similar eggshell microstructure (Kohring 1990a).

Filella-Subira et al. (1999) describe a partial clutch of six
Testudoolithus eggs from the Pleistocene of the Balearic Islands
and attributed them to a large tortoise. They calculated that the
nest chamber measured 13.5 cm long by 14.5 cm wide and 11
cm high and occurred between 25 and 27 cm deep. They sug-
gest a maximum length of 78.9 cm for the adult female (Filella-
Subira et al. 1999). Buscalioni et al. (2008) briefly describe
turtle eggshell fragments from the Early Cretaceous (Upper
Barremian) of Spain, which can likely be assigned to Testu-
doolithus based on the aragonite crystalline structure in their
fig. 10a.

Moreno-Azanza et al. (2008) describe eggshell fragments
from the Early Cretaceous (Valanginian-Hauterivian) of Spain
and assign the specimens to Testudoolithidae indet. They sug-
gest that a testudinid turtle laid the eggs; however, tortoises did

not appear until after the Mesozoic. Moreno-Azanza et al
(2009) also suggests that these turtle eggshells could represent
a new Testudoolithus oospecies. Moreno-Azanza, Gasca et al.
(2013) identify eggshell fragments from the Early Cretaceous
(upper Berriasian) of northern Spain as Testudoolithidae and
suggest that these specimens could belong to a new oospecies.

United States of America

[48] Late Jurassic, Tithonian; Morrison Formation; Col-
orado; egg (Bray and Hirsch 1998)

[49] Late Jurassic, Tithonian; Morrison Formation; Col-
orado; egg (Hirsch et al. 1987)

[50] Oligocene-Miocene; Ogallala Formation; Col-
orado; Testudoolithus rigidus/?Stylemys; egg (Hirsch
and Bray 1988; Hirsch 1996)

[51] Late Cretaceous, Maastrichtian; Fox Hills Forma-
tion; Colorado; sea turtle; nest (Bishop et al. 2011)

Comments. Turtle eggshells (Hirsch and Packard 1987; Hirsch
et al. 1987) and possible pliable or soft-shelled eggs (Bray and
Hirsch 1998) are reported from the Jurassic (late Kimmerid-
gian-Tithonian; Kowallis et al. 1991) Bushy Basin Member of
the Morrison Formation of Colorado; however, this assignment
requires additional research. Hirsch and Bray (1988) describe
spherical eggs from the Oligocene-Miocene Ogallala Formation
of Colorado and discuss how spheroidal owl eggs could be con-
fused with those of some turtles. They determined that avian
and turtle eggs cannot be distinguished by macrostructure
alone. Further, they identify three of the four eggs as avian, based
on their eggshell microstructure, but one might belong to a tur-
tle (Bray and Hirsch 1998).

[52] Pleistocene; Florida Oolite; Florida; Testudooflex-
oolithus agassizi; egg (Hirsch 1996)

Comments, Agassiz discovered flexible turtle eggshell fragments
in the Pleistocene Florida Oolite in the 1800s (Hirsch 1996), but
they remained undescribed until 1996.

[53] Late Cretaceous, Campanian; Judith River Forma-
tion; Montana; eggs with embryos (Clouse 2001;
Jackson and Schmitt 2008)

Comments. Clouse (2001) reports a weathered clutch of fossil
turtle eggs from the Upper Cretaceous (Campanian) Judith
River Formation of Montana. This clutch consists of at least 13
eggs, some of which contain embryonic bones. Jackson and
Schmitt (2008) briefly described the eggshell microstructure and
demonstrated that the clutch contained at least 1 pathological,
multilayered egg.

[54] Late Cretaceous, Campanian; Fruitland Formation;
New Mexico; Testudoolithus sp.; eggshell (Tanaka
etal. 2011)

Comments. Tanaka et al. (2011) describe numerous isolated
turtle eggshell fragments from the Upper Cretaceous (Campan-
ian) Fruitland Formation of New Mexico. They identified the
specimens as Testudoolithus oosp.

[55] Oligocene; Brule Formation; Nebraska; eggs
(Hirsch 1983)



[56] Oligocene; White River Group; Nebraska; 2Style-
mys nebrascensis; eggs (Hay 1908). Note: Specimens
were subsequently lost.

[57] Oligocene; Nebraska and South Dakota; eggs
(Hirsch and Packard 1987)

Comments. Hirsch (1983) describes at least four altered turtle
eggs from the Oligocene Brule Formation of Nebraska. X-ray
diffraction analysis shows complete replacement of aragonite
by calcite; however, polarized light microscopy reveals the orig-
inal crystal morphology. Hay (1908) mentions several turtle
eggs from the Oligocene White River Group of Nebraska that
he identifies as Stylemys nebrascensis because this taxon is com-
monly found in these deposits and few other species are known.
This identification remains questionable because the specimens
have since been lost (Hirsch 1996). Additionally, Hirsch and
Packard (1987) examined numerous spherical eggs from
Nebraska and South Dakota and identified all but two as turtle
eggs. The latter they identified as avian, most likely those of owls
(Hirsch and Packard 1987).

[58] Late Pliocene; Texas; egg (Brattstrom 1961)

Comments. Brattstrom (1961) briefly mentions a fossil egg asso-
ciated with skeletal elements from a tortoise in the Late Pliocene
of Texas. This specimen measures 49.5 by 48.2 by 46.9 mm in
size but has not been systematically described.

[59] Late Cretaceous, Campanian; Kaiparowits Forma-
tion; Utah; Adocus sp.; gravid turtle (Knell et al. 2011)

[60] Late Cretaceous; Maastrichtian; North Horn For-
mation; Utah; eggshell (Difley 2007)

Comments. Knell et al. (2011) describe a gravid specimen of
Adocus from the Upper Cretaceous (Campanian) Kaiparowits
Formation of southern Utah. Compared with Adocus specimens
from Alberta (Zelenitsky et al. 2008), the Utah eggs are smaller
and have significantly thinner eggshell, and the outer surface dis-
plays flat, rather than domed, shell units. This likely occurred
because the gravid female died at an earlier stage of egg develop-
ment than the Canadian specimen (Knell et al. 2011). Difley
(2007) used turtle eggshell to interpret the paleoclimate of the
North Horn Formation, suggesting that the abundant turtle
eggshell found in lacustrine deposits represented wetter condi-
tions.

Venezuela

[61] Late Miocene; Urumaco Formation; Falcon;
?Bairdemys venezuelensis; eggshells (Winkler and
Sénchez-Villagra 2006)

Comments. See “Nests” section.

Appendix 4:
Hierarchical Taxonomy
of Turtle Ootaxa

Testudoflexoolithidae Hirsch, 1996
Testudoflexoolithus Hirsch, 1996
Testudoflexoolithus agassizi Hirsch, 1996

Testudoflexoolithus bathonicae Buckman,
1859
Testudoolithidae Hirsch, 1996
Chelonoolithus Kohring, 1998
Chelonoolithus braemi Kohring, 1998
Emydoolithus Wang et al., 2013
Emydoolithus laiyangensis Wang et al., 2013
Haininchelys Schleich et al., 1988
Haininchelys curiosa Schleich et al., 1988
Testudoolithus Hirsch, 1996
Testudoolithus hirschi Kohring, 1999
Testudoolithus jiangi Jackson et al., 2008
Testudoolithus rigidus Hirsch, 1996
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