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ABSTRACT

Eggs are one of the least understood life stages of insects, and are poorly represented in the fossil record. Using micro-
tomography, we studied an enigmatic fossil egg clutch of a presumed entomological affinity from the Oligocene Turtle
Cove Member, John Day Formation, from the National Park Service-administered lands of John Day Fossil Beds
National Monument, Oregon. A highly organized egg mass comprising a large clutch size of approximately 50 slightly
curved ellipsoidal eggs arranged radially in several planes is preserved, enclosed in a disc-shaped layer of cemented and
compacted soil particles. Based on the morphology of the overall structure and the eggs, we conclude that the specimen
represents a fossilized underground ootheca of the grasshoppers and locusts (Orthoptera: Caelifera), also known as

an egg pod. This likely represents the oldest and the first unambiguous fossil evidence of a grasshopper egg pod. We
describe Subterroothecichnus radialis igen. et isp. nov. and Curvellipsoentomoolithus laddi oogen. et oosp. nov., representing
the egg pod and the eggs, respectively. We advocate for adopting ootaxonomy in studying fossil eggs of entomological
affinities, as widely practiced with fossil amniotic eggs. An additional 26 individual and clustered C. laddi collected
throughout the A-H subunits of the Turtle Cove Member suggest the stable presence of grasshoppers in the Turtle Cove
fauna, and we discuss the paleoecological implications. Oothecae have convergently evolved several times in several
insect groups; this ovipositional strategy likely contributed to the fossilization of this lesser-known ontogenetic stage,
enriching our understanding of past insect life.

Abbreviations. In this paper, “‘JODA” is used both as an abbreviation for John Day Fossil Beds National Monument (per
National Park Service convention) and as the repository prefix code for museum specimen identifying numbers (per
National Park Service policy). “‘JTDNM?” is the locality number identifier for John Day Fossil Beds National Monument.

INTRODUCTION

Insects are one of the most successful groups of eukaryotes, representing more than half of all described eukaryotic
species, and estimates suggest 5.5 million species of insects exist (Stork et al. 2015; Stork 2018). Several life history
traits, including evolution of flight and holometaboly, have greatly impacted the evolutionary success of insects
(Misof et al. 2014; Truman 2019). Eggs, the first stage of the insect life cycle, are immobile, and thus cannot actively
escape from unfavorable environmental or predation risks, unlike insects in their subsequent mobile stages. None-
theless, an array of protective strategies exists against biotic and abiotic stresses, including temperature, drought,
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exposure to ultraviolet radiation, predation, pathogens, and parasitoids (Jacobs et al. 2013;
Winters et al. 2014; Abram et al. 2015; Eisner et al. 2020; Hilker et al. 2023).

Ovipositional strategies, such as site, clutch size, clutch interval, egg size, and phenology, are crucial
to reproductive success and survival and fitness of the offspring. Insects lay eggs individually or

in groups, and oviposition in clusters is commonly found in various insect taxa. Advantages to
oviposition in clusters include protection from predators and/or environmental conditions, and
more efficient resource use (Young 1983; Prokopy and Roitberg 2001; Desurmont and Weston
2011). Several groups of insects produce an additional hardened layer surrounding the egg

clusters known as an ootheca, egg capsule, egg pod, egg sac, or egg case (Du et al. 2022). This
concentrated and protected form of oviposition may protect eggs from desiccation, predators,

and parasitoids (Fatouros et al. 2020). The majority of oothecae-producing taxa are members of
the Polyneoptera, particularly the Dictyoptera (mantids and cockroaches) and the Orthoptera
(grasshoppers and crickets; Du et al. 2022), as well as the Mantophasmatodea (Roth et al. 2014) and
a stick insect (Goldberg et al. 2015), but examples are also found in the cassidine tortoise beetles
(Chrysomelidae; Hinton 1981; Flowers and Chaboo 2015) and, in addition, include a lanternfly
(Malek et al. 2019). Among the termites—the once distinct order Isoptera but now understood

to be eusocial cockroaches—ootheca production is lost in most taxa but retained in the earliest
diverging monotypic family, Mastotermitidae (Courrent et al. 2008). Grasshoppers and locusts
(Orthoptera: Caelifera) produce hardened subterranean egg pods (Chapman and Robertson

1958; Chernyakhovskii 2006; Sultana et al. 2020; Du et al. 2022). According to Du et al. (2022),
morphology of orthopteran oothecae/egg pods differs from dictyopteran oothecae, and among

the two suborders of Orthoptera, egg pods are found in the suborder Caelifera but unknown from
Ensifera (crickets and katydids). Both dictyopteran and caeliferan oothecae are made of various
oothecal structural proteins that become sclerotized and melanized, forming a hardened or leathery
protective layer (Du et al. 2022).

The insect fossil record is heavily influenced by taphonomy and various ecological factors.
Mobility—especially the ability to fly—greatly enhances the likelihood of fossilization. For
instance, fossils of ecologically abundant flightless hexapods, such as immature terrestrial
nymphs and larvae, worker ants, and apterygote hexapods, are scarcely represented in the
sedimentary rocks but are relatively common in ambers (Rasnitsyn 2002). Sometimes both
adults and immature nymphs/larvae of a wide variety of insects are preserved in fine-grained
sedimentary rocks, such as the paper shales of the Eocene Florissant Formation at Florissant
Fossil Beds National Monument in Colorado (Meyer 2003: 258). Non-mobile stages, such

as eggs and pupae, are relatively poorly represented in the fossil record. Few fossils exist of
insect eggs preserved in sedimentary rocks (Gall and Tiffney 1983; Sellick 1994; Hefmanov4 and
Kvacek 2010; Hefmanova et al. 2013; Fisher and Watson 2015), although a much more extensive
trace fossil record exists from endo-or exophytic oviposition preserved with fossil plants (van
Konijnenburg-van Cittert and Schmeifiner 1999; Krassilov et al. 2007; Laafy and Hauschke

2019; Meng et al. 2019; Romero-Lebron et al. 2022), with the earliest record extended back to
the Pennsylvanian (323.2-298.9 Ma; Laaf} and Hauschke 2019). Fossil oothecae are also known
(Anisyutkin et al. 2008; Poinar 2010; HOrnig et al. 2013; Gao et al. 2019; Li and Huang 2019;
Cariglino et al. 2020), and there are rare examples of eggs preserved inside an adult female
(Huang et al. 2008) or on the surface of an adult body representing brood care (e.g., Wang et
al. 2015; Fu et al. 2022).

Here we describe an enigmatic fossil insect egg clutch (JODA 17384) from the Turtle Cove
Member of the Oligocene John Day Formation, from John Day Fossil Beds National Monument
(JODA), which is administered by the National Park Service (NPS). The exposed surface of the
specimen shows 28 slightly curved ellipsoidal eggs that are 4.48-4.65 mm long and 1.63-1.84
mm wide. The eggs are radially arranged within a hemilenticular, green zeolitized sandy



claystone that macroscopically differs from the surrounding sedimentary matrix. Twenty-six additional specimens
of individual and clustered eggs of the same morphology have been collected throughout the A-H informal units of
the Turtle Cove Member. To better understand the structure embedded within the matrix, we studied JODA 17384
and two additional specimens (JODA 8754 and JODA 14423) in further detail using microtomography.

GEOLOGIC SETTING

The John Day Basin of central and eastern Oregon preserves remarkably complete and well-dated terrestrial sed-
imentary sequences from the middle Eocene to upper Miocene (ca. 47-7 Ma), divided into the middle Eocene
Clarno Formation; the upper Eocene to lower Miocene John Day Formation; the lower-middle Miocene Picture
Gorge Basalts, Dayville Basalts, and Camas Creek Member of the Monument Mountain Basalt (part of the Colum-
bia River Basalt Group); the middle-upper Miocene Mascall Formation; and the upper Miocene Rattlesnake
Formation, in successive order (Waters 1961; Bailey 1989; Albright et al. 2008; Dillhoff et al. 2009). The John

Day Formation (39-18 Ma; Albright et al. 2008) is distributed across eastern and central Oregon and is currently
subdivided into seven members: Big Basin, Turtle Cove, Kimberly, Haystack Valley, Balm Creek, Johnson Canyon,
and Rose Creek (Retallack et al. 1999; Hunt and Stepleton 2004; Albright et al. 2008). The John Day Formation
consists of volcaniclastic sedimentary rocks and airfall tuffs, deposited in a backarc landscape of low hills and
interspersed lakes, that was covered periodically by voluminous ashfalls from the Western Cascades (Robinson et
al. 1984; Albright et al. 2008; Dillhoff et al. 2009; McClaughry et al. 2009).

The specimens described in this study are from the Turtle Cove Member (31.45-26.6 Ma; Figure 1). The Turtle Cove
Member consists of about 400 m of section that Albright et al. (2008) divided into 14 lithostratigraphic subunits (A-
K2) with 10 recently dated or re-dated tuffs. These subunits are sandy to silty claystone with some layers zeolitized
(green), and others non-zeolitized (Albright et al. 2008). Paleosols have been identified in the lower Turtle Cove
Member (Retallack and Samuels 2020). Specifically, deep calcic (Xaxus and Yapas) and shallow calcic (Xaxuspa and
Yapaspa) pedotypes, formerly vitrand soils (grass-shard-rich andisols), have been identified (Retallack and Samuels

FIGURE 1. Locality map and the composite stratigraphy of the Turtle Cove Member, John Day Formation. (A) Locality map showing the NPS boundaries of the three units of John Day Fossil Beds National
Monument, Oregon. (B) Composite stratigraphy of the Turtle Cove Member. Black caeliferan silhouettes indicate horizons with the egg fossils. Locality numbers are indicated to the right of the silhouette. Red
lettering indicates type locality and horizon. Dated tuffs are indicated to the left of the section. Color of layers indicates approximate color of the horizon in the field. Section courtesy of NPS and based on
Albright et al. (2008) and Fremd (2010). PhyloPic image available for reuse under the Universal (CCo 1.0) Public Domain Dedication license, https://creativecommons.org/publicdomain/zero/1.0/.
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2020). These paleosols suggest a wooded grassland environment with bunch grasses (Retallack 2004). The Turtle
Cove Member contains several dated tuffs and the Picture Gorge ignimbrite (PGI), a super-volcanic event related
to the Yellowstone Hotspot (Seligman et al. 2014). The PGI is between subunits F and G. The Turtle Cove fauna is
assigned to the Whitneyan (Wh2) and Arikareean (Ar1 and Ar2) North American Land Mammal Ages.

METHODS

Specimens were all surface-collected from outcrops of the Turtle Cove Member of the John Day Formation through
inventory and monitoring practices of JODA originally established in the 1980s and continued to the present (Kort
and Famoso 2020). Many isolated specimens were likely separated from egg clusters through erosion of the bedrock.
Specimens studied herein have been collected between 1996 and 2021, and the holotype specimen (JODA 17384) was
collected in July 2012.

Microcomputed tomography (microtomography)

Specimens were carefully packaged within cylindrical containers using low-radiodensity packing materials to stabilize.
Containers were mounted on autoloader sample holders for scanning with a Zeiss Xradia 620 Versa X-ray Microscope
(Carl Zeiss X-ray Microscopy, Dublin, California, USA). All scans were performed with the 0.4X objective. Source

and detector positions were independently set for each sample for maximizing voxel size while retaining reasonable
scan times to achieve good image quality, as assessed by intensity and transmission outputs during scan setup. Scan
parameters determined for each sample are summarized in Table 1. Resulting image datasets were reviewed, representa-
tive 2D slice and 3D rendering images captured, and full image datasets converted to dicom format with Dragonfly Pro
(Object Research Systems, Montreal, Canada).

Data visualization

The resulting dicom files were visualized using 3D Slicer v. 5.0.3 (https://www.slicer.org/). The segmentation was done

on the resulting tomography of JODA 17384 to better understand the internal structure using the Segment Editor
module (Pinter et al. 2019). In addition to the eggs, three distinctive zones are recognized from microtomography:
the matrix in which the eggs are embedded, the bow-shaped layer surrounding the egg mass (Figure 2D-F, white
arrows), and the surrounding sandy matrix. The bow-shaped layer has greater compaction/cementation compared to
the other two. In addition, multiple cracks can be seen around the layer (Figure 3), suggesting differences in density
between adjacent matrices. Therefore, we focused on the eggs and the bow-shaped layer surrounding the egg mass.
Threshold was adjusted to separate the egg pod and the eggs preserved inside from the surrounding matrix; many
sediment particles that had density similar to that of the structures of interest were manually erased. Due to the eggs
being embedded in the green claystone, the manual segmentation was done to a level that did not erase the eggshell.

Repository information
All specimens herein are reposited at John Day Fossil Beds National Monument, Kimberly, OR, 97848, USA.

RESULTS

The raw microCT data for the following specimens are available on MorphoSource: JODA 17384 (https://doi.org/10.17602/
M2/M517897), JODA 8754 (https://doi.org/10.17602/M2/M527567), and JODA 14423 (https://doi.org/10.17602/M2/M527767). The 3D mesh
created for JODA 17384 is also available on MorphoSource (https://doi.org/10.17602/M2/M532603).

|
TABLE 1. Microtomography parameters for Zeiss Xradia 620 Versa scans of three separate specimens: A well-preserved egg clutch (JODA 17384), a partial egg cluster (JODA 8754), and three
isolated eggs (JODA 14423).

Field of View
Exposure Voxel size diameter
Sample kv w Filter (s) (pm) (mm) Binning  Projections Scan time
JODA 8754 70 85 LE4 2 12.796 13.1 2 2401 2h 19m
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FIGURE 2. Macroscopic and microtomograph images of the holotype specimen (JODA 17384) of Subterroothecichnus radialis igen. et isp. nov., and Curvellipsoentomoolithus laddi oogen. et oosp. nov. from
the Turtle Cove Member, John Day Formation, Oregon, USA, preserving a caeliferan subterranean ootheca/egg pod and the eggs within it. (A-C) Macroscopic image of the exposed portion of the ootheca. (D-F)
Microtomography images of the same specimen. White arrows indicate the more cemented ootheca wall. From left to right: X-Y, Y-Z, and X-Z planar view, respectively. Scale bar is 1 cm.
_____________________________________________________________________________________________________|

JODA 17384 comprises a hemilenticular layer preserved as green zeolitized sandy claystone that is macroscopically
distinguished from the surrounding sedimentary matrix, and approximately 28 slightly curved eggs embedded
within this layer in a radial arrangement on the exposed surface (Figure 2A-C). Microtomography revealed in total
approximately 50 eggs laid in four or five planes, in a radial arrangement within each plane in four or five concentric
arcs (central angle of approximately 100-115°% Figure 3A). The 3D segmentation shows that the more cemented bow-
shaped layer, identified from individual cross-sectional images, continuously surrounds the egg mass, forming a disc-
shape layer consisting of more cemented soil particles. The resulting segmentation of the specimen also shows that




FIGURE 3. Microtomography of JODA 17384 showing the structure of Subterroothecichnus radialis isp. nov. and the arrangement of Curvellipsoentomoolithus laddi oosp. nov. from the three perpendicularly
crossing planes. (A) X-Y cross-section, left to right moving from closer to farther from the pod wall. (B) Y-Z cross-section, left to right laterally through the pod, displaying eggs tending to the slope of the pod

wall at approximately 45°. (C) X-Z cross section, left to right moving from anterior to posterior end of the pod.
- -]

the disc-shaped structure apically transitions into a thick and short cylindrical area (Figure 4E, white arrow). Based
on an extensive morphological comparison between the studied specimens and oothecae, as well as eggs of extant
insects, we interpreted that the specimen represents a fossilized subterranean ootheca, commonly known as the




FIGURE 4. 3D segmentation of the microtomography of JODA 17384, revealing the structural arrangement of Curvellipsoentomoolithus laddi oosp. nov. within the ootheca Subterroothecichnus radialis
isp. nov. Left, middle, and right columns show the egg pod, pod wall, and egg mass, respectively. (A-C) X-Y planar view of the specimen. (D-F) Y-Z planar view of the specimen. (G-1) X-Z planar view of the
specimen, viewed from the posterior end.

egg pod, of the kind produced by grasshopper and locusts (Orthoptera: Caelifera). The more cemented disc-shaped
layer represents the oothecal wall, the product of mixing of the female oothecal secretion with the surrounding soil
particles, which subsequently became hardened, and the apical cylindrical transitional area is the preserved basal
parts of the plug, which is a frothy oothecal secretion filling the cylindrical ovipositor trace above the egg mass




(Chapman and Robertson 1958). We followed Chapman and Robertson’s (1958) descriptive
terminology of the ootheca/egg pod , and Church et al.’s (2019a, 2019b) of the eggs.

Systematic paleontology

A systematic approach to fossil insect eggs is challenging due to the infinitesimal likelihood

of affiliating eggs with specific parent insect species, with the rare exceptions where eggs are
preserved with the imago—inside the female abdomen, during oviposition, or through parental
brooding (e.g., Hornig et al. 2013; Wang et al. 2015; Chen 2022; Chen and Xu 2022; Fu et al.
2022). In some cases, certain morphological characters of the preserved eggs can suggest their
systematic affinities (e.g., Gall and Tiffney 1983; Sellick 1994), but these characteristics seldom
allow generic or specific identification. Fisher and Watson (2015) compared the problem of
the systematics of the fossil insect eggs to the organ- and morphotaxa of fossil plants and
some animal fossils, such as conodont elements. However, organ- and morphotaxa represent
different parts of the same organisms, whereas eggs represent a different life history stage,
and morphotaxa have a greater chance of being correlated to different organ taxa by finding
organically articulated fossils or using epidermal morphology, at least in fossil plants. A more
comparable system would be the fossilized eggs of other animals—which are systematically
studied and described using ootaxonomy—a parataxonomic system for describing fossilized
amniotic eggs (Mikhailov et al. 1996). We advocate for applying ootaxonomy to studying
fossilized eggs of entomological affinities to allow more systematic approach in making
comparisons across a broader spatial and temporal scale and correlating certain taxonomic
affinities (see Discussion, below). Additionally, JODA 17384 not only preserves fossilized insect
eggs but also the subterranean ootheca/egg pod as well, which is a trace fossil. Therefore, we
described JODA 17384 and other materials using two parataxonomic systems—ichnotaxonomy
and ootaxonomy—and suggest its caeliferan affinity (Orthoptera) based on the combined
ichnological and oological evidence.

Entomoothecichnidae ifam. nov. Lee, Famoso, and Lin

Diagnosis. The new ichnofamily is proposed for fossilized insect oothecae, also referred to as egg
cases, egg pods, egg sacs, and egg capsules.

Remarks. Two ichnogenera, Oothecichnus Anisyutkin et Rasnitsyn 2008 and Blattoothecichnus
Hinkelman 2019, have been erected to accommodate the dictyopteran (roachioid) and more
specifically blattodean oothecae, respectively (Anisyutkin et al. 2008; Hinkelman 2019).
Neither ichnogenus is appropriate for the subterranean ootheca described herein (see below),
thus the erection of a new fossil ootheca ichnogenus was needed. The diversity and number
of described fossil insect ootheca have increased dramatically in the past two decades. For a
better systematic approach, we propose the new ichnofamily Entomoothecichnidae, and that
the two previously described ichnogenera and the Subterroothecichnus igen. nov. be placed
under the new ichnofamily. The ichnofamily is designated for fossil insect oothecae, and does
not include other protective structures produced by various invertebrates and vertebrates,
such as gastropods, cephalopods, and cartilaginous fishes, that are commonly referred to as
oothecae, egg cases, egg sacs, and egg capsules.

Subterroothecichnus igen. nov. Lee, Famoso, and Lin
Diagnosis. The new ichnogenus is proposed for fossil subterranean oothecae, also referred to as
egg pods, that incorporate surrounding soil particles into the ootheca wall by mixing with oothecal

secretion during their production.

Etymology. The genus name is a combination of subterra (Latin for underground), ootheca (Greek



for eggcase), and ichnos (Greek for trace), referring to the subterranean ootheca, also known as
egg pods.

Comparisons and Remarks. Oothecichnus Anisyutkin et Rasnitsyn 2008 was erected for fossil
oothecae of roachioid insects, particularly of cockroaches and mantids (Anisyutkin et al. 2008).
A few species of Oothecichnus have been described, including the Late Triassic O. pensilis and

O. duraznensis from Argentina (Cariglino et al. 2020), and Late Cretaceous O. negevianus from
Israel (Anisyutkin et al. 2008). A separate ichnogenus Blattoothecichnus Hinkelman 2019 was
erected more specifically for fossilized blattodean oothecae (Hinkelman 2019). There are several
other unnamed fossil oothecae described as well (see Cariglino et al. 2020), all of which have
dictyopteran affinities. Dictyopteran oothecae are characterized by an aligned arrangement

of eggs and not having external particles incorporated into the structure (Li and Huang 2019;
Cariglino et al. 2020), which differs from caeliferan oothecae and the specimen described herein.
Thus, we propose a new ichnogenus Subterroothecichnus for subterranean fossil oothecae/egg
pods that incorporate surrounding soil particles into their ootheca wall during their production
as they mix with the oothecal secretion.

Type species. Subterroothecichnus radialis isp. nov.
Subterroothecichnus radialis isp. nov. Lee, Famoso, and Lin
Holotype. Specimen JODA 17384 (Figures 2—4).

Type locality. JDNM-9, Blue Basin, Sheep Rock Unit, John Day Fossil Beds National Monument,
Grant County, Oregon, USA. Precise locality data available from the repository for qualified
researchers on request.

Type horizon. Likely from a slump of unit E3 over E2 informal subunits of the Turtle Cove Member,
John Day Formation (Oligocene). Specimen is stratigraphically below the Blue Basin Tuff (28.8 Ma)
and above the A/B Tuff (29.75 Ma).

Diagnosis. Overall ootheca disc-shaped. Ootheca wall consisting of cemented soil particles; the
portion of the ootheca surrounding the egg mass circularly lenticular to oblately spheroidal;
ootheca wall apically transitioning into a cylindrical plug, which may be preserved in various
lengths or completely absent; ootheca wall thicker at the anterior and posterior end of the pod.
Eggs, when preserved, are ellipsoidal with slight curvature and arranged in several planes, in a
radial arrangement within each plane in concentric arcs (Figure 4). Eggs tending to the egg pod
wall at an angle of approximately 45°.

Etymology. The specific epithet radialis refers to the radial arrangement of the eggs within the
ootheca.

Other materials studied. From JDNM-9, Blue Basin, Turtle Cove Member unit B, JODA 4777—unit
E2, JODA 8754—unit E3, JODA 14423.

Descriptions. The ootheca wall is 1.4-2.1 mm thick in the middle portion; the anterior and posterior
parts are thicker with 2.5-3.3 mm thickness. Approximately 50 eggs are preserved, 4.48-4.65 mm
long and 1.63-1.84 mm wide. See below for more details of the preserved eggs. Eggs are laid in

four to five planes (Figure 4F). Within each plane, eggs are in a radial arrangement, in four to

five concentric arcs centering the plug. Ovipositional arc in each plane is approximately 100-115°
(Figure 3A). Eggs on the plane most proximal to the ootheca wall tend to the slope of the wall at an



angle of approximately 45°, and the successive planes tend to the preceding one (Figure 4F). Eggs
are spaced with a 0.2-0.5 mm gap between them.

Intra- and interspecific variations exist in extant grasshopper oothecae. The thickness of the
ootheca wall, the morphology and the extent of development of the plug, the insertional angle

of the ovipositor, and the number and arrangement of eggs can vary among species, but also
within species depending on the ovipositional environment and the local population density
(Katiyar 1957; Chapman and Robertson 1958; Thompson 1986; Maeno et al. 2020). The plug,
made of frothy oothecal secretion filling the cylindrical trace of the ovipositor, not only shows
plasticity in the degree of formation, but is also known to be easily broken off during collection
(Chapman and Robertson 1958; Sultana et al. 2017, 2020). Therefore, such characters with known
intraspecific variations in extant species are described here but are not strictly diagnostic to the
new ichnotaxon.

Remarks. Extant female grasshoppers are known to insert their ovipositor at varying angles. ranging
from oblique to a right angle (Chapman and Robertson 1958; Thompson 1986). The arrangement of
the eggs with S. radialis suggest that the ootheca was likely deposited with the ovipositor inserted in
soil at a shallow oblique angle.

Entomoolithidae oofam. nov. Lee, Famoso, and Lin
Diagnosis. The new oofamily is proposed for fossil eggs of entomological affinities.

Remarks. Insect egg morphologies are extremely diverse, yet eggs of distant lineages can be easily
compared using quantitative traits (Church et al. 2019a). We have relatively few records of fossil
insect eggs through the Phanerozoic compared to amniotic eggs (see Discussion, below). Many
records are without proper nomenclature, nor are they described using a uniform descriptive
language for further comparisons. In addition, several specimens have been presumed to be

of botanical and/or other origins (see Discussion for more). In comparison, various amniotic
ootaxa have been described based on the root “oolithus, ” meaning “stone egg,” as suggested by
Mikhailov et al. (1996). Applying ootaxonomy to fossilized eggs of entomological affinities would
provide a more organized system that can help make temporal and spatial comparisons, as well as
taxonomic correlations. Thanks to the recent progress in understanding the evolution of insect
eggs (Church et al. 2019a; Donoughe 2022) based on a large dataset incorporating eggs of more
than 6,700 extant insect species (Church et al. 2019b), we are now better equipped for potentially
making taxonomic and parataxonomic correlations—at least with the extant insect groups.

This more systematic approach may also bring more awareness of fossil eggs of entomological
affinities that are diverse and abundant in extant terrestrial ecosystems, which could aid in their
identifications and reinterpretations. We propose a single family Entomoolithidae oofam. nov.

to accommodate fossil eggs of entomological affinities. We suggest that the diagnoses of fossil
entomological eggs include some of the defining egg traits from Church et al. (2019a, 2019b),
when possible: length, width and breadth, aspect ratio, asymmetry, and angle of curvature.
Additionally, chorion ultrastructure, ornamentation, and other diagnostic surficial morphology
should be described, when preserved, as they may provide taxonomic affinities (Hinton 1981;
Fisher and Watson 2015) (see Discussion for more).

Curvellipsoentomoolithus oogen. nov. Lee, Famoso, and Lin

Diagnosis. The new oogenus is proposed for fossil eggs of entomological affinities with an overall
ellipsoidal shape with curvature.

Remarks. Unlike the amniote eggs, insect eggs are frequently curved along the longitudinal axis



of the egg. High degrees of curvature have evolved in the orders Orthoptera, Hemiptera, Hymenoptera, and Diptera
(Church et al. 2019a). Therefore, Curvellipsoentomoolithus may be attributed to such groups. However, other groups
of insects are also known to produce eggs with minor curvature. In addition, the existence of novel ovipositional
strategies that are unknown from extant members of a specific clade has been suggested based on the preserved
ovipositor morphology of fossil insets (Chen et al. 2021), which may affect the egg morphology as well. Thus, caution
is needed when making taxonomic and ootaxonomic correlations based on egg morphology alone, especially in the
deeper geologic past.

Type species. Curvellipsoentomoolithus laddi oosp. nov. Lee, Famoso, and Lin
Curvellipsoentomoolithus laddi oosp. nov. Lee, Famoso, and Lin
Holotype. Specimen JODA 17384 (Figures 2—4).

Type locality. JTDNM-9, Blue Basin, Sheep Rock Unit, John Day Fossil Beds National Monument, Grant County, Oregon,
USA. Precise locality data available from the repository for qualified researchers on request.

Type horizon. Likely from a slump of unit E3 over E2 informal units of the Turtle Cove Member, John Day Formation
(Oligocene). Specimen is stratigraphically below the Blue Basin Tuff (28.8 Ma) and above the A/B Tuff (29.75 Ma).

Diagnosis. Relatively large insect eggs in overall ellipsoidal shape with slight curvature. Eggs 4.48-4.65 mm long, 1.63-
1.84 mm wide; aspect ratio (length/width) 2.5-3; asymmetry 0-o0.15, indicating the overall symmetrical shape; angle of
curvature 6=10-25°. Eggs frequently preserved in cluster with individual eggs in a (sub)parallel arrangement. Small

oval chorionic protrusions present on the chorion surface (Figure 5F; video available at https://doi.org/10.17602/M2/M532694).

FIGURE 5. Additional specimens of Curvellipsoentomoolithus laddi oosp. nov., showing clusters of eggs in a (sub)parallel orientation (A-C; scale = 1 cm), internal mineralization of the eggs (D-E), and the
chorionic characters (F). (A, D, F): JODA 14423. (B, E): JODA 8754. (C): JODA 4777.
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Etymology. Named posthumously after Benjamin Ladd, first NPS Superintendent of John Day
Fossil Beds National Monument, who began the protection and resource management and
science programs at the park that study and protect these specimens, which are currently only
known from within NPS boundaries.

Other materials studied. From JDNM-67, Deer Gulch—Turtle Cove Member unit A, JODA 10179;
from JDNM-7A South Foree—Turtle Cove Member unit E3, JODA 18153; from JDNM-7B, North
Foree—Turtle Cove Member unit E3, JODA 18958—unit F, JODA 7210; from JDNM-8, Sheep
Rock—Turtle Cove Member unit H, JODA 7291; from JDNM-9, Blue Basin—Turtle Cove Member
unknown bed, JODA 12936, 12942—unit A, JODA 17921—unit B, JODA 4777—unit D, JODA 17698,
17725—unit E2, JODA 10198, 10218, 10223, 10245, 10252, 10356, 10359, 17560, 8754—unit E3, 10241,
10243, 14423, 18962—unit F, JODA 8771, 18960.

Remarks. Dimensions are known to change during embryonic development in living insect eggs due
to water exchange, typically <20% in length (Chaves et al. 2003; Rezende et al. 2016; Church et al.
20192). In addition, certain locusts are known to manipulate their egg size according to the local
population density during the gregarious phases (Maeno et al. 2020). Considering the potential
plasticity in egg size, in addition to potential taphonomic change, the egg dimensions are given as a
range. The specimens studied herein do not show a strong sign of taphonomic shrinkage, as many
partial egg clusters are tightly embedded in the matrix without a gap or recognizable morphological
distortion. The chorion surface has small oval protrusions, representing the chorion sculpture.
Chorion sculpturing of the extant grasshopper eggs is known to vary from smooth to highly
arranged pentagonal, hexagonal, or oval tubercles or cells (Chapman and Robertson 1958; Ganguly
et al. 2008). See “Taxonomic and parataxonomic correlations” below for additional details on
comparisons with other eggs.

The heavily mineralized nature of the eggs and abundance of isolated and clustered eggs
represented by the 26 additional JODA specimens that have been collected throughout the
A-H subunits of the Turtle Cove Member support an Oligocene age of the studied materials,
not Recent. Microtomography of the JODA 8754 specimen (Figure 5E) shows an unusual
internal structure inside the egg cavity, which may represent embryos. Further study and data
visualization of the specimen is to follow.

Taxonomic and parataxonomic correlations and the proposed caeliferan affinity

Despite the difficulties making systematic correlations of ichno- and ootaxa to specific biological
groups, we propose a caeliferan affinity (Orthopetra: Caelifera) for Subterroothecichnus radialis
isp. nov. and Curvellipsoentomoolithus laddi oosp. nov., based on three morphological features:

(1) subterranean ootheca/egg pod deposition; (2) morphology of the ootheca; and (3) the
arrangement, number, and morphology of the eggs within the ootheca.

As noted above, we interpreted the disc-shaped, more cemented layer surrounding the egg mass
as the ootheca wall. The subterranean ootheca/egg pod wall of the insect is a cemented layer of
oothecal secretion and surrounding soil particles, which is apparent in the holotype specimen.
Among the handful of insects that are known to produce oothecae, only a subset of them is
known to lay oothecae underground: the grasshoppers and locusts (Orthoptera: Caelifera) and
the hillwalkers (Mantophasmatodea). Some cockroach and praying mantis species are known to
deposit their oothecae underground; however, this represents the dictyopteran oothecae being
deposited onto a pre-dug depression or dropped on the soil surface, then covered up, resulting
in their burial and the soil particles and other substrate material sticking to the fresh oothecal
membrane (Roth 1968; Ehrmann 2011; Brannoch et al. 2017). This is fundamentally different
from the caeliferan and the mantophasmatodean subterranean oothecae/egg pod production,
which are produced underground from the abdomen that is inserted into soil, with the walls



of these oothecae/egg pods consisting of cemented soil particles and oothecal secretion that
become sclerotized and melanized (Chapman and Robertson 1958; Eisner et al. 1966). The newly
proposed ichnogenus Subterroothecichnus is to accommodate fossils of the latter category.

Among the two known groups of subterranean ootheca/egg pod producers, the Mantophasmatodea
is known to produce elongated egg pods. Per Roth et al. (2014), the ellipsoidal and curved manto-
phasmatodean eggs are arranged vertically in regular rows within the elongated egg pods, and

the clutch size can vary from 8-30, depending on the species (Tojo et al. 2004; Roth et al. 2014;
Kiipper et al. 2019). The caeliferan oothecae are typically known to be cylindrically elongated,

with eggs arranged in row(s) with little to no space between and around them (e.g., Waloft 1950;
Katiyar 1957; Chapman and Robertson 1958; Sultana et al. 2020; Ubero-Pascal et al. 2020); some of
these oothecae could bear superficial resemblance to mantophasmatodean oothecae. This overall
cylindrical shape reflects the morphology of female grasshopper ovipositors and their ovipositional
behavior: during oviposition, two pairs of shovel-shaped ovipositor valves in the last abdominal
segments repeatedly open and close, extending the ovipositor further into soil (Thompson 1986).
The cylindrical ovipositor can extend up to tenfold in length, allowed by intersegmental soft
cuticles and are flexible (Jorgensen and Rice 1983). In addition to the more common cylindrical
shapes, grasshopper oothecae also include pyriform shapes and, in some cases, more broadly
expanded forms resembling S. radialis, as well as the variations in arrangements of the eggs (Waloff
1950; Katiyar 1957; Chapman and Robertson 1958; Chernyakhovskii 2006). Per Chapman and
Robertson (1958), species belonging to the family Pyrgomorphidae as well as most of the subfamily
Catantopinae (family Acrididae) that they studied have radially symmetrical pods, whereas other
species belonging to various subfamilies of Acrididae have bilaterally symmetrical pods with eggs
arranged in parallel rows. This broad taxonomic pattern is congruent with other descriptive studies,
although an array of intraspecific variation exists as well (Waloft 1950; Katiyar 1957; Sultana et al.
2017, 2020; Ubero-Pascal et al. 2020). Among the records we found, S. radialis isp. nov. described
herein has the highest overall morphological resemblance to the egg pod of Hieroglyphus concolor
(Katiyar 1957; Figure 5D); unfortunately, the arrangement of eggs within it is not described. Due to
intraspecific variation as well as the sparse taxonomic coverage of caeliferan ootheca morphology,
their phylogenetic significance, if any, within the suborder is yet to be understood. On the other
hand, an egg pod similar in shape to S. radialis is unknown in Mantophasmatodea to date. Thus, the
known examples of extant caeliferan egg pods that are similar to the new ichnotaxon, which differs
from hitherto described mantophasmatodean egg pods, strengthen the proposed caeliferan affinity.

The nature of S. radialis, including its probable subterranean production and the overall morphol-
ogy, support its caeliferan affinity. Additionally, the relatively large clutch size of approximately
50 eggs, representing the minimum clutch size, also strengthens the proposed affinity. The
combination of large clutch size and relatively large egg size is mostly known from grasshopper
species, and relatively rare outside orthopterans. The known clutch size from a single grass-
hopper egg pod can range from two to over 200 eggs, varying between species (Okelo 1979;
Dysart 2000; Ingrisch and Rentz 2009).

To find other potential producers of eggs similar to Curvellipsoentomoolithus laddi oosp. nov., we
compared its morphology to a recently developed dataset of global insect egg size and shape,
including more than 6,700 extant species (Church et al. 20193, 2019b). The size and length-to-width
aspect ratio of our specimens lie within the morphospace that is mainly occupied by Polyneoptera,
Neuropteroidea, and Hymenoptera. We then reviewed approximately 800 taxa from Church et

al.’s dataset (2019b) that have the egg lengths of 4 mm or more. Although strongly curved eggs

are known of have evolved in the Orthoptera, Hemiptera, Hymenoptera, and Diptera (Church et

al. 20193), the curvature is not heavily pronounced in C. laddi and therefore all species that have
eggs 4 mm or longer have been reviewed. The majority are crickets, katydids, and grasshoppers
(Orthoptera) and leaf and stick insects (Phasmatodea), followed by bees and wasps (Hymenoptera)



and beetles (Coleoptera), with the orders Blattodea, Mantodea, Hemiptera, Lepidoptera, and
Diptera each being represented by a single family.

Phasmatid eggs are easily distinguished from those of C. laddi: in addition to their unique
phasmatid egg morphology with an operculum and the micropylar plate that resemble
plant diaspores, their ovipositional strategies include single eggs dropped or flicked to the
ground, eggs glued to a substrate, eggs laid in cracks or crevices on the ground (Bedford
1978; Robertson et al. 2018). In a single known Phasmatid species, oothecae are attached

to vegetation (Goldberg et al. 2015). Among the hymenopterans that produce large eggs
comparable in characters to those of C. laddi, several taxa build brood chambers made of
mud that could resemble the egg pods in overall shape, but are frequently divided into cells
(digger bees and orchid bees in the family Apidae; subfamilies Eumeninae and Zethinae,
family Vestidae) and/or provisioned with paralyzed prey (families Crabronidae, Sphecidae,
Pompiliidae, Scoliidae), which is distinct from S. radialis and the arrangement of C. laddi within
it. Additionally, the eggs do not occur in such a large clutch size.

Most large beetle eggs have an aspect ratio (length-to-width ratio) of less than 2; several longhorn
beetles (family Cerambycidae) have an aspect ratio of 2-3, but their eggs are laid endophytically.
Some carabids and tenebrionids also lay large eggs in soil, either singularly or in clutches, but the
clutch size is smaller, and an egg pod structure is unknown from these groups. The other groups
are represented by a single family each: the mantids (Family Mantidae) and the giant cockroaches
(Family Blaberidae) either produce dictyopteran oothecae or are viviparous; Hemiptera is repre-
sented by a few species of giant water bugs (family Belostomatidae), which provide parental brood
care by attaching eggs to male bodies; Lepidoptepra is represented by a single species of castniid
palm borer (Family Castniidae; Monteys and Aguilar 2005); and Diptera is represented by a single
genus Mesembrina (Family Muscidae), which lay a single egg in animal dung (Hinton 1960).

The remainder of species with eggs that are 4 mm or longer belong to the order Orthoptera.
Members of both suborders Caelifera (grasshoppers and locusts) and Ensifera (crickets and
katydids) produce large eggs; however, deposition of underground egg pods is so far known
only from the Caelifera (Du et al. 2022; Ubero-Pascal et al. 2020). Hence, multiple lines of
evidence from modern groups—including the underground deposition of the ootheca/egg pod,
morphology of the ootheca, and the arrangement, number, and morphology of the eggs within
it—support a caeliferan affinity (order Orthoptera) of the parataxa Subterroothecichnus radialis
ichnosp. nov. and Curvellipsoentomoolithus laddi oosp. nov.

DISCUSSION

Ootheca: Different types and convergent evolution

An ootheca, a type of egg mass surrounded by a protective layer consisting of hardened oothecal
structural proteins (OSPs), independently evolved in multiple insect lineages (Du et al. 2022).
Most species of the praying mantises and cockroaches (Dictyoptera: orders Mantodea and Blat-
todea), the grasshoppers and locusts (order Orthoeptra, suborder Caelifera), and the hillwalkers
(order Mantophasmatodea) are known to produce oothecae, as well as the cassidine tortoise
beetles, a stick insect, and a plant hopper (see Introduction). Among the three better-understood
polyneopteran groups of ootheca producers—the mantises (order Mantodea), the cockroaches
(order Blattodea), and the grasshoppers and locusts (order Orthoptera, suborder Caelifera)—
significant morphological variation exists.

The mantodean oothecae are known to exhibit extensive architectural and cryptic variation, with
the external wall mostly made of protein and calcium-based compounds, which can range from
smooth and flexible to textured and hardened (Brannoch et al. 2017). Their oothecae consist of
one or more egg chambers with each containing a single egg, and an emergent area known as



the keel, which where the opening of the individual egg chambers, through which the hatchlings
emerge, are dorsally aligned in two parallel rows that are usually alternating, with some known
variations (Brannoch et al. 2017; Cariglino et al. 2020). In blattodean oothecae, two rows of
lateral egg chambers flank a conspicuous linear dorsal keel that splits open when hatchlings arise,
with some variations known in termites and some ovovivi- and viviparous taxa (Roth 1968; see
Cariglino et al. 2020 for more on dictyopteran oothecae). Chemically, dictyopteran oothecae are
usually known to contain quinone, a dark tannin that helps with sclerotization and melanization
of the oothecae but also functions as a sex pheromone, and calcium oxalate crystals, which add
structural rigidity (Brunet 1951; Hackman and Goldberg 1960; Roth 1968; Courrent et al. 2008).
Recently, Du et al. (2022) suggested that—based on the proteomic and metabolomic evidence—
the two dictyopteran oothecae share proline-rich proteins (PRPs) as the most abundant OSPs,
but mantids and cockroaches developed glycine-rich proteins (GRPs) and fibroins as distinct
OSPs, respectively, suggesting their functional convergence. It is notable that PRPs and GRPs are
also abundant structural proteins in plant cell walls (Jose and Puigdomenech 1993).

On the other hand, the subterranean caeliferan oothecae, also known as egg pods, differ signifi-
cantly in their morphology from the dictyopteran ones. Instead of producing structurally intri-
cate oothecae in an aerial environment, grasshoppers insert their abdomen into soil using two
pairs of shovel-shaped valves, and produce oothecal secretions that mix with the surrounding
soil particles, which become sclerotized and melanized (Eisner et al. 1966; Thompson 1986).
Their oothecae frequently have cylindrically elongated shapes with varying degrees of curvature,
reflecting the ovipositor morphology. However, some known variations exist in the shapes of
caeliferan ootheca, including laterally expanded lenticular ones, which resemble S. radialis isp.
nov. described herein. The eggs are laid within the oothecae, most commonly in regular parallel
rows, with some known variations ranging from irregular to radially symmetrical arrangements
(Waloft 1950; Katiyar 1957; Chapman and Robertson 1958; Chernyakhovskii 2006). As the
oviposition proceeds, the cavities between the eggs, those between the egg and the egg pod wall,
and the void plug region above the egg mass are filled with frothy oothecal secretions, which
become hardened (Chapman and Robertson 1958). In the holotype specimen (JODA 17384),
such frothy oothecal secretions, dating from ca. 29 Ma, are preserved as green zeolitized sandy
claystone. Chemically, only some OSPs are shared between the dictyopteran and caeliferan
oothecae, namely the vitellogenins and apolipoproteins, which strongly suggests the convergent
evolution of OSPs and the sclerotization and melanization processes in the two groups (Du et
al. 2022). Specifically, the caeliferan oothecae lack the PRPs and GRPs found in the dictyopteran
ones, and therefore are structurally less rigid (Du et al. 2022).

Such OSPs are produced in the colleterial glands (CGs) in Dictyoptera, which are a type of
female accessory reproductive gland in various insects that primarily produce substances for
egg packaging, adhering eggs to a surface, and protective egg coating (Baccetti 1967; Hoffmann
1995; Gillott 2003; Du et al. 2022). The dictyopteran CGs, two in number, are asymmetrical,
with the much larger left CG producing many of the OSPs and the smaller right CG producing
tanning substances (Brunet 1951; Du et al. 2022). In contrast, a different pair of glands is involved
in the production of caeliferan ootheca. While Du et al. (2022) referred to these as symmetrical
CGs, Hoffmann (1995) and Baccetti (1967) referred to such glands as the mesodermal accessory
glands and the pseudocolleterial glands, respectively. Unlike the CGs that develop as evaginations
of the common oviduct or from the imaginal discs, and that are nearly always ectodermal when
present, the orthopteran pseudocolleterial glands are extensions of the lateral oviducts and thus
mesodermal (Baccetti 1967; Gillott 2003). The CGs are found in female Thysanura, in many
hemi- and holometabolous groups, but are unknown in the orders Ephemeroptera, Orthoptera,
Plecoptera, Psocodea, suborder Heteroptera (order Hemiptera), and most Coleoptera (Matsuda
1976). The differences in organs responsible for OSPs production in the dictyopterans and
caeliferans further support the convergent evolution of ootheca in the groups, using different



glands and chemicals. Additionally, such accessory glands are unknown in the hillwalkers (Man-
tophasmatodea), the other polyneopteran group that produces subterranean oothecae/egg

pods (Klass et al. 2003; Kiipper et al. 2019); instead, a newly identified type of glands secrete
oothecal secretion, termed the ventrovaginal glands (Kiipper et al. 2019). This supports multiple
independent origins of ootheca in distant insect lineages, using different glands and chemicals.
Future studies on proteomic and metabolomic analyses of the oothecae, as well as anatomical
studies of female glandular structures responsible for production of OSPs in other known
ootheca-producing insects, will help us better understand the evolution of oothecae in insects.

Subterroothecichnus and the subterranean ootheca/egg pod

Two groups of insects are known to produce subterranean oothecae/egg pods that incorporate
surrounding soil particles into the structure: the grasshoppers and locusts (order Orthoptera,
suborder Caelifera) and the hillwalkers (order Mantophasmatodea). Much more is known
about the caeliferan egg pods, considering the interest in their agroeconomic significance and
in methods to control many grasshoppers and especially the locusts—that is, in the various
species of acridid grasshoppers that have a swarming phase (e.g., Lomer et al. 1999). In contrast,
ootheca production in the hillwalkers is less known, as the order is the most recently described
of all insects (Klass et al. 2002, 2003; Zompro et al. 2002). The mantophasmatodean eggs lack

a defined operculum and a micropylar plate, which are characteristics of the phasmatid eggs
(Klass et al. 2002; Zompro et al. 2002), although scanning electron microscopy reveals an
anteriorly located circular ridge representing the hatching line, probably marking an operculum
that is detached when the nymph hatches (Zompro et al. 2002). The eggs are approximately
2.75 mm long and 0.95 mm wide, with an overall oblong-oval shape with curvature (Roth et

al. 2014; Zompro et al. 2002) resembling some grasshopper eggs. The surface of the chorion
below the hatching line consists of a network of hexagonal plates interconnected by traberculae
(Zompro et al. 2002). Without a well-preserved circular hatching line, a hypothetical fossil
mantophasmatodean egg would likely be placed under Curveelipsoentomoolithus oogen. nov.

There is a large difference in mantophasmatodean and the caeliferan ootheca production,
resulting from their anatomical differences. The elongated and curved mantophasmatodean

eggs are in a regular vertical arrangement within the egg pods (Tojo et al. 2004; Roth et al. 2014;
Kiipper et al. 2019). It is unclear what the processes of the oviposition and ootheca production
look like; judging from the descriptions and accompanied figures in Roth et al. 2014 and Kiipper
et al.2019), it appears that the female hillwalkers produce ootheca by horizontally adding eggs.
Caeliferan eggs are vertically added within the ootheca as the expanded ovipositor retracts
during the progress of oviposition. Such flexible ovipositors and the two pairs of shovel-shaped
appendages are unknown from the hillwalkers: while they insert their abdomen into soil to lay
oothecae, vertically cylindrical forms would not be produced without the digging ovipositor.

The mantophasmatodean ootheca seem to lack a structure similar to the plug of caeliferan
ootheca, which is congruent with this anatomical difference. However, the caeliferan and the
mantophasmatodean ootheca can resemble each other when they are not in an in situ oviposition.
In the most common and the simplest forms of caeliferan egg pods, cylindrical elongated egg
pods with varying degrees of curvature contain eggs arranged in parallel vertical rows at an

angle of approximately 45° to the longitudinal axis of the pod, with some variations in the angle,
ranging from o° (parallel to the longitudinal axis) to 90° in some species (Waloff 1950; Chapman
and Robertson 1958). When portions of the cylindrical caeliferan oothecae with eggs laid perpen-
dicularly to the ootheca wall are broken off, they can bear high morphological resemblance to the
mantophasmatodean ones.

Contrary to their current relictual distribution, confined to Namibia, South Africa, and Tanzania
(Adis et al. 2002; Klass et al. 2002; 2003; Picker et al. 2002; Zompro et al. 2002; Roth et al. 2014;
Wipfler et al. 2017), the mantophasmatids had a wider geographic distribution in the geologic



past, with their fossils known from the Middle Jurassic of China (Huang et al. 2008) and Eocene
Baltic amber (Zompro 2001). Thus, it is possible that the morphology of the mantophasmatodean
oothecae was more diverse in the geologic past. However, a remarkable morphological stasis in
their eggs has been recorded in the fossilized abdomen of the Juramantophasma sinica (Huang et

al. 2008). The abdomen of the holotype specimen from the Middle Jurassic (165 Ma) of Daohugou,
Inner Mongolia, China—representing a nearly complete adult female in compression—preserves

28 visible eggs (approximately 3.3 mm long, 1.6 mm wide) in parallel rows, with eggs showing the
circular hatching ridge and small spots on the chorion (Huang et al. 2008) that are also known
from extant species. It appears that the individual died shortly before the ootheca production and
oviposition, and became rapidly fossilized. Although the specimen does not include a deposited egg
pod, the clutch size, and the morphology of the eggs and their arrangements, are remarkably similar
to extant mantophasmatodean oothecae, suggesting a remarkable stasis in the species’ ovipositional
strategy over a long period of time.

Within the suborder Caelifera (Orthoptera), understanding the origin of oothecae requires
further study. Among its nine superfamilies (Acridoidea, Pyrgomorphoidea, Pneumoroidea, Trig-
onopteygoidea, Tanaoceroidea, Eumastacoidea, Proscopioidea, Tetrigoidea, and Tridactyloidea;
Song et al. 2015), we found descriptions of egg pods or mention of their presence in many
species belonging to the clade comprising the Acridoidea, Pyrgomorphoidea, Pneumoroidea,

and Trigonopterygoidea (Donelson et al. 2008; Kekeunou et al. 2015, 2020; Sultana et al. 2017,
2020; Shaikh and Sultana 2018)—although we were unable to find information regarding
ootheca production in the small superfamily Trigonopterygoidea, containing 21 species. This
clade represents nearly 75% of caeliferan species. In contrast, the remaining earlier-branching
superfamilies do not lay their eggs in cemented oothecae, or else insufficient information exists
to make meaningful inferences. Eggs in the superfamily Tetrigoidea—the second-most-specious
caeliferan superfamily—are laid in clusters but not in cemented pods, and eggs possess an
anterior chorionic horn or filament (Paranjape 1985; Ingrisch and Rentz 2009). The serrated
ovipositor valves in the Tetrigoidea also differ from the smooth acridoidean ones (Paranjape
1985). Some studies refer to Tetrigoidean egg clutches as egg pods (Forsman 2001; Steenman et
al. 2015), but these studies lack structural descriptions to determine if the clutches are deposited
in cemented pods. Morabine grasshoppers, belonging to the superfamily Eumastacoidea, also

lay their eggs in a coherent cluster but not in an egg pod (Blackith and Blackith 1966, 1969),

and they lack CGs that produce OSPs, per Blackith and Blackith (1966). We were unable to find
information on the presence of oothecae in the superfamilies Tanaoceroidea, Proscopoidea, and
Tridactyloidea, which collectively account for less than 5% of caeliferan species. Based on the
existing information, ootheca production within Caelifera appears to be a derived character that
evolved along the lineage leading to the speciose clade comprising Acridoidea, Pyrgomorphoidea,
Pneumoroidea, and Trigonopterygoidea; however, poor taxonomic resolution, especially for
species besides the agroeconomically significant Acridoidea and Pyrgomorphoidea, hinders

our understanding of the evolution of caeliferan ootheca. Additionally, endo- and exophytic
oviposition independently evolved several times among acridoid taxa that inhabit marsh and
wet tropical forest environments; in these taxa, ovipositor morphology also differs significantly
from that of the soil-ovipositing relatives (Braker 1989). Future studies on the origin of caeliferan
ootheca production and its potential ecological significance will enrich our understanding of this
reproductive strategy.

In summary, multiple lines of evidence preserved in the exquisite holotype specimen JODA
17384 and the additional 26 egg clusters reported here support the proposed caeliferan affinity
of Subterroothecichnus radialis isp. nov. and Curvellipsoentomoolithus laddi oosp. nov. This likely
represents the first and oldest unequivocal fossil evidence of underground grasshopper ootheca
(see below). The new ichnogenus Subterroothecichnus may have taxonomic correlations with
the grasshoppers and locusts (suborder Caelifera, order Orthoptera) as well as the hillwalkers



(order Mantophasmatodea), although it is possible that other insect taxa may have produced
underground egg pods in the past.

It has been suggested that one of the original roles of the dictyopteran ootheca was to prevent
eggs from desiccation (Cariglino et al. 2020; Du et al. 2022), as disturbance in the sclerotization
and melanization processes of the OSPs significantly increased water loss from the cockroach
ootheca, leading to their distortion (Du et al. 2022). Interestingly, most of the mantis species
that are known to bury their oothecae underground (see Taxonomic and Parataxonomic Correla-
tions, above) are from arid regions (Ehrmann 2011; Shcherbakov and Savitsky 2015), many
belonging to the families Eremiaphilidae and Rivetinidae (superfamily Eremiaphiloidea). It

has been speculated that burial of oothecae in soil prevents their desiccation and thus enable
species of Rivetina to occupy more arid areas compared to other mantids (Lindt 1993). Similarly,
Kiipper et al. (2019) noted that mantodean underground egg pods are highly resistant to heat and
desiccation, protecting the eggs from hot and dry summers.

In comparison, the adaptive functions of underground deposition of egg pods by caeliferans are
not yet fully understood. It is likely that they function in controlling water availability around

the eggs, at least in some capacity, although it is possible that their initial function wasn’t to
protect the eggs from aridity, as suggested for other underground insect oothecae. Eisner et

al. (1966) reported that the acridid oothecal secretion also tanned the eggs, and suggested that
the sclerotization and melanization processes may protect the eggs against water loss or water
intake. They further speculated that the plug region, made of the hardened oothecal froth and
intermixed airspaces, may provide a respiratory system when submerged by floods, similar to the
plastron respiration seen in some aquatic insects, or insulation against extreme temperatures.
Hunter-Jones and Lambert (1961) similarly noted that the frothy oothecal secretion protected
the eggs from excessive water. Braker (1989) even speculated that the evolution of oviposition on
host plants in some acridoid taxa that usually inhabit mesic environments may provide (together
with their depositional depth) an adaptive advantage against flooding because grasshopper eggs
are sensitive to water balance. There are some other lines of evidence suggesting their potential
function in protection from desiccation. According to Katiyar (1957), acridids lay their eggs in
xerophilic, mesophilic, or hygrophilic soils, with thicker and more rigid pod walls found in drier
sediments. As noted, the depositional depth of oothecae may also provide an adaptive advantage.
Stauffer and Whitman (2007) noted that xeric taxa tend to lay their egg pods at a greater depth,
whereas species from hydric habitats tend to lay shallow or even above-ground pods, suggesting
that ovipositional depth is another potential adaptive strategy against extreme temperatures and/
or desiccation. Deep deposition of the egg pods would protect them from desiccation, extreme
temperature fluctuations, egg predators and parasites, wind or flash-flood erosion, and/or wildfire
(Branson and Vermeire 2007; Stauffer and Whitman 2007). However, other factors, such as the
adult female body size, soil texture, and the surrounding vegetation, are known to affect the
ovipositional depth (Inglis et al. 1998; Herrmann et al. 2010).

Lastly, we found one other fossil record, possibly representing another example of fossilized
underground grasshopper oothecae, that could potentially be placed under the new ichnogenus
Subterroothecichnus. Meco et al. (2010, 2011) studied the numerous tubular concretions found in the
late Pliocene to Quaternary sediments in the Canary Islands Archipelago. These concretions are
2-3 cm long and 1 cm wide, closed at one end and open at the other, occurring in extremely high
densities exclusively within areas approximately 10 cm from the paleosol layers. They interpreted
such tubular concretions, repeatedly occurring in association with paleosol layers, to be acridian
egg pods, specifically resembling egg pods of Dociostaurus maroccanus, an extant temperate locust
species ranging across North Africa, southern and eastern Europe, and western and central Asia.
Meco et al. (2011) interpreted that the fluctuation in their abundance over time, coinciding with
interglacial or interstadial periods, represents repeated locust infestations. Interestingly, egg



pods of some locusts are known to contain pheromones that attract other females and facilitate
their synchronous oviposition in high densities (Saini et al. 1995; Mccaffery et al. 1998; Ferenz and
Seidelmann 2003), which may have contributed to the high abundance and density of fossilized
caeliferan egg pods found in the Canary Islands.

Importantly, Meco et al.’s (2010, 2011) egg pod concretions had previously been interpreted as
hymenopteran brood chambers (Ellis and Ellis-Adam 1993; Edwards and Meco 2000; Alonso-
Zarza and Silva 2002; Ortiz et al. 2006) or coleopteran pupal chambers (Genise and Edwards
2003; Ortiz et al. 2006), because their roughly tubular, but more ellipsoidal, overall morphology,
along with smooth and regular cell walls and nearly circular exit holes, also closely resembles
the hymenopteran brood chamber ichnogenera Celliforma or Palmiraichnus and the coleopteran
pupal chamber Rebuffoichnus. With these uncertainties, Genise et al. (2013) proposed a new
ichnotaxon Rebuffoichnus guanche to accommodate all specimens with the proposed orthopteran,
hymenopteran, or coleopteran affinities, and reinstated the coleopteran interpretation of the
structures. Many of them are in horizontal positions in soil, which aligns more with a coleopteran
interpretation than the proposed orthopteran affinity. However, La Roche et al. (2014) found
some hymenopteran cells belonging to the ichnospecies Palmiraichnus castellanosi among such
concretions, and it is currently unknown whether there are at least some concretions that can
be definitively identified as acridian egg pods. According to Meco et al. (2010), some of the
preserved concretions contained fossilized eggs, which they suggested support an acridian
oothecae interpretation. Microtomography of such specimens with preserved eggs within them
would clarify the proposed egg pod identity. Despite the close resemblance of the supposed
fossil acridian egg pods from the Canary Islands to those of the extant D. maroccanus, such

egg pod morphology is quite rare among the grasshoppers and locusts (Meco et al. 2011). This
demonstrates the complexity of interpreting biological affinities of ichnofossils, and suggests
that recognizing Subterroothecichnus could be challenging without preserved eggs inside. As the
taxonomic and functional interpretations of these Pleistocene specimens remain unresolved,
our holotype specimen studied herein, JODA 17384, represents the oldest and likely the first
unequivocal fossil evidence of a grasshopper ootheca.

Fossil insect eggs and ootaxonomy

Insect egg morphologies are extremely diverse, which is unsurprising considering the immense
taxonomic diversity and ecological success of insects, occupying an array of terrestrial environ-
ments. Many insect eggs are laid without parental care; thus, protection of this immobile

stage relies on the eggshell layers to cope with biotic and abiotic stresses, such as desiccation,
flooding, pathogens, and predation (Rezende et al. 2016). At the same time, the eggshell needs
to allow gas exchange and sperm entry, which are performed by structurally specific regions of
the eggshells known as the aeropyles and the micropyles, respectively (Hinton 1981; Chapman
1998; Rezende et al. 2016). Insect eggshells are highly organized and multilayered proteinaceous
composite structures, which can primarily be divided into the inner vitelline membrane and

the outer chorion, both produced by the ovarian follicular epithelial cells (Rezende et al. 2016).
The vitelline membrane contains a variety of proteins and is known to play a key role in water
retention and gas exchange, in addition to its protective function (Zhai et al. 2022). The chorion
plays a pivotal role in the protection of the embryo and in gas exchange, and in some insects also
contains proteins essential for egg maturation (Lou et al. 2018). The chorion is often subdivided
into the endochorion, which is largely proteinaceous, and the fibrous exochorion, composed
mainly of polysaccharides (Trougakos and Margaritis 2002). Chorion proteins are rich in glycine,
tyrosine, and proline, with the abundance of these amino acids associated with structural
functions (Irles and Piulachs 2011). Proline- and glycine-rich proteins are also abundant in
dictyopteran oothecae. Further subdivisions and additions of the layers are also known (see
Rezende et al. 2016 for more).



The chorion hardens at maturity and frequently has characteristic surface patterns. Chorionic
surface characters can be grouped into three categories: chorionic sculpturing, micropyle, and
attachment structures (Sierra et al. 1995). Many insect chorions have microscopic hexagonal
patterns which, per Mendoncga et al. (2008), reflect the impressions of the follicular epithelial
cells in the ovaries that produce them. In fossilized insect eggs, external features of this layer
become preserved in compression/impression, cast/mold, and fossils preserved in ambers. In
rare cases where eggs are structurally preserved, features of the internal surface (Hefmanovd et
al. 2013), and even the anatomical structures of the layered chorion (Fisher and Watson 2015),
are visible, showing a remarkable conservation in insect eggshell structure. An extensive amount
of research has been conducted on eggs of extant insects and their chorion characters, including
Southwood 1956, Hinton 1981, and Margaritis 1985. Consequently, ootaxonomy of extant insects
and comparative morphological studies of different groups are well advanced, in order to
distinguish insect taxa based on egg chorionic characters, especially for taxa of agroeconomic,
forensic, or public health interest (Mendonca et al. 2008; Al-Dosary et al. 2010). In addition

to this rich record of chorion ultrastructure, our understanding of the evolution and ecology

of insect egg morphology has improved significantly using more sophisticated statistical and
systematic approaches, owing to the recently developed large dataset of the egg morphology
(Church et al. 20193, 2019b; Donoughe 2022). For instance, oblately ellipsoidal insect eggs (aspect
ratio <1) are only found within Plecoptera and Lepidoptera; extreme asymmetry of eggs is found
in Condylognatha and Hymenoptera; and a high degree of egg curvature is found in Orthoptera,
Hemiptera, Hymenoptera, and Diptera, among extant insects (Church et al. 2019a).

Insect eggs are scarcely known from the fossil record, and those with ultrastructural preservation
are even rarer (Fisher and Watson 2015). Nonetheless, descriptions of fossil insect eggs with chori-
onic characters preserved from the Mesozoic and Cenozoic sediments have grown in number in
recent years, necessitating a more uniform descriptive and comparative system describing them.
Egg morphology and chorionic characters can sometimes provide their taxonomic affinities. For
instance, Gall and Tiffney (1983) described a fossil moth egg of the family Noctuidae from the

Late Cretaceous of Massachusetts based on the chorion sculpturing, and Sellick (1994) described
three species of phasmatodean eggs (Pseudophasmatidae: tribe Anisomorphini) from the Eocene
Clarno Nut Beds of Oregon (also within JODA), based on the presence of a detachable anterior
operculum and dorsal micropylar plate. More frequently, however, understanding the taxonomic
affinities of these phasmatodean eggs calls for careful assessment using the macromorphology,
ultrastructure (chorionic characters), and other associated trace fossils preserving ovipositional
behaviors. Although not all fossil insect eggs can be attributed to living groups of insects based on
their morphology, especially those from a deeper geologic past, comparisons with extant insect eggs
are necessary for a systematic understanding. The recent advancements in our understanding of
insect egg morphology using quantitative traits, as well as the extensive literature on extant insect
ootaxonomy using chorionic characters, can help us compare fossil insect eggs with extant ones
more easily for taxonomic correlations.

Many of the described fossil insect eggs are without a proper name orcertain taxonomic correla-
tions (Feng et al. 2022); rather, they are described simply on the basis of suggested taxonomic
affinities based on morphological features (Gall and Tiffney 1983; Hefmanovd and Kvacek 2010) or
by virtue of being preserved in association with the parent or larval insect and therefore having a
definitive taxonomic position (Huang et al. 2008; Wang et al. 2015; Chen 2022; Pérez-de la Fuente
et al. 2019; Chen and Xu 2022; Fu et al. 2022). Others are described with binomial names—though
without being attributed to any certain groups (Krassilov 2008)—or with certain taxonomic
affinities (Sellick 1994; Hetmanova et al. 2013; Fisher and Watson 2015) when their preserved
morphology provides sufficient characters for taxonomic correlations. A summary of selected
occurrences of fossil insect eggs preserving morphological details is provided in Table 2.
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The records known so far are geographically and stratigraphically restricted, although some are
known from more than one locality (e.g., Hefmanov4 et al. 2013). It is possible that the hitherto
known records may be isolated occurrences without further spatial or temporal correlations.
However, descriptions of well-preserved fossil insect eggs have been rapidly increasing in recent
years: 11 out of 16 examples have been described from 2010 onward (including the present

study; Table 2). The examples that we were able to locate demonstrate that fossilization of
insect eggs is not random but highly dependent on taphonomy, as well as on the insects’ ecology
and ovipositional strategy. Five occurrences are known from amber inclusion and the other 11
are from sedimentary rocks. Six occurrences represent eggs preserved either inside a female
abdomen, on an adult body representing brood care, or in close association with adult/larvae
body fossils, thus providing a direct taxonomic link to the species level; four are preserved within
or attached to leaves, representing endo- or exophytic oviposition; two are found in an organized
egg clutch (including the present study); and only four represent isolated findings of individual
eggs in sedimentary rocks.

It is likely that the scarcity of the findings of isolated small eggs is largely due to their size. However,
taxonomic misidentification can also play a role. Two out of the four records of isolated eggs
represent reinterpretation of specimens previously described as plant diaspores. Palaeoaldrovanda
splendens, originally described as a seed of a freshwater carnivorous plant in the sundew family
(Droseraceae) from the Late Cretaceous of the Czech Republic, has recently been reinterpreted

as an insect egg (Hefmanovd and Kvacek 2010). Similarly, Knoblochia cretacea, a Late Cretaceous
insect egg taxon from central Europe, was originally described as Spirellea kvacekii, belonging to

the monocot family Stemonaceae (Pandanales; Hefmanova et al. 2013). There is a large number

of diverse insect eggs that resemble plant diaspores (Hefmanova et al. 2013). In particular, eggs of
the stick insects are known to have high morphological resemblance to plant diaspores, and also a
possible ecological convergence in dispersal (Hughes and Westoby 1992; O’Hanlon et al. 2020). We
speculate that many fossil insect eggs may have been misidentified as plant diaspore mesofossils.
Historically, misidentification of paleoentomological structures as fossilized plant diaspores hasn’t
been uncommon: for instance, the type species of the organ genus Microcarpolithes, erected for
small diaspores of angiospermous affinities, has turned out to be an insect coprolite (Knobloch
1977; Tiffney 1984). Careful re-examinations of paleocarpological specimens and other mesofossils
using scanning electron microscopy (SEM) and/or microtomography may reveal additional
diversity of insect eggs from the geologic past.

Considering the close relationship between plants and insects throughout the Phanerozoic,

it is not surprising that a much richer fossil record exists for impressions of insect eggs pre-
served with plant tissues, representing endo- and exophytic oviposition. The earliest record

of insect egg impressions preserved on plant tissues extends back to the Pennsylvanian (see
Introduction). Such records have primarily been treated as trace fossils. Numerous traces of
plant-insect interactions, including oviposition, have been studied and classified into functional
groups according to morphological and topological characteristics (e.g., Labandeira et al. 2007).
Systematically, Vasilenko (2005) erected the ichnofamily Paleoovoididae to accommodate fossil
formations interpreted as invertebrate egg batches preserved on different parts of plants, under
the group Phagophytichnidea (fossil plant damages). Recently, the existing classification system
of fossilized insect traces on plants has been revised in accordance with the International Code
of Zoological Nomenclature, with a new subfamily Paleoexoovoidinae proposed for exophytic
ovipositions (Enushchenko and Frolov 2020). Krassilov (2008) used a different approach in
describing fossilized insect traces (which the author referred to as phyliostigmas) and applied
plant morphotaxa and the botanical nomenclatorial system in describing the traces. Between the
two systematic approaches, the ichnotaxonomic descriptions are more widely applied and also
more suitable for the insect traces than the botanical morphotaxa approach.



The rich trace fossil record of egg impressions on plant materials provides us with more informa-
tion about insect eggs from the geologic past, in addition to the structurally preserved fossils. When
well preserved, the egg dimensions as well as the overall shape can be extracted from such traces, in
addition to their ovipositional pattern. Chorionic characters would hardly be recognizable in such
impressions because plant tissues overlie the eggs and obscure the ultrastructure in endophytic
oviposition, as well as some exophytic oviposition, if the eggs are laid on the opposite side of the
exposed leaf surface. However, in rare cases of exceptional preservation, chorions are structurally
preserved in association with plant fossils: attached to plant surface or cuticle (Krassilov 2008; Pott
et al. 2008; Fisher and Watson 2015) or in between the adaxial and abaxial cuticle (Feng et al. 2022).
Such examples not only preserve impressions of eggs and their ovipositional patterns, but also the
fine chorionic details, which are important in studying and classifying extant insect eggs. Currently,
there is no uniform approach in differentiating the structurally preserved egg remains from

their impressions left on fossil plants. Structurally preserved chorions are sometimes described
using organ- or morphotaxonomic practices (e.g., Krassilov 2008; Fisher and Watson 2015), but
ichnotaxonomy is also used (e.g., Enushchenko and Frolov 2020). In the latter, the ultrastructure

of the preserved eggs can be overlooked as the ichnological approach tends to focus more on the
traces of eggs and their arrangement. For example, the recently described ichnospecies Paleoovidus
vasilenkoi preserves fragments of two closely spaced eggs, which appear to preserve chorionic
ultrastructure (Enushchenko and Frolov 2020, Figure 2). However, such microscopic details are not
included in the descriptions.

Establishing an organizational system of fossil insect eggs that preserve distinct morphological
characters and/or chorion ultrastructure would aid researchers in making geographic, strati-
graphic, and taxonomic comparisons more easily. A similar problem has been addressed in
vertebrate paleontology by using a parataxonomic system, namely ootaxonomy. According to
Mikhailov et al. (1996), binomial nomenclature of fossil vertebrate eggs has been widely practiced
beginning in the 1950s by Chinese paleontologists, followed by other researchers in the 1990s.
However, due to the varying methodologies and criteria for egg identification and description,
challenges arose regarding taxonomic, geographic, and stratigraphic correlations, as well as
paleobiological interpretations. Thus, a more uniform parataxonomic approach, ootaxonomy,
has been practiced starting in the late 1980s, which enabled geographic and stratigraphic
correlations of fossil eggs, as well as improved our understanding of their paleobiological and
paleoecological inmplications. Ootaxa are described based on their morphology, including the
shape, pore systems, and sculpturing of the shell’s outer surface, and the root oolithus—meaning
stone egg—is included in the oofamily and oogenus of egg parataxa to distinguish them from
animal taxa (Mikhailov et al. 1996). Mikhailov and colleagues noted that structural differences
in the eggshells reflect systematic relations in their producers; thus, fossil egg parataxa are not
arbitrary, but instead closely reflect phylogenetic relationships.

This approach has yet to be adopted for describing fossilized invertebrate eggs. In addition
to their small size, their compositions make them much less likely to be fossilized (Zaton et
al. 2009) compared to the calcareous shells of the amniotic eggs. However, many insect eggs,
similar to amniote eggs, have successfully adapted to their terrestrial environments, with a
more structurally rigid and protective eggshell. Additional ovipositional strategies may also
improve the structural rigidity of these insect eggs, thus increasing the likelihood of their
fossilization (see below). A tremendous morphological diversity exists among insect eggs, yet
they can readily be compared across distant lineages using quantitative traits (Church et al.
20193, 2019b), which is comparable to the ootaxaonomic system of fossil amniote eggs. The
number of known occurrences of fossil insect eggs with fine preservation has grown rapidly,
and the number will likely continue to increase. Thus, we advocate for adopting ootaxonomy
in describing fossil insect eggs, including a more uniform descriptive language, similar to the



practice already followed in studying amniotic eggs. The potential application of ootaxonomy
in fossil eggs of invertebrate origin has already been noted by Mikhailov et al. (1996: 763).

We propose a single oofamily Entomoolithidae for fossilized insect eggs with preserved distinctive
morphological characters and/or ultrastructure. The 16 examples summarized in Table 2 including
C. laddi, as well as other similar examples with better chorionic descriptions, including the exo-
phytically preserved P. vasilenkoi (Enushchenko and Frolov 2020), would fit into the new oofamily.
We suggest including the root enfomoolithus in the oogenus names, to distinguish them from
animal taxa as well as other amniotic ootaxa. Although the number of known fossil insect eggs

has increased rapidly and likely will continue to grow, the eggs are less likely to be fossilized than
amniotic ones. Considering the taphonomy and the number of known occurrences thus far, we
propose a single oofamily for now, but the number may grow in the future with more discoveries.
This is also comparable to the family-level classification of the ichnofamily Paleoovoididae,
representing impressions of invertebrate egg clutches preserved on various plant parts (Vasilenko
2005; Enushchenko and Frolov 2020). The largest known living insect egg is approximately 16.5 mm
long and 3 mm wide, belonging to a xylocopine carpenter bee (Church et al. 20193, 2019b), which
provides a rough upper boundary of consideration.

We suggest that diagnoses of fossil insect ootaxa include the following defining egg traits when
preserved, as defined by Church et al. (20193, 2019b): length, width and/or breadth, aspect
ratio, asymmetry, and angle of curvature. The egg volume is also a defining trait in Church et

al. (201923, 2019b), but it can readily be calculated from the length and width. Such quantitative
traits measured from fossil eggs can readily be compared to the large dataset of extant insect egg
morphology, encompassing over 6,700 species. The key trait values of the selected occurrences
that would be placed under Entomoolithidae are provided in Table 2. Values with asterisk

signs indicate that they were not provided in the written descriptions and are calculated from
accompanied figures. “N/A” is used when there was no given value and figures cannot provide
sufficient details for measurement. Many written descriptions are missing the aspect ratio,
asymmetry, and degree of curvature. We also suggest providing detailed measurements of
length and width in a range, as the current descriptive languages vary in their precision, and
many are given as approximations. Describing fossil insects using a set of qualitative characters
and uniform descriptive language, in accordance with the extant insect egg descriptions, will
allow us to quantitatively compare them to the eggs of living groups for taxonomic correlations.
Additionally, chorion characters, such as the chorion sculpture, micropyles, attachment struc-
tures, and other ultrastructures should be described, when preserved, using descriptive termi-
nology similar to that as reviewed and practiced in Fisher and Watson (2015).

The key traits used for identifying insect eggs differ from the amniotic eggs. In amniotic eggshells,
differences in the structural organizations of biocrystalline materials are distinctive among different
groups, providing an important key for taxonomic correlations (Mikhailov et al. 1996). Therefore,
making histological examinations is important in identifying vertebrate eggs. In contrast, extant
insect ootaxonomy is mostly based on the chorionic ultrastructure, which is externally available for
examination. Thus, not all the 16 selected occurrences of fossil insect eggs presented in Table 2 that
would fit under the newly proposed oofamily Entomoolithidae have structurally preserved eggshells
showing distinct eggshell layers. Instead, these occurrences preserve the overall egg morphology,
from which most of the defining egg traits sensu Church et al. (2019a, 2019b) can be measured, as
well as distinctive morphological and/or chorionic characters, which are important in identifying
and classifying insect eggs. Therefore, the selected examples include some structurally preserved
specimens, but also casts preserving identifiable morphological details as well as compressions
preserving fine morphological details. Rare cases of preserved chorions from endo- or exophytic
ovipositions are also included, as they represent the actual egg. Such chorionic ultrastructures
wouldn’t be preserved in most ovipositional impressions in the ichnofamily Paleoovoididae



because the plant tissues usually overlie the eggs and their chorionic ultrastructure. However,
their morphology, when distinctive enough, can also help making taxonomic correlations to the
ichnotaxa as well; thus, we recommend that the descriptions of the traces of endo- and exophytic
oviposition also include the quantitative measures of the defining egg traits sensu Church et al.
(20193, 2019b). Taxonomic identification of fossil insect eggs can significantly improve when
ichnological evidence is preserved together, such as the arrangement of egg clutch, ovipositional
patterns, or the presence of oothecae. Examining the specimen of interest using both oological
and ichnological evidence may be needed to better understand their taxonomic affinities, as in the
present study.

Lastly, it is worth noting that certain ovipositional strategies may increase the likelihood of
fossilization of the laid eggs. Grasshopper oothecal secretions not only provide the structural
rigidity of the protective oothecae through sclerotization and melanization, but also result in the
tanning of the eggs, which further sclerotize them and make them more impermeable (Eisner

et al. 1966). This may have contributed to the preservation of C. laddi described herein, which

are frequently found in clusters with (sub)parallel orientations. Additionally, in other groups of
insects the colleterial glands, responsible for the production of oothecal structural proteins in
the dictyopterans, as well as other reproductive glands, also produce a viscous adhesive secretion
that coats eggs, helping them stick to various substrates. Such secretions are also known to
become hardened upon contact with the air (Berry 1968), which can increase the structural
rigidity and thus the likelihood of fossilization. The four previously described fossil insect eggs
that are found as isolated specimens (Gall and Tiffney 1983; Sellick 1994; Hetmanova and Kvacek
2010; Hefmanova et al. 2013) have a phasmatodean or lepidopteran affinity or have morphological
resemblance to both groups. Their extant members are known to coat their eggs with adhesive
secretions (Berry 1968; Biischer et al. 2020), which may have aided their fossilization. Studying
the ovipositional behavior and ecology of extant insects may help us better understand the
preservational biases in fossil insect eggs.

An unusual preservation in a cooling and drying environment

The John Day Basin of eastern and central Oregon preserves remarkably complete terrestrial
sedimentary sequences from the middle Eocene to upper Miocene (ca. 47-7 Ma). The upper
Eocene to lower Miocene John Day Formation is subdivided into seven members—Big Basin,
Turtle Cove, Kimberly, Haystack Valley, Balm Creek, Johnson Canyon, and Rose Creek—in
successive order (Albright et al. 2008). Abundant plant fossils are known from the early Oligo-
cene Bridge Creek flora of the Big Basin Member, but few vertebrate remains are known from

it (Samuels et al. 2016; Jacisin and Hopkins 2018). In contrast, the overlying Turtle Cove and
Kimberly members yield few fossil plants but preserve an exceptional collection of Oligocene
fauna (Fremd 2010; Graham 2014). The Bridge Creek flora, preserving at least 125 species that
inhabited a lake margin environment, includes mostly broad-leaved deciduous trees, several
conifer species, with Metasequoia being the most common, as well as ferns and horsetails, and is
taxonomically and physiognomically comparable to the mixed mesophytic forests of the mesic
region in East Asia today (Meyer and Manchester 1997). This flora marks the transition from a
warmer Eocene (sub)tropical climate, exemplified by the boreotropical Clarno Nut Bed flora
from the underlying Eocene Clarno Formation (Dillhoff et al. 2009), to a cooler, more temperate
climate in the early Oligocene (Manchester and Meyer 1987; Meyer and Manchester 1997;
Manchester 2000; Dillhoff et al. 2009). The Eocene-Oligocene transition (ca. 34 Ma) represents
a climatic shift from a largely ice-free greenhouse to an icehouse climate, involving global
cooling and the first major glaciation of Antarctica (Hutchinson et al. 2021), during which the
exceptionally preserved floras and faunas of the John Day Formation were deposited. However,
it has been suggested that global vegetation change across this transition was spatially and
temporally heterogeneous in both hemispheres and does not represent a single response to rapid
cooling (Pound and Salzmann 2017).



A significant portion of JODA’s fossil specimens comes from the highly fossiliferous Turtle Cove
Member (ca. 31.45-26.6 Ma), yielding approximately 6,800-13,800 catalogued paleontological
specimens (Kort and Famoso 2020). It consists of interbedded soft claystone, siltstone, and
blue-green zeolitized tuffaceous claystones (Fremd 2010). Remains of fossil plants are poorly
known, although vegetative and reproductive remains belonging to Ulmaceae, Cannabaceae,

and Rosaceae have been recovered (JODA 13070: Chaney 1925; Fremd 2010; Graham 2014;
Retallack and Samuels 2020). The exceptional Oligocene Turtle Cove fauna includes about 82
vertebrate genera representing reptiles (tortoise, snake, and worm lizards), birds, and almost

74 species of mammals, ranging from marsupials to various carnivorans, ungulates, rodents,

and lagomorphs (Leidy 1871; Cope 1873, 1884; Marsh 1874; Hay 1908; Shufeldt 1915; Stock and
Furlong 1922; Stirton and Rensberger 1964; Berman 1976; Dingus 1990; Fremd 2010; Korth and
Samuels 2015; Prothero 2015; Samuels et al. 2015; Famoso et al. 2016; Korth and Cavin 2016;
Famoso 2017; Jewell 2019; Paterson et al. 2020; Samuels 2021; Famoso and Orcutt 2022). Famous
elements include Miohippus, an important early horse species that advanced understanding of the
evolution of horses (Marsh 1874; Famoso 2017), the false saber-toothed feliforms of the family
Nimravidae (Albright et al. 2008; Barrett et al. 2021), and the last known North American primate
Ekgmowechashala until the arrival of humans ca. 25 million years later (Samuels et al. 2015).

Many of the paleoenvironmental interpretations of the John Day Formation come from the
analyses of paleosols. Paleosols from the Clarno Formation and the Big Basin and Turtle

Cove Members of the John Day Formation display a stepwise change from ultisol- to alfisol-
to inceptisole-like paleosols, representing the climatic and biotic shifts from the humid
subtropical Eocene to the subhumid or dry and temperate Oligocene conditions (Bestland et
al. 1997; Retallack 2004; Retallack and Samuels 2020). The transition from the non-calcareous
alfisol- and inceptisol-like paleosols to calcareous inceptisol- andandisol-like paleosols occur-
ring around the boundary between the Big Basin and the Turtle Cove Members (ca. 30 Ma)

is thought to reflect the mid-Oligocene global cooling (Bestland et al. 1997). Specifically, the
occurrences of shallow calcic (Xaxuspa and Yapaspa) and deep calcic (Xaxus and Yapas)
pedotypes, formerly vitrand soils (grass-shard-rich andisols), in the lower Turtle Cove Member
suggest a wooded grassland environment (Retallack 2004; Retallack and Samuels 2020).

The gradual environmental shift towards cool and dry conditions throughout the Turtle Cove
Member, transitioning from a woodland to an open forest environment, similar to the underlying
Bridge Creek flora, fostered browsers, like three-toed horses, mouse-deer, burrowing beavers, and
oreodonts; grazers, like the two species of the rhino Diceratherium; carnivores, including many
species of canids, bear-dogs, and nimravids; as well as some arboreal animals, including tree
squirrels and a primate (Albright et al. 2008; Fremd 2010; Korth and Samuels 2015). Remarkably,
the Turtle Cove Member has 13 described species of dogs (Canidae), representing the most
diverse canid assemblage known to date (Tedford et al. 2009; Fremd 2010). Its gradual transition
into more open vegetation also provided more habitats for an array of fossorial animals: the
burrowing beavers Palaeocastor peninsulatus and Capacikala gradatus that used scratch-digging
behavior and/or flattened incisors represent the first appearance of burrowing mammals in
Oregon (Korth and Samuels 2015). Soon after, gophers diversified and the specialized tooth-
digging beaver Palaeocastor fossor appeared (Samuels and Valkenburgh 2009; Korth and Samuels
2015). The small entoptychine gophers and the larger burrowing beaver P. fossor likely partitioned
their niche by preferring different soil depth and consistency, as seen in extant rodents (Nevo
1999: 413). Additionally, trace fossils belonging to ichnogenera Edaphichnium and Taenidium,
representing earthworm chimneys and cicada burrows, respectively, are known from the Turtle
Cove Member (Retallack 2004; Retallack and Samuels 2020). Subterroothecichnus radialis igen. et
isp. nov. and Curvellipsoentomoolithus laddi oogen. et oosp. nov., newly described herein, further
support that the Turtle Cove Member had complex and thriving underground communities, in
addition to diverse and heterogenous above-ground landscapes.



It is likely that the oviposition and the formation of the egg pods occurred in a riparian environ-
ment. The holotype JODA 17384 as well as several other partial egg clutch specimens are preserved
in a more sandy matrix, which would represent fluvial channel deposits. The underground depo-
sition of the egg pods near the banks would have helped their preservation when a flood further
buried them and created an anoxic environment for their fossilization. Extant female grasshoppers
lay their eggs in xero-, meso-, and hygrophilic soils (Katiyar 1957), although some species are
known to prefer moist sand over all other soil types of different moisture levels, and to avoid
completely dry soil (Edwards and Epp 1965). Additionally, several grasshopper taxa have radiated
into freshwater environments globally, including floating aquatic vegetation, plants adapted to
flooded zones, and vegetation on floodplains and shores of running rivers (Amédégnato and
Devriese 2008). Hieroglyphus concolor, the aforementioned grasshopper species whose egg pod
bears a close resemblance to those of S. radialis (Katiyar 1957; Figure 5D), is known to inhabit
marshy environments, wet ditches, and grassy banks, although it is unknown yet whether there is
any correlation between H. concolor habitat preference and egg pod morphology. We speculate that
the JODA 17384 specimen, as well as other 26 isolated egg clutches, were laid near the banks and
subsequently buried by floods.

Grasshoppers play a pivotal role in extant ecosystems. For instance, grasshopper species have the
largest faunal populations in grassland ecosystems (Guo et al. 2006). As primary consumers, they
can accelerate nutrient cycling, influence soil microbial and mycorrhizal symbiont communities,
and increase primary productivity in the long term (Belovsky 2000; Kula et al. 2005; Ibanez et

al. 2023). Also, grasshoppers support communities of secondary or higher-level consumers, such
as predaceous and parasitoid insects, spiders, amphibians, reptiles, birds, and various mammals,
including mice, rats, shrews, gophers, and badgers (Belovsky and Slade 1993; Hostetter 2000).
Grasshopper egg pods are also consumed by several animals: larvae of several species of ground
beetles (Coleoptera: Carabidae), blister beetles (Coleoptera: Meloidae), bee flies (Diptera: Bom-
byliidae), as well as many burrowing and non-burrowing, omnivorous and insectivorous mammals
(Hostetter 2000). Several Scelio species of the large and cosmopolitan egg parasitoid wasp family
Scelionidae are known parasitoids of grasshopper eggs (Dysart 1995; Baker et al. 1996). Although the
occurrences of Curvellipsoentomoolithus laddi oosp. nov. throughout subunits A-H of the Turtle Cove
Member are not conclusive evidence of the grasshopper’s presence throughout the member, it is
likely that such isolated or clustered specimens of C. ladds, frequently in (sub)parallel orientations,
come from grasshopper egg pods and represent a relatively stable caeliferan presence in the Turtle
Cove fauna. Grasshoppers and their eggs could have been preyed upon by various insectivores
known from the Turtle Cove Member, including shrews, moles, and the Oligocene insectivore
Micropternodus (Russell 1960; Albright et al. 2008; Fremd 2010; Famoso et al. 2016), as well as

an array of rodents (Fremd 2010; Korth and Samuels 2015). Overall, Subterroothecichnus radialis
igen. et isp. nov. and Curvellipsoentomoolithus laddi oogen. et oosp. nov., newly described from the
exquisitely preserved caeliferan ootheca in John Day Fossil Beds National Monument, enrich our
understanding of the ecology and environment of the Turtle Cove Member, as well as the diversity
of past life.
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