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Premise of research. Even though the fossil record of oviposition provides a rich archive of plant resource use,
it is deficient for a fundamental reason. Very fewanalyzable oviposition data have been collected, particularly from
the preangiospermous Mesozoic.

Methodology. From northeastern China, we investigated 1817 plant specimens of the Early Cretaceous
Jehol Biota (125 Ma), of which 60 specimens exhibited ovipositional damage; 3886 specimens of the Middle
Jurassic Yanliao Biota (165 Ma) revealed 296 specimens with ovipositional damage; and 408 specimens from
the Late Triassic Beipiao Biota (205Ma) yielded 19 specimens with ovipositional damage. First, we analyzed her-
bivore ovipositor structure of 68 Jehol and Yanliao insect species, resulting in nine ovipositor morphotypes. Sec-
ond, we analyzed oviposition lesions of plant specimens from all three biotas, yielding 15 oviposition damage
types (DTs). Third, we linked ovipositor morphotype to oviposition DTs.

Pivotal results. The most heavily oviposited Jehol plant group was conifers, particularly Liaoningocladus
boii; Equisetites (horsetails) were subordinately attacked. For the Yanliao Biota, the most intensely oviposited
plant group was bennettitaleans, particularlyAnomozamites, responsible for 46.6% of all ovipositor associations
in the total Jehol-Yanliao-Beipiao data set. The coniferYanliaoa and the ginkgophyteGinkgoites had subordinate
levels of oviposition. The Beipiao Biota revealed a more balanced distribution of oviposition, with cycads and
ferns having the greatest ovipositional damage.

Conclusions. These three time slices, separated by two 40-million-year intervals, indicate major shifts in
oviposition preferences. An examination is warranted into the factors promoting the pronounced oviposition
levels on Yanliao Anomozamites, a bennettitalean.

Keywords: bennettitalean, damage type, endophytic oviposition, Jiulongshan Formation, Paleoovoidus, Yixian
Formation.
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Introduction

Insects use plants as resources in a variety of trophic ways, the
most common of which is the antagonism of herbivory (Singer
1984). Twoothermajor trophicmodes of resource use by insects
are mutualisms that involve consumption of nectar and/or pol-
len essential in pollination (Bronstein 2015) and seed predation
for dispersing plant embryos to new sites (Forget et al. 2004).
Nontrophic uses of plants by insects include mimicry to avoid

predation (Chopard 1938; Mugrabi-Oliveira andMoreira 1996;
Barker et al. 2005) but also interactions such as domatia and leaf
folds, rolls, and cases that combine provision for shelter with ac-
cess to food (Johnson and Lyon 1976; O’Dowd and Willson
1989). Perhaps most important in the use of plants primarily
as shelter is oviposition. For oviposition, plant surfaces and
deeper tissues are substrates for egg laying (Hinton 1981; Braker
1989) but advertently incur a wealth of microecological processes
and their associated feedbacks that determine how the egg-
laying and egg-reposing processes are deployed in time, space,
and host plant substrate. The process of oviposition incurs the
twin liabilities of dealing with host plant protective responses
and avoidance of predators and parasitoids (Chew andRobbins
1984; Janz 2002). For oviposition, female insects access the costs
and benefits of life-history traits such that only those sites are se-
lected for oviposition that favor growth and survival of offspring
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(DennoandDingle1981).Asovipositing insectsoccur invirtually
all terrestrial and some aquatic habitats (Wesenberg-Lund1943),
the availability of plants at local sites determines choices for food,
shelter, and oviposition (Craig et al. 1988; Lambret et al. 2015).
Because there often are elevated levels of insect-mediated ovipo-
sitional damage on plants, many plants respond by producing an
armamentarium of corresponding chemical (Janz 2002; Hilker
et al. 2005) and physical (Constant et al. 1996; Lokesh and Singh
2005) defenses against insects to seal off intrusions into tissues
and to avoid future attack.

Although insects lay eggs in plant tissues as a nonnutritive
plant resource, the nature of the oviposition-plant interaction
and its subsequent effects is analogous to that of herbivory
(Scheirs and De Bruyn 2002). As in herbivory, there is mod-
ification of pristine photosynthetic tissue into a metabolically
marginal or useless by-product, such as production of callus and
scar tissue and subsequent necroses from pathogens (Sinclair
et al. 1987). The emission of airborne volatiles that are detected
by predators and parasitoids minimizes the ovipositional load
on host plants (Feeny et al. 1983; Dwumfour 1992). The record
of oviposition and mouthpart-inflicted damage is significant in
revealing patterns of host plant use based on a variety of time-
scales and the presence of culprit insect-ovipositing lineages (La-
bandeira 2006a, 2006b). As in herbivory, the pattern of insect
egg laying is divided into twomajormodes. There is more or less
the passive deposition of eggs on plant surfaces, known as ex-
ophytic oviposition, commonly with some modification of sur-
face tissues (Severson et al. 1991). The second mode is penetra-
tive intrusion into living, and rarely dead (Martens 1992), plant
tissues, known as endophytic oviposition (Guido and Perkins
1975; Corbet 1999). It is for these reasons that oviposition has
informally been considered a token for herbivory and that the
rich fossil recordofoviposition is comparably as valuable asother
forms of herbivory, such as surface feeding, piercing and suck-
ing, and leaf mining (Labandeira et al. 2007) in deciphering how
insects have historically used live plants.

Paleobiological approaches of examining oviposition in the
deep fossil record provide a methodology that is complimen-
tary in many ways to biological approaches of examining mod-
ern oviposition. Recent paleobiological methods in studies of
plant-insect interactions (Labandeira et al. 2007; Gnaedinger
et al. 2014) emphasize broad synecological patterns of oviposi-
tion within (Schachat et al. 2014; Labandeira et al. 2018; Xu
et al. 2018) and across (Ding et al. 2015; Labandeira et al.
2016) biological communities. These patterns document plant
hosts and their insect-inflicted damage but not insect culprits.
By contrast, modern biological methods stress an autecological
approach wherein the focus is on the physiological, behavioral,
and ecological aspects of oviposition facilitated by individual
insects (Sankaran et al. 1966). Such methods often delve into
the particular nature of the plant host response (Shively 1948;
Mumm et al. 2003). Nevertheless, given amajor literature of in-
sect body fossil descriptions extending for about 150 years in the
recent expanding field of plant-insect interactions, there has not
been a study linking ovipositor structure of specific insect taxa
with plant damage occurring in the same deposit. Few localities
meet the criteria for such studies, and fossil deposits necessarily
require three conditions thatwould suffice for associating ovipo-
sitional lesions on plants with ovipositor structure. First, both
plant and insect fossils need to be present in sufficient abundance

and diversity in the same strata. Second, the deposit should rep-
resent a time interval and location thatwould provide a tractable
answer to an interesting evolutionary or ecological question.
Third, the deposit should be of sufficient preservational quality
of plant and insect fossils that robust data could be obtained.
Two of the three mid-Mesozoic deposits of northeastern China,
mentioned below,meet these requirements and follow the broad
outlines of a previous study that examined patterns of herbivory
on broad-leaved conifers from the same three deposits (Ding
et al. 2015).

The formal classification of insect feeding on fossil plants
initially was based on ichnotaxonomic nomenclature (Vjalov
1975). Since Vjalov’s (1975) seminal work, the compass of in-
vestigation has been expanded considerably (Straus 1977; Gi-
vulescu 1984; Zherikhin 2002) and continually has been up-
dated (e.g., Krassilov et al. 2008). For oviposition, the history
of discovery has involved descriptions of single occurrences of
plant damage, with a sustained focus on Mesozoic European
material (Roselt 1954; Kelber and Geyer 1989; Grauvogel-
Stamm and Kelber 1996; van Konijnenburg-van Cittert and
Schmeißner 1999; Béthoux et al. 2004; Pott et al. 2008; Laaß
andHoff 2015). This approach has been complemented bymore
synthetic contributions (Vasilenko and Rasnitsyn 2007; Sarzetti
et al. 2009;Gnaedinger et al. 2014). Two recent proposals, how-
ever, are relevant for recent and future studies of oviposition
in the fossil record. The first suggestion is that complete de-
scriptions should be available to document and describe the mor-
phology of ovipositors from suspected producers of insect dam-
age on fossil plants (Zherikhin 2002). A second proposal is that
distinctive oviposition damage on plants should be accepted as
valid ichnotaxa and described within the formal system of fossil
insect traces (Vasilenko 2005). Such proposals would validate
almost all of the damage type (DT) assignments mentioned in
this report, found in the current version of the Damage Guide
(Labandeira et al. 2007) and its supplements. These two steps,
as well as more extensive documentation of insect ovipositor
structure and ovipositional damage in fossil biotas, would pro-
vide a more complete and rigorous approach toward under-
standing the relationship between oviposited plants and their in-
sect culprits in deep time (Le Pape and Bronner 1987). Fossil
insect oviposition data—from both insect causation and plant
response perspectives—can provide ecological and evolution-
ary links among plant-insect relationships, insect reproduc-
tive biology, plant physiological and biochemical responses,
and understanding of paleoenvironments in deep time (Vasilenko
and Rasnitsyn 2007; Krassilov and Shuklina 2008; Na et al.
2014).

In this report, we expand on previous studies by tracking the
frequency and diversity of oviposition DTs and assess the degree
of plant host specificity across three Mesozoic time slices in
northeasternChina. In our account of the patterns of oviposition
on these vascular plant hosts, we establish new records through
examination of ovipositional damage and document specifically
the targeting of particular plant groups and the responsible in-
sect lineages. This linkage will be accomplished by describing
the uniqueness of ovipositor lesions on plants with reference
to the DT system (Labandeira et al. 2007) and by reference to
knownovipositor shapes, sizes, lengths, denticulation, and other
features causing the ovipositional damage. Last, we evaluate
patterns of ovipositional damage to host plants in each of three
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time slices, examining features such as culprit insect lineages,
host plant specificity, and tissue partitioning. Documentation
of the deep evolutionary history of associations between vascu-
lar plants and their ovipositing insect interactors is an essential
prerequisite for testing hypotheses about the macroevolutionary
dynamics of this fascinating plant-insect interaction (Labandeira
2002a).

A Brief Overview of Fossil Oviposition

The fossil record of insect oviposition commences during the
Pennsylvanian Subperiod (Late Carboniferous) of the late Paleo-
zoic. Pennsylvanian oviposition occurrences have been docu-
mented on stems of Calamites cistii and other calamite sphenop-
sids (Weiss 1876; Béthoux et al. 2004; Xu et al. 2018). This
distinctive oviposition pattern was caused by an unknown insect
lineage, most likely large paleodictyopteroids or odonatopteran
dragonflies (Labandeira2006a), given theexceptionally largeovi-
position lesion lengthsofupto4cm.Asingledamselfly-likecluster
of oviposition lesions also was recorded on a cordaite leaf at the
end of the Pennsylvanian (Laaß and Hoff 2015). Permian oc-
currences were more varied and overwhelmingly targeted leaves
rather than stems, apattern thatmirrors the occurrences of insect
galls during the same time interval (Schachat and Labandeira
2015). From the Cisuralian of north-central Texas, major ovipo-
sition occurrences were on callipterid peltasperm and taeniop-
teroid foliage (Schachat et al. 2014, 2015), the former a seed fern
and the latter either a fern or a seed plant. Also from the
Cisuralian, inGermany, oviposition scars have been documented
on cordaitalean foliage, other seed plant stems, and a distinctive
oviposition scar that appears on the sphenophyte Equisetites
foveolatus (Potonié 1893; Roselt 1954). Later during the Perm-
ian, a variety of oviposition DTs were found on glossopterid fo-
liage inGondwana, initiallywith occurrences from theCisuralian
of South America that range from oviposition marks parallel to
secondary veins (Adami-Rodrigues et al. 2004a, 2004b) to very
distinctiveU-shaped scars onmidribs (Gallego et al. 2014).Other
patterns in younger mid-Permian floras from the La Golondrina
Formation of Santa Cruz Province, Argentina (Cariglino and
Gutiérrez 2011), include at least seven oviposition DTs on pteri-
dosperm leaves of Kladistamuos and Glossopteris (Cariglino
2018). LaterGuadalupian toLopingian deposits exhibit a variety
of ovipositional types on glossopterid foliage from South Africa
(Prevec et al. 2009, 2010; McLoughlin 2011), India (Srivastava
1987; Shah 2004; Srivastava andAgnihotri 2011), andAustralia
(Beattie 2007).Considerably less oviposition is documented from
the later Permian; most of what is known comes from the north-
ern continent of Laurussia, including a notable record of oviposi-
tion on a leaf of the possible peltasperm Pursongia (Vasilenko
2011). It is notable, though, that the mid- to late Permian of
Gondwana exhibits a high level of oviposition but low levels of
herbivory on glossopterids (Prevec et al. 2009). This pattern is in
distinct contrast to an opposite condition on plants of similar
age inLaurussia, such as ferns, seed ferns, cycadophytes, conifers,
and plants of uncertain affinities (Labandeira et al. 2016).

For theMesozoic, a variety of ovipositional damage has been
described from Triassic stems and foliage, principally sphenop-
sids and seed plants, from deposits in Gondwana or along equa-
torial Pangaea bordering the Tethys Ocean. The Middle to Up-

per Triassic of European Pangaea has been intensively studied.
Several examples of oviposition were recorded from Germany
on different taxa of Middle Triassic sphenopsids (Roselt 1954;
Geyer and Kelber 1987; Kelber and Geyer 1989) and on foliage
of the seed plant Taeniopteris angustifolia Schenck from Ger-
many (Kelber 1988) and France (Grauvogel-Stamm and Kelber
1996). Also from the Middle Triassic, several Anisian and Ladi-
nianflorasfromtheBletterbachAreaofnortheasternItaly indicate
a broad spectrum of six oviposition DTs, principally on cycado-
phytes and pteridosperms and marginally on ferns and conifers
and indicating a more expanded pattern of host targeting com-
pared to earlier Permian floras in the same region (Labandeira
et al. 2016). An oviposition association between a lycopsid host
IsoetitesmadygensisMoisanetVoigt,aquillwort,andadamselfly
has beendescribed fromthemiddle toupperMadygenFormation
of southwestern Kyrgyzstan (Moisan et al. 2012). From the lower
Carnian of Austria are exquisitely preserved, distinctive egg-
containing ovipositional lesions on the bennettitalean Nilsso-
niopteris haidingeri Stur ex Krasser, which likely were caused
by a dragonfly (Pott et al. 2008). Fromprobably slightly younger
deposits from the Carnian Molteno Formation of South Africa,
there are host presumptive circular leaf mines on broad-leaved
conifer foliage (Scott et al. 2004) thatmore likely are attributable
to ovipositional damage (Labandeira 2006b). Currently, the
most documentedMolteno site for oviposition is the 188 occur-
rences at Aasvoëlberg 411 (Aas411), a speciose and abundant
Molteno site from the Eastern Cape Province. Aas411 provides
evidence for four ovipositional DTs: DT72 and DT108 that oc-
cur on sphenopsid stems, responsible for 44.1% of the oviposi-
tion, and DT76 and DT100 on the broad-leaved conifer Heidi-
phyllum elongatum (Morris) Retallack, consisting of 55.9% of
ovipositional occurrences (Labandeira et al. 2018). Equisetites
bradyfi Daugherty from the late Carnian or more likely earlier
Rhaetian of the United States exhibits a few oviposition types
on various hosts (Ash 2005, 2009). Webb (1982) also docu-
mented one of the few examples in the fossil record of exophytic
oviposition on a leaf surface of theMiddle Triassic fern “Dictyo-
phyllum.” Single occurrences of oviposition from the Middle
Triassic include the seed plantTaeniopteris parvilocusAnderson
andAnderson fromAustralia (McLoughlin 2011) and the broad-
leaved coniferH. elongatum fromChile (Gnaedinger et al. 2007).
A flora that represents theRhaetian Stage of theUpper Triassic at
Yangcaogou, innortheasternChina,preservesovipositionaldam-
age on broad-leaved conifers (Ding et al. 2015) and other plant
hosts reported below.
Evidence for Jurassic ovipositional damage onplants has come

from single occurrences, particularly from Western Europe on
bennettitalean hosts and fromChina on ginkgophyte and conifer
hosts.LowerJurassicovipositionaldamagehasbeenfoundonben-
nettitaleans as clusters of lesions from Germany (Krausel 1958;
van Konijnenburg-van Cittert and Schmeißner 1999), Romania
(Popa and Zaharia 2011), and Australia (McLoughlin et al. 2015).
Oviposition interactions of DT76, DT100, DT101, and DT175
were documented from the latest Middle Jurassic Jiulongshan
Formation of Inner Mongolia, in northeastern China, affect-
ing all major foliar tissues—epidermis, parenchyma, xylem, and
phloem—of the Podozamites-Lindleycladus broad-leaved coni-
fer species complex (Ding et al. 2015). Other single oviposition as-
sociations reported from this deposit include DT100 oviposi-
tional damage on leaves of the ginkgophyte Sphenobaiera (Na
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et al. 2014, 2017) and DT272 on the fructification of another
ginkgophyte, Yimaia capituliformis Zhou, Zheng and Zhang
(Meng et al. 2017). Damage from the Jiulongshan Formation rep-
resentsby far the richest spectrum of oviposition DTs of any Juras-
sic flora, as documented by this report that accounts for 15 DTs
hosted by sphenophytes, ginkgophytes, bennettitaleans, conifers,
and other plant groups. Plants with damage caused by ovipositing
insects were reported from the Late Jurassic–Early Cretaceous
boundary interval of Russia, occurring on a Pityophyllum sp. co-
nifer leaf (Vasilenko 2005).

During the first 20 million years of the Cretaceous, horsetails,
ferns, and gymnosperms had oviposition associations that later
included some angiosperm groups during the Aptian-Albian
Gap from 125 to 95 million years ago (Labandeira 2014). After
this time interval, oviposition interactions were predominantly
with angiosperms to the end of the period (Labandeira 2006a).
For recognition of several primary types of oviposition, the
125–90-million-year-old (Aptian to Turonian) Hatira and Ora
Formations, in the central Negev region in Israel, are an impor-
tant series of localities that straddle the Aptian-Albian Gap
(Krassilov et al. 2008). At these localities, various single or clus-
tered, patterned or unpatterned oviposition associations have
been documented on 10 angiosperm species (Krassilov and Shu-
klina 2008; Krassilov et al. 2008). In their exhaustive consider-
ation of the oviposition ichnology and associated nomenclature
from these several Israeli floras, an ichnological group, Ovisig-
nata, was erected. Within the Ovisignata, six oviposition ichno-
genera (Catenoveon, Sertoveon, Costoveon, Margoveon, Mas-
soveon, and Transpiroveon) and their 12 oviposition ichnospecies
were formally erected to describe the broad variety of egg-laying
patterns on leaves, stems, roots, and other plant elements (Kras-
silov et al. 2008). Most of these ichnotaxa have extant morpho-
logical equivalents with modern taxa that produce the same or
nearly exact oviposition patterns. For individual associations
from the Early Cretaceous, smaller contributions describe ovipo-
sition on an angiosperm from India (Banerji 2004). From the
Czech Republic, the earliest Late Cretaceous, the Cenomanian,
records ovipositional damage on an unknown angiosperm (Hell-
mund and Hellmund 1996b). By contrast, a profusion of ovipo-
sitional damage has been recorded from the latest Late Creta-
ceous (Maastrichtian) of North Dakota, stratigraphically adjacent
to theMaastrichtian-Paleocene boundary, consistingmostly of ovi-
positional plant damage found generally on sycamore (Plata-
naceae) and laurel (Lauraceae) angiosperm hosts (Labandeira
2002b). Oviposition also has been described on foliage of the
aquatic plant Quereuxia from the Upper Cretaceous of Russia
(Vasilenko 2008).

Ovipositional damage is extensive on angiosperms during the
Cenozoic (Labandeira 2006a), of which only a broad outline
will be presented here. From theEocene of Patagonia,Argentina,
the Laguna del Hunco and Río Pichileufú localities have pro-
vided three ichnospecies of Paleoovoidus, two newly described
as highly stereotyped damage on dicotyledonous angiosperms
and attributed to modern dragonflies of Lestidae (spreadwings)
and Coenagrionidae (narrow-winged damselflies; Sarzetti et al.
2009). The Cenozoic record of odonatan endophytic oviposi-
tion is abundant and typically exhibits very modern patterns de-
ployedon foliage. Eocene plant hostswithmodern-aspect ovipo-
sitional damage also are known fromNorth America. There are
occurrences on various floras from the Pacific Northwest (Lewis

and Carroll 1991; Lewis 1992; Labandeira 2002b), the Talla-
hatta Flora of Mississippi (Johnston 1993), and Paleocene and
Eocenefloras, including those from the Paleocene-Eocene bound-
ary interval from the Western Interior, particularly Wyoming
(Labandeira et al. 2007; Wilf 2008). A considerable number of
descriptions have beenmade of oviposition types on angiosperms
from the early-middle Eocene boundary to the middle Miocene
interval of Germany (Hellmund 1987; Hellmund and Hellmund
1996c, 2002c). One of the more noteworthy deposits is Messel,
a deep maar lake from the early to middle Eocene boundary that
shows a broad variety of oviposition styles on angiosperms (Scha-
arschmidt 1992; Labandeira et al. 2007). The somewhat youn-
ger middle Eocene Braunkohle (brown coal) deposit at Geiseltal
shows evidence for oviposition inflicted by Lestidae (Hellmund
and Hellmund 2002b). In a younger maar lake deposit from the
earlyOligocene ofHammerunterweisenthal, oviposition has been
documented implicating coenagrionid damselflies (Hellmund and
Hellmund1998). The noted deposit atRott has received consider-
able attention for its diverseandbroadspectrumofovipositionpat-
terns (Hellmund 1988; Hellmund and Hellmund 1993, 1996a,
1996b, 1998; Wappler 2010; Petrulevičius et al. 2011). At Vog-
elsberg, in Salzhausen, damselfly oviposition was documented
on a few angiosperms (Hellmund and Hellmund 2002a). Other
discoveries fromEurope include oviposition atRibelsalbes, from
Castellón, Spain (Peñalver and Delclòs 2004), and from the
Neogene of Argentina (Horn et al. 2011). Following the exten-
sive mid-Cenozoic record of oviposition, especially from north-
ern Europe, there is a sparse record of oviposition from deposits
of late Miocene to Holocene age.

Material and Methods

Localities, Material, and Methods

Localities. In this study, all of the materials were assembled
from localities in Liaoning Province and the Inner Mongolia
Autonomous Region, in northeastern China (fig. 1). The fossils
were collected from three stratigraphic units. The oldest unit is
the Yangcaogou Formation, of latest Late Triassic (Rhaetian)
age, at about 205 Ma (Zhou 1981; Liu 1987; Yang et al. 2000),
representing the Beipiao Biota. The middle unit is the Jiulongshan
Formation, of latest Middle Jurassic (Callovian) age, at 165 Ma
(Wang et al. 2001; Shen et al. 2003; Chen et al. 2004), repre-
senting theYanliaoBiota. The youngest unit is theYixian Forma-
tion, ofmid-EarlyCretaceous (Barremian) age, at 125Ma (Swisher
et al. 1999; Wang et al. 2001; Zhou et al. 2003), representing
the Jehol Biota. These stratigraphic units, with the possible ex-
ception of Yangcaogou, have extensively studied biotas and are
well placed biostratigraphically with well-established radioiso-
topic dates. The data from these localities were based on insect-
oviposited plants housed at the Key Laboratory of Insect Evolu-
tion and Environmental Changes, College of Life Science, Capital
Normal University, Beijing, China (CNU; D. Ren, curator).

The Beipiao Biota (Yangcaogou Formation: Yangcaogou
locality). The Beipiao locality, near Beipiao City in Liaoning
Province, is near the stratotype section for the Late Triassic (T3)
Yangcaogou Formation. The Beipiao locality is adjacent to
Yangcaogou village, not far from Beipiao City, along the south-
eastern part of Beipiao County of Liaoning Province, in north-
eastern China. The sedimentary environment at this site of the
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latest Triassic Yangcaogou deposits consists of intermontane
fluvial assemblages that contain strata typical of stream, flood
plain, and swamp depositional environments. Examination of
conchostracan fossils suggests that the age of the Yangcaogou
deposits is Late Triassic to Early Jurassic (Liu 1987). However,
plant megafossil and palynological studies support a Late Trias-
sic age (Zhou 1981). A Late Triassic date is used here, corre-
sponding to the Rhaetian Stage and an approximate age of
205 Ma (Walker et al. 2013). Consistent with this age, the
Yangcaogou megaflora was dominated by certain ginkgoalean
and conifer taxa as dominant elements and sphenopsids and
ferns as subdominant components. Rare taxa were principally
cycads, bennettitaleans, corystosperms, and other seed plant
groups (Sun et al. 2016; Wang et al. 2016). Bivalves are present
but have not been used in assessing a date for this deposit. These
organisms of the Yangcaogou Formation are regionally known
as the Beipiao Biota. However, insects are not known from the
Beipiao Biota (Ren 1995) and thus are not part of this study.

The Yanliao Biota (Jiulongshan Formation: Daohugou 1 and
Daohugou 2 localities). The latestMiddle Jurassic (J2) Jiulong-
shan localities are Daohugou 1 and Daohugou 2. Located near
thevillageof Daohugou,nearChifengCity inNingchengCounty,
Inner Mongolia Autonomous Region of China, these deposits
have yielded a considerable diversity and abundance of plant
andanimal taxa.The lithologyof the JiulongshanFormation con-

sists of gray, green-hued, purple, to almost black siltstones and
reddish mudstones that sporadically are interbedded with fine-
grainedsandstones, tuffs,andtaupe-huedconglomerates. Jiulong-
shan strata at the Daohugou localities range from 55 to 1520 m
thick(Renetal.2002)andrepresentaseriesofregionallyextensive
lakedeposits (Huang2016).Thewell-characterizedbiota consists
of a very diverse assemblage of vascular plants, insects, and ver-
tebrateshistoricallyknownastheYanliaoBiota.Planttaxainclude
ferns, such as the filicalean Dicksoniaceae; rare cycads; and co-
nifers, especially the abundant Yanliaoa sinensis Pan emend.
Tan,Dilcher,Wang, Zhang,Na, Li, Li and Sun (Pan 1977;Wang
et al. 2016; Tan et al. 2018). Other seed plants were bennettita-
leans, of which Anomozamites kornilovaeOrlovskaia is particu-
larly abundant; ginkgophytes, including Yimaia capituliformis
Zhou,Zheng etZhang, that exhibit awide rangeof external form;
and other seed plant taxa such as caytonialeans, corystosperms,
and czekanowskialeans (Huang 2016; Sun et al. 2016; Wang
et al. 2016). Vertebrates such as anurans, dinosaurs, and early
mammals are present and are of major importance in under-
standing mid-Mesozoic vertebrate evolution (Huang 2016).
The large numbers of conchostracans differentiate the beds of
the Daohugou 1 locality from the stratigraphically distinct Dao-
hugou 2 locality; both localities were used for both aspects of the
study using ovipositor morphology and ovipositional damage.
Radioisotope age analyses of zirconminerals provide an age date

Fig. 1 Map of Yangcaogou (Late Triassic), Jiulongshan (Middle Jurassic), and Yixian (Early Cretaceous) localities in northeastern China.
The red triangles denote Jehol Biota (Yixian Formation) localities, the blue circles denote Yanliao Biota (Jiulongshan Formation) localities, and
the green squares denote Beipiao Biota (Yangcaogou Formation) localities.
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for the Jiulongshan Formation at 165 Ma (Chen et al. 2004; He
et al. 2004), equivalent to the late Callovian Stage of the latest
Middle Jurassic (Walker et al. 2013). Other sources of evidence
indicate a Middle Jurassic age (Ren et al. 2002; Shen et al.
2003; Yuan et al. 2004; Jiang 2006). Of particular importance
are well-preserved insect body fossils that provided material for
a large literature of species descriptions that documentmajor ovi-
positor morphologies used in this study.

The Jehol Biota (Yixian Formation: Dawangzhangzi, Duo-
lun, Huangbangigou, Jianshangou, Liutiaogou, and Yixian lo-
calities). TheEarlyCretaceous (K1) lateBarremianYixian local-
ities are Dawangzhangzi, Duolun, Huangbangigou, Jianshangou,
Liutiaogou, and Yixian. These localities were used for both the
ovipositor morphology and ovipositional plant damage aspects
of this project. The Yixian Formation is exposed at these locali-
ties, which are situated in western Liaoning Province and the ad-
jacent Inner Mongolia Autonomous Region, in northeastern
China. Like the Jiulongshan Formation below, the Yixian Forma-
tion is rich with a diverse biota of plants, insects, and vertebrates,
known as the Jehol Biota. Fossil plants include a few uncommon
horsetails, gymnosperms such as the nilssonialean Baikalophyl-
lum lobatum Bugdaeva, 1983, a broad spectrum of conifers that
prominently include Liaoningocladus boii Sun, Zheng et Mei,
the ginkgophytesBaiera valida Sun et Zheng andCzekanowskia
rigida Heer, and the generally rare bennettitalean Tyrmia acro-
donta Wu. The early angiosperm Archaefructus liaoningensis
Sun, Dilcher, Zheng et Zhou (Sun et al. 2001; Ding et al. 2003)
is present but because of its rarity is ecologically unimportant.
The presence of an early angiosperm was initially controversial
for the age of the Yixian Formation. The age of the Yixian For-
mation has been established as mid-Early Cretaceous (125 Ma),
based on radioisotopic age dates, with which this report concurs.
Additionally, given the pollen record of early angiosperms (Friis
et al. 2011), the occurrence ofA. liaoningensis, a very early, nearly
entire angiosperm (Sun et al. 1998), is consistent with amid-Early
Cretaceous age. The age date of ca. 125Ma was established on
radioisotopic evidence (Swisher et al. 1999), buttressed by other
biostratigraphic data (Wang et al. 2001; Zhou et al. 2003). The
age date of 125 Ma corresponds with the later phase of the
Barremian Stage (Walker et al. 2013), although other localities
of the Yixian Formation are known to be of early Aptian age
(Swisher et al. 1999;Xing et al. 2005). As in the Jiulongshan For-
mation, theYixian Formation offers an extensive literature of in-
sect species descriptions that have provided ovipositormorphol-
ogy data for this study.

Identification of Oviposition Lesions in the Fossil Record

Two general aspects of oviposition lesion morphology on
plants are important for their accurate identification. The first
feature is the differentiation of oviposition lesions from simi-
lar structures, such as feeding damage attributable to detriti-
vory and other forms of herbivory, as well as physical damage
from nonbiological processes. The second feature involves dis-
cerning the structural difference between oviposition lesions
and the very similar feeding punctures of piercing and sucking.

Distinguishing oviposition from detritivory, herbivory, and
physical damage. Four important distinctions that differenti-
ate oviposition from detritivory, herbivory, and physical dam-
age are required for a preliminary assessment of ovipositional

lesions in fossil material. Single or multiple combinations of
these four major types of evidence are important to determine
whether insect oviposition is present. First is the recognition
of reaction or scar tissue, such as callus, a response to ovipos-
itor insertion into live tissue. For example, lesions of the two-
spotted treehopperEnchenopa bionotata Say (Hemiptera:Mem-
bracidae) on black walnut, Juglans nigra L. (Juglandaceae), in
Missouri are enveloped by wound periderm that surrounds cam-
bial zone disruption, eventually resulting in wound closure (Arm-
strong et al. 1979). During the interval between oviposition and
mature reaction tissue development, necrotic tissue can result
from distinctive colonizing fungi such as the ascomycete Hy-
poxylon mammatum (Wahl) Mill. (Xylariales: Xylariaeae) that
invade surface tissues of trembling aspen, Populus tremuloides
Michx. (Salicaceae). This prominent oviposition damage is caused
by the 17-year cicada, Magicicada septendecim L. (Hemiptera:
Cicadidae), inWisconsin (Ostry and Anderson 1983). A second
line of evidence involves small structures of the host plant associated
with ovipositional damage (Beamer 1928). A noticeable instance
of this are thin, woody splinters that emerge from oviposition
lesions of the bladder cicada,Cytosoma schmeltziDistant (Hemip-
tera: Cicadidae), on twigs of cultivated olive,Olea europaea L.
(Oleaceae), in Australia (Spooner-Hart et al. 2007). Another type
of distinctive damage are patterns of egg placement within the dis-
rupted tissue of the central part of the lesion (Beamer 1928). An
example of this are the inclined, en echelon, stereotypical place-
ment of elongate eggs in lesions on coffee, Coffea arabica L.
(Rubiaceae), by the giant cicada, Quesada gigas (Oliver) (He-
miptera: Cicadidae), in Brazil (Decaro Júnior et al. 2012).

Whereas the first two categories present micromorphological
features of oviposition lesions, the two categories mentioned be-
low involve broad patterns of oviposition stereotypy and feeding
specificities on plant hosts. A third category of evidence is stereo-
typy of the oviposition pattern. Themost conspicuous examples
involve distinctive damselfly oviposition patterns in stems and
leaves of plants associatedwith aquatic vegetation.One example
is the conspicuous zigzag pattern of large redeye, Erythromma
najas Hansemann (Odonata: Coenagrionidae), on the yellow
water lily, Nuphar lutea (L.) Sm. (Nympheaceae), in Germany
(Wesenberg-Lund 1913b; Grunert 1995). Commonly, a stereo-
typedpatternoccursmostly internally, in tissues, suchas theover-
lapping positioning of several elongate eggs along a row in the
pith tissue of apple,Malus pumilaMiller (Rosaceae), by the buf-
falo treehopper, Stictocephala bisonia Kopp et Yonke (Mem-
bracidae), in Utah (Sorenson 1928; Yothers 1934). The fourth
criterion is host specificity, a pattern that, like the other three cri-
teria, would be expected of a persistent biological association on
particular live plant tissues but not by feeding or physical damage
on dead plant tissues. One genus-level, host-specific interaction is
oviposition by the leafhopper Erythroneura lawsoni Robinson
(Hemiptera:Cicadellidae) in the sycamorePlatanus (Platanaceae)
from Illinois (McClure 1974). A probable species-level, host-
specific relationship is demonstrated by the olive fruit fly, Batro-
cera oleae Rossi (Diptera: Tephritidae), on cultivated olive, O.
europaea, in Turkey (Genç 2016). The above four categories,
used singly or jointly, would resolve ambiguities involved in
the separation of oviposition lesions from other forms of analo-
gous plant damage (Vincent 1990).

Distinguishing ovipositional from piercing-and-sucking dam-
age. A second major issue for identification of oviposition
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involves differentiation from the superficially similar herbivore
damage of piercing and sucking. Both ovipositional lesions and
piercing-and-sucking punctures occur as lenticular, elliptical,
ovate, or circular cross-sectional shapes on plant surfaces (Car-
bonell 1957; Isenhour and Yeargan 1982; Childers 1997). Len-
ticular cross-sectional outlines with acute to acuminate ends
are found as oviposition lesions (Beamer 1928; Yothers 1934)
and as piercing-and-sucking punctures (Vidano 1963; Lopez-
Abella et al. 1988). Another shape is broadly to narrowly ellipti-
cal, with rounded ends, which occurs in oviposition lesions
(Fulton 1915; Sanford 1964; Grunert 1995) but also piercing-
and-sucking punctures (Lodos 1967; Lopez-Abella et al. 1988).
A third cross-sectional shape is ovate, with a broadened end
and an oppositely placed narrowed end, present in some ovipo-
sition lesions (Smith and Linderman 1974) and piercing-and-
sucking punctures (Günthart and Günthart 1983; Roversi et al.
1989). Most common of all are circular or near-circular cross-
sectional outlines that are found in oviposition lesions (Sorenson
1928; Hilliard 1982) and in piercing-and-sucking punctures (Hori
1968;Chisholm and Lewis 1984; Childers and Achor 1991), the
latter rarely with a central constriction (Backus 1985). These
shapes of ovipositional lesion surfaces are illustrated best by
the cross-sectional outlines of slicing or piercing ovipositors in
plant-feeding Hemiptera (aphids, scale insects, whiteflies, cica-
das, hoppers, psyllids, and true bugs). Hemipteran ovipositor
cross sections range from the approximately circular in the peri-
odical cicada,M. septendecim (Cicadidae) (Marlatt 1907), to the
broadly ovate in the leafhopper Cuerna sayi Nielson (Cicadel-
lidae; Readio 1922), to narrowly thin the leafhopperAbana gigas
Fowler (Cicadellidae; Snodgrass 1933).

The stylate mouthparts of plant-feeding Hemiptera (Snod-
grass 1935; Chaudonneret 1990) provide the analogous cross-
sectional outlines of stylet ensembles that parallel in many ways
those of the ovipositor. These mouthpart cross sections range
from circular in the squash bug, Anasa tristis (De Geer) (He-
miptera: Coreidae; Tower 1914), to dorsoventrally compressed
but broadly ellipsoidal in the periodical cicada,M. septendecim
(Snodgrass 1935), to laterally compressed and broadly ellipsoi-
dal in thegreenpea louse,AcyrthosiphonpisumHarris (Aphididae;
Weber1928).Hemipteranpiercing-and-suckingmouthparts,how-
ever, lack more narrowly compressed outlines with shape aspect
ratios greater than 1.5 that, nevertheless, are present in many
piercing and all slicing ovipositors. More important are the
frequent narrower shape outlines of ovipositors (Fulton 1915;
Weltz and Vilhelmsen 2014). Compared to stylate mouthpart
punctures, the internal structure of tissues from an ovipositional
lesion is characterized by mangled and disrupted tissue com-
pared to piercing-and-sucking punctures. Plant tissues resulting
from ovipositional damage display tufts of hyperplasic or hyper-
trophic tissue that typically surround a slit-like structure that
may contain a round feature indicating an inserted egg or its his-
tological remnants (Beamer 1928; Labandeira and Currano
2013). A prominent, dark-colored ridge of callus or similar re-
sponse tissue with a botryoidal surface surrounds this lenticular
to circular area of inner disturbed tissue (Sanford 1964; Hilliard
1982). By contrast, lenticular to circular punctures frompiercing-
and-sucking activity typically are simpler structures consisting of
empty, dark holes (Childers and Achor 1991) surrounded by an
encircling rim of stylet-sheath material or callus with a smooth
surface, imparting a cratered or, inversely, a domed appearance

to the puncture (Hori 1968; Childers 1997; Freeman et al. 2001).
Finally, oviposition structures typically are significantly larger
than piercing-and-sucking structures, although there is some
overlap between the two types of damage.

Determination of Ovipositor Morphotypes

The ovipositor is an egg-laying device confined to Insecta
sensu stricto (Snodgrass 1933). Themost phylogenetically basal
occurrence of an ovipositor lies among Archaeognatha (bristle-
tails; Smith 1969) and consists of a sword-like structure that is
the primitive condition for the diverse spectrum of derived ovi-
positor morphologies seen throughout Insecta (Scudder 1961,
1971; Mickoleit 1973). The basic form of the ovipositor is a
modified pair of ventral elements on the eighth abdominal (first
genital) and a second pair on the ninth abdominal (second gen-
ital) segments (Scudder 1971). The ventral aspect of each of
these two segments bears a pair of modified gonocoxae, homol-
ogous to the first segments of the thoracic legs, which are mod-
ified into a pair of lateral plate-like structures. These gonocoxae
of the eighth abdominal segment, in turn, support a pair of typ-
ically elongate, lateral processes, the gonapophyses, which also
are known as the first (outer) valves of the ovipositor. Similarly,
the ninth abdominal segment gives rise to gonocoxae that sup-
port elongate structures that are the second (inner) valves of
the ovipositor. Other structures, such as the appendicular gono-
plac of the ninth abdominal segment, can form other structures,
such as a sheath to confine the first and second ovipositor valves
to a functioning unit for laying eggs. Once eggs are generated in-
ternally, they are pushed out through amedian channel between
the second valves for eventual deposition on or insertion into an
appropriate substrate. Exophytic ovipositors are generally asso-
ciatedwith plant substrates and include Lepidoptera (moths and
butterflies) that attach eggs variously onplant surfaces (Chewand
Robbins 1984; Thompson and Pellmyr 1991). Plant-penetrating
endophytic ovipositors include Odonata (dragonflies and dam-
selflies) and related extinct Paleodictyopteroidea, both with
short triangular to elongate and blade-like ovipositors for inser-
tion of eggs mostly into aquatic plant stems (Wesenberg-Lund
1943; St. Quentin 1962; Carpenter 1970; Bechly et al. 2001;
Labandeira 2002a). Unlike their modern descendants that bear
leathery egg cases (oothecae), Pennsylvanian to mid-Mesozoic
Blattodea, the cockroaches and “roachoids,” bore protuberant,
generally straight ovipositors that were circular in cross section
(Hörnig et al. 2018). By contrast, the ovipositors of Orthoptera
(grasshoppers, crickets, andrelatives) formcurved,blade-likeovi-
positorswith a saw-like edges (Carbonell 1957;Gwynne2001), a
form that also is repeated in ovipositors ofHemiptera such as the
cicada (Readio 1922). Uncommonly, highly abbreviated ovipos-
itors can abrade the surface of plant epidermis that produce two
short, linear, and parallel slice marks (Ventura and Panizzi
2000), found in certain Hemiptera. The diversity of ovipositor
structure is immense and can be linked directly and indirectly
to particular types of ovipositional damage.
We consulted the pertinent literature that illustrated and dis-

cussed ovipositor-bearing insect taxa from the Jiulongshan and
Yixian localities. The Yangcaogou locality, spotlighting the Bei-
piao Biota, unfortunately lacks documented insects, and, conse-
quently, ovipositor morphology data from the Late Triassic was
not part of this study. In theYixian (Jehol Biota) and Jiulongshan
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(Yanliao Biota) substudy, ovipositor morphotypes were selected
that were most likely to use host plants for endophytic insertion
of eggs.We excludedmorphotypes inconsistentwith penetration
of dead plant tissues.We did not consider insects that oviposit in
substrates such as detritus, wood, and soil; groups that penetrate
the body cavities of other insects, such as parasitoid wasps pos-
sessing very long ovipositors surmounted by a drill; or insects
such as vespid wasps with ovipositors modified into a sting.

Ovipositor morphotypes were determined by relevant publi-
cations on fossil insects, sourced from the primary descriptive
literature (figs. A1–A12, available online). From this literature,
68 fossil insect taxa were sufficiently well preserved and docu-
mented that they were selected and categorized into basic mor-
photypes. Eight features of ovipositor structurewere used to define
ovipositor morphotypes. These features are (i) length; (ii) width
or depth, depending or ovipositor orientation; (iii) aspect ratio;
(iv) cross-sectional area, ranging from circular to narrowly len-
ticular; (v) number of plant-penetrating valve units; and (vi) and
ovipositor form, ranging from straight to moderately curved.
Other featuresmostly of the ovipositor tip andmarginwere used,
such as (vii) terminus type, from a spectrum of round to acute to
acuminate, and (viii) presence or absence of a saw-like margin,
such as denticles or blunt teeth. The first six most important of
these ovipositor characterizations are shown in table 3. Charac-
terization of ovipositor morphotypes was carried out indepen-
dent of a complimentary but separate substudy that character-
ized oviposition lesions by DT on plant hosts co-occurring in
the same deposits. A data set of images with taxonomic identifi-
cations (figs. A1–A12) represented those insect taxa from the lit-
erature with ovipositors capable of piercing or cutting into plant
tissues. From this data set of morphotypes, we established nine
basic morphotypes responsible for creation of the oviposition
lesions. The oviposition lesions were characterized by their DT
assignments (figs. 5–14), indicated below.

Determination of Oviposition DTs

The terminology and classification system used to charac-
terize oviposition in the fossil record in our study of the mid-
Mesozoic of northeastern China follows the standard system
for categorizing arthropod and pathogen damage by functional
feeding group (FFG) and DT (Labandeira et al. 2007 and ad-
denda). Currently, for the oviposition FFG, 41 DTs are docu-
mented in the fossil record globally, including additions to the
existing version 3 of the Guide to Insect (and Other) Damage
Types on Compressed Plant Fossils (Labandeira et al. 2007).
Of this compendium and its additions, 36.6% are represented
in the current data set from the mid-Mesozoic of northeastern
China (table A4; tables A1–A4 are available online). Morpho-
logical features important for assignment of lesions to a partic-
ular DT include (i) lesion shape, (ii) lesion size, (iii) internal
structure of parenchymatous tissues, (iv) callus and other reac-
tion tissue, (v) mode of emplacement on a particular plant tis-
sue, and (vi) overall pattern of the lesion on the plant surface
(Wesenberg-Lund 1913a, 1913b; Bogdanov-Kat’kov 1947; La-
bandeira et al. 2007).Of thesemorphological features, lesion size
and lesion shape are probably the most critical in controlling the
appearance of the oviposition lesion, principally through the im-
portant role of lesion width. Structural details of the individually
inserted eggs, such as size, shape, chorion sculpture, and insertion

mode (Bogdanov-Kat’kov1947), are preserved rarely in the fossil
record (but see Pott et al. 2008) and typically are rarely used for
DT assignments. Although broadly circumscribed ichnological
classifications of fossil oviposition traces are known (Krassilov
et al. 2008; Vasilenko 2008), the DT system (Labandeira et al.
2007 and addenda) is more finely tuned for resolving minute
morphological details of oviposition on fossil plant surfaces.

Oviposition damage on plant specimens from Yangcaogou,
Jiulongshan, andYixian stratawere resolved toparticularDTsby
microscopic examination and tabulated as raw data (table A4).
The raw data, recorded onMicrosoft Office Excel spreadsheets,
compiled information on all megalocalities and included sub-
locality, CNU specimen number, plant host identification, ovi-
position DT, status regarding macrophotography or micropho-
tography, and relevant comments. Macrophotographic images
of ovipositional damage were taken on a Nikon D100 camera.
Microphotographic and somemacrophotographic images of ovi-
position damagewere taken onaLeicaMZ12.5dissectingmicro-
scope. We measured length and width of representative samples
ofoviposition lesions along themidline from the anterior to pos-
terior apices, and the width was measured across the broadest
aspect (data not shown). Data of all localities, specimen num-
bers, plant host morphotype, oviposition types, and photo log
and specimen comments initially were recorded on Microsoft
Office Excel spreadsheets and reformatted as table A4.

Specimens

Insect-mediated DT data assigned to particular host plant spe-
cies were recorded for the Early Cretaceous Jehol Biota of the
Yixian Formation (table A1), latest Middle Jurassic Yanliao
Biota of the Jiulongshan Formation (table A2), and Late Triassic
Beipiao Biota of the Yangcaogou Formation (table A3). We re-
trieved 375 specimens that displayed oviposition from a total
pool of 6111 specimens (6.1%; table 1). Of the 6.1% of speci-
mens with oviposition damage, 29.7%was from the Jehol Biota,
63.6% from theYanliao Biota, and 6.7%from theBeipiao Biota.
Oviposition is a major but highly variable part of the total
arthropod-mediated portfolio that includes herbivory within each
of these biotas. For the Jehol Biota, oviposition is responsible for
30.3% of all interactions; for the Yanliao Biota, oviposition ac-
counts for11.2%;andfortheBeipiaoBiota,ovipositionis52.7%,al-
though the latter figure could be an effect of small sample size
(table 1). This comparison of ovipositional damage to total dam-
age indicates that oviposition does not represent a consistent
fraction of the total damage in each of the three studied biotas.

Data and Analyses

Occurrences of DTs on particular plant groups and species
for each of the three biotas are provided in tables A1–A3. These
data are derived from the raw data in table A4 for the 375 spec-
imens with oviposition DTs, which originate from the larger
sampled data set of 6111 plant specimens (not shown). A more
detailed breakdown of localities within each of the three biotas
is supplied in table 1. For an assessment of particular herbivore
interactions, table 2 shows a rank ordering of DTs from com-
monest to rarest and furnishes DT, plant host, locality, and age
data for each oviposition-plant DT interaction. Table 3 furnishes
ovipositor morphological data for each of the 68 species of
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ovipositor-bearing insects examined and assigns for each insect
species one of the nine ovipositor morphotypes to one or more
DTs inferred to have been created by the particular ovipositor
morphotype.

The frequency distributions of ovipositor morphotypes, ovi-
posited plant specimens, and oviposition DTs for each plant
species are provided, respectively, in figures 2, 3, and 4, which
provide data for the Early Cretaceous Jehol, Middle Jurassic
Yanliao, and Late Triassic Beipiao Biotas. For ovipositor mor-

photypes, frequency distributions are given for the Jehol and
Yanliao Biotas in figure 2A and figure 2B, respectively. Figure 2C
lists the frequency distributions of ovipositor morphotypes for
each of the eight insect taxonomic orders detailed in figures A1–
A12 of the appendix (available online). Of these taxonomic
orders, extinct taxa are designated by a superscript dagger (†). (Un-
fortunately, the Beipiao Biota of the Yangcaogou Formation
lacked available insects for the ovipositor substudy.) The fre-
quency distributions of the eight plant groups with oviposition

Table 1

Summary of Specimens Studied and Their Total Damage and Ovipositional Diversity Data by Locality, Relative to the Total Data Set

Megalocalities and localities Age, biota

Specimens studied Oviposition DTs Total DTs
Oviposition–to–total
damage ratio (%)No. % No. % No. %

Yixian K1: Barremian
(Jehol Biota)

1817 29.7 60 16.0 198 6.9 30.3
Dawangzhangzi (995) (54.8) (31) (57.4) (97) (49.0)
Duolun (132) (7.3) (2) (3.7) (11) (5.6)
Huangbangigou (57) (3.1) (2) (3.7) (6) (3.0)
Jianshangou (14) (.8) (4) (7.4) (10) (5.1)
Liutiaogou (619) (34.0) (15) (27.8) (74) (37.4)

Jiulongshan J2: Callovian
(Yanliao Biota)

3886 63.6 296 78.9 2646 91.9 11.2
Daohugou 1 (2386) (61.4) (182) (65.0) (1816) (68.6)
Daohugou 2 (1500) (38.6) (98) (35.0) (830) (31.4)

Yangcaogou T3: Rhaetian
(Beipiao Biota)

408 6.7 19 5.1 36 1.3 52.7
Beipiao (408) (100.0) (19) (100.0) (6) (100.1)
Summaries 6111 100.0 375 . . . 2880 . . .

Note. Numbers and percentages in bold refer to megalocalities, whereas those in parentheses refer to locality subtotals. See tables A1–A3,
available online, for a breakdown of damage type (DT) ovipositional data by plant host group and species for each of the three megalocalities.
Data for oviposition DTs were derived from table A4. For total damage DTs, nonoviposition DT data are not shown.

Table 2

Rank List of Oviposition Frequencies by Plant Host Genus at the Jehol, Yanliao, and Beipiao Biotas

Damage rank DT

Total DTs Higher

AgeNo. % Plant host Taxon Biota

1 DT76 103 40.1 Anomozamites Bennettitales Yanliao J2
2 DT76 19 7.4 Yanliaoa Coniferales Yanliao J2
3 DT101 17 6.6 Anomozamites Bennettitales Yanliao J2
4 DT101 15 5.8 Ginkgoites Ginkgoales Yanliao J2
5 DT226 13 5.1 Anomozamites Bennettitales Yanliao J2
6 DT101 12 4.7 Liaoningocladus Coniferales Jehol K1
7 DT76 12 4.7 Pterophyllum Bennettitales Yanliao J2
8 DT101 11 4.3 Pterophyllum Bennettitales Yanliao J2
9 DT101 11 4.3 Yanliaoa Coniferales Yanliao J2
10 DT72 10 3.9 Equisetites Equisetales Jehol K1
11 DT175 10 3.9 Liaoningocladus Coniferales Jehol K1
12 DT76 6 2.3 Y-cycad foliagea Cycadales Yangcaogou T3
13 DT72 6 2.3 Equisetites Equisetales Yanliao J2
14 DT137 4 1.6 Ginkgoites Ginkgoales Yanliao J2
15 DT76 4 1.6 Nilssoniopteris Bennettitales Yanliao J2
16 DT76 4 1.6 Todites Filicales Yangcaogou T3
Total 257 100.2

Note. For biota, formational equivalents are Jehol, Yixian Formation; Yanliao, Jiulongshan Formation; Beipiao, Yangcaogou Formation.
Age abbreviations are as follows: K1 p Lower Cretaceous; J2 p (latest) Middle Jurassic; T3 p Upper Triassic. DT p damage type.

a An undescribed foliage species of a cycad.
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DTs and frequency distributions of the 15 DTs contributing to
those plant group frequencies are given in figure 3 for the three
biotas. The distribution of DTs from those same oviposited
plants, but at the plant species level and for each particular DT,
is provided in figure 4 for the Jehol (fig. 4A), Yanliao (fig. 4B),
and Beipiao (fig. 4C) Biotas. Photographic portrayal of themajor-
ity of these plant hosts with their DT is given in figures 5–14.
These latter macrophotographic and microphotographic illustra-
tions of ovipositional damage point to stereotyped, generalized,
and other patterns that document lesion damage and tissue re-
sponse relevant for DT identification.

Results

In this section, first we provide results for broad patterns of
oviposition damage across all three biotas: the Jehol Biota of
the Yixian Formation, the Yanliao Biota of the Jiulongshan For-
mation, and the Beipiao Biota of the Yangcaogou Formation.
The results of the ovipositor morphotype substudy are presented
as frequency distributions of ovipositor morphotypes from the
Jehol and Yanliao Biotas, represented by 68 species from the
eight documented insect orders presented in figure 2. Second,
we evaluate the distributions and specificities of the DTs on par-
ticular host plant groups and their species. Last, we assess the
preferential contribution of certain ovipositor morphotypes and
their inflicted DTs to the overall pattern of ovipositional damage
for the three biotas.

General Patterns

Of the 6111 total specimens examined from the Jehol, Yanliao,
and Beipiao Biotas, 375 specimens, or 6.1%, exhibited one or
more occurrences of oviposition. The total data set of oviposition
occurrences resulted from nine ovipositor morphotypes and 15
oviposition DTs. The data also show that, of the 15 total ovipo-
sition DTs present, the Yixian megalocality had eight DTs
(53.3%), the Jiulongshan megalocality had all 15 DTs (100%),
and the Yangcaogou megalocality had six DTs (40%). See ta-
bles 1 and A1–A3 for data summaries.

We examined 1817 specimens from the Jehol Biota, including
the rich assemblages from the Dawangzhangzi and Liutiaogou
localities, representing 29.7% of the total data set, consisting
of 18 plant Linnaean species or morphotypes. Of the 198 total
Jehol herbivoryDTs, accounting for an herbivory rate of 10.9%,
60 DTs were attributable to oviposition, representing an ovi-
position rate of 3.3%. The ratio of Jehol herbivory to oviposi-
tion is 30.3%, or about three-tenths the herbivory rate (tables 1,
A1). By contrast, our examination of theYanliao Biota consisted
of 3886 specimens, including the specimen-richDaohugou 1 and
Daohugou 2 localities, representing 63.6% of the total data set
and consisting of 38 Linnaean species or morphotypes. Of the
2646 total Yanliao herbivory DTs, accounting for an herbivory
rate of a remarkable 68.1%, 296 DTs were assigned to ovipo-
sitional damage, representing an oviposition rate of 6%–7%
or about a ninth of the herbivory rate. The ratio of Yanliao her-
bivory to oviposition rate was 11.2%, somewhat more than a
fourth that of the Jehol Biota (tables 1, A2). Our examination

of the Beipiao Biota, comprising 408 plant specimens, affiliated
with eight Linnaean or morphotype plant taxa, consisted of
6.7% of the total data set. Of the 36 total Beipiao herbivory
DTs, accounting for an herbivory rate of 8.8%, 19 DTs were as-
signed to oviposition, representing an oviposition rate of 4.7%.
The ratio of Beipiao herbivory to oviposition is 52.7%, consid-
erably greater than the comparable Yanliao and Jehol ratios, al-
though the sample size of the Beipiao Biota is markedly lower
(tables 1, A3). These data strongly indicate that the Yanliao flora
was more highly attacked by insects than the two earlier and later
floras for both overall herbivory and oviposition.
The ratio of the occurrence of ovipositional DTs to total her-

bivory damage is provided in table 1. Values of the oviposition–
to–total herbivory ratios in the Jehol, Yanliao, and Beipiao Biotas
are 30.3%, 11.2%, and 52.7%, respectively. These wildly vary-
ing values may be partly attributable to the small sample size
for the Beipiao Biota, but the low value for the Yanliao Biota
may be attributable to the overwhelming elevated value for non-
ovipositional herbivory that dwarfs the ovipositional level.

Ovipositor Morphotypes

Ovipositor morphology data were used for determining ovi-
positor morphotypes for the Jehol and Yanliao Biotas (table 3).
Illustrations of the 68 insect species from which ovipositor data
were taken are given in figures A1–A12 in the appendix. The fre-
quency distributions of ovipositor morphotypes are provided
in figure 2, where they are detailed for the Jehol (fig. 2A) and
Yanliao (fig. 2B) Biotas and for each of the eight insect orders
(fig. 2C). Ovipositor morphotype diagnoses below are based
on the data from figures A1–A12 and listed in table 3.
Ovipositor morphotype A. The morphotype A ovipositor

is long, narrow, straight, and lenticular to ellipsoidal in cross sec-
tion, and it has a single penetrating unit of valves that have an
acute but rounded terminus. The anterior to posterior oviposi-
tor length ranges from 9 to 10 mm, and the cross-sectional out-
line is inferred to have been broadly lenticular along the dorso-
ventral plane. Morphotype A is represented mostly by extinct
Odonata lineages Campterophlebiidae (fig. A1) and †Noda-
lulaidae (fig. A1B) and by Blattodea lineage Mesoblattinidae
(fig. A2F).
Ovipositor morphotype B. The morphotype B ovipositor

is a short, broad, straight structure with a circular cross section
and a penetrating unit of two separate and piercing valves, each
of which has a broad, chisel-like terminus. From a dorsal view,
the ovipositor is generally shaped as an equilateral (broad base)
or isosceles (narrower base) triangle, whose total anterior to pos-
terior length ranges from 0.5 to 2.0 mm. Each valve cross-
sectional outline is inferred to consist of a narrowly lenticular
outline along the dorsoventral plane. Morphotype B is repre-
sented by extinct Blattodea lineages †Raphidiomimidae (fig. A2A,
A2B) and †Caloblattinidae (fig. A2E).
Ovipositor morphotype C. The morphotype C ovipositor

is a small or, in some cases, shorter version of a medium-length
ovipositor that is narrow and straight to rarely slightly curved,
and it forms a single structural unit of penetrationwith a rounded
terminus. This common ovipositor morphotype has a length of
1.0–3.5 mm, and the cross-sectional area is circular to broadly
elliptical to lenticular along the dorsoventral plane.MorphotypeC
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is represented overwhelmingly by Blattodea clades †Fuziidae
(fig. A2C) and †Blattulidae (fig. A2D); by Hemiptera clade †Ve-
tanthocoridae (figs. A7F–A7J, A8A); and by Hymenoptera clades
Xyelidae (figs. A11I, A11J, A12A), †Xyelotomidae (fig. A11A,
A11B, possibly A12D), and †Daohugoidae (fig. A11F).

Ovipositor morphotype D. The morphotype D ovipositor
is of medium length, narrow, and from curved to moderately
curved in shape, with a sharp, acuminate terminus. There is
evidence for a sawtooth margin in several species (fig. A3C),
but this feature is not commonly documented in the literature,

Fig. 2 Frequency distribution of ovipositor morphotypes. A, Distribution of morphotypes from the Jehol Biota of Yixian Formation local-
ities (mid-Early Cretaceous). B, Distribution of morphotypes from the Yanliao Biota of Jiulongshan Formation localities (latest Middle Jurassic).
C, Distribution of morphotypes by insect order for both the Jehol and Yanliao Biotas.
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although modern taxa would indicate that a saw composed of
denticles was present along one or both of the ovipositor edges.
The blade-like ovipositor varies in length from 4.0 to 7.0 mm,
and the cross-sectional outline is inferred to have been narrowly

lenticular to somewhat more elliptical along the dorsoventral
plane, as in modern grasshoppers and katydids. Morphotype D
is represented by both extinct and extant Orthoptera, specifi-
cally †Haglidae (fig. A3E) and the currently relict Prophala-

Fig. 3 Frequency distribution of plant hosts and damage types (DTs) by major locality. A, By plant taxon for the Jehol Biota of Yixian
Formation (mid-Early Cretaceous) localities. B, By DT for Jehol Biota localities. C, By plant taxon for the Yanliao Biota of Jiulongshan Forma-
tion localities (latest Middle Jurassic). D, By DT for Yanliao Biota localities. E, By plant taxon for the Beipiao Biota of Yangcaogou Formation
localities (Late Triassic). F, By DT for Beipiao Biota localities.
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ngopsidae (fig. A3B–A3D); by Hemiptera clades †Tettigarctidae
(fig.A5D), †Procercopidae (fig.A5E, A5F), andCixiidae (fig.A5I);
and by Hymenoptera clade Xyelidae (fig. A11E).

Ovipositor morphotype E. Themorphotype E ovipositor is
of medium length, basally broad to terminally narrow, straight,

highly tapering, and with a single piercing device ending in an
acuminate terminus. The ovipositor has the shape of an isosceles
triangle in dorsal view, with the base adjoining the abdomen,
represented by the shortest side. The ovipositor length is confined
to a range of 4.0–6.0 mm; the cross-sectional outline is approxi-

Fig. 4 Frequency distribution of oviposition damage types (DTs) by major locality and plant host. A, Frequency distribution of the Jehol
Biota from Yixian Formation (Early Cretaceous) localities. B, Frequency distribution of the Yanliao Biota from Jiulongshan Formation (latest
Middle Jurassic) localities. C, Frequency distribution of the Beipiao Biota from Yangcaogou Formation (Late Triassic) localities.
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mately circular to broadly elliptical.Morphotype E is restricted to
the extinct Chresmodida clade †Chresmodidae (fig. A4A–A4C)
and Hymenoptera clades †Xyelotomidae (figs. A11C, A12C),
Xyelidae (figs. A11D, A12A), and probably †Anaxyelidae
(fig. A12B).

Ovipositor morphotype F. The morphotype F ovipositor is
long to very long,moderately curved, ofmoderate to high depth,
displays a sawtooth margin (fig. A1C), and houses a terminus
that is acuminate and particularly pointed. The curved, scimitar-
resembling ovipositor is very long, varying from 20 to 35 mm,

Fig. 4 (continued)
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and its cross section is inferred to have consisted of a lenticular
to more flattened structure oriented along the dorsoventral
plane. Morphotype F ovipositors are among the largest in any
mid-Mesozoic insect.Morphotype F is prominently represented
by the Odonata clade †Aeschnidiidae (fig. A1C, A1D); Orthop-
tera clade †Haglidae (fig. A3A); and Neuroptera clade †Kal-
ligrammatidae (fig. A9A).

Ovipositor morphotype G. The morphotype G ovipositor
is a longer version of a shorter ovipositor length as well as a
shorter version of the medium-length ovipositor, defined by a
narrow to very narrow width, in some cases becoming thread-
like. This ovipositor has a broad basal attachment inmany cases
and a terminus that is acute, appearing rounded. This very com-
monovipositormorphotype ranges from1.5 to 4.5mm in length
and appears to retain its rigidity despite its very thin width. The
cross-sectional outline of the ovipositor ranges from circular to
broadly elliptical. Themorphotype G ovipositor is foundmostly
among extinct lineages of Hemiptera, such as †Procercopidae
(fig. A5A, A5C, A5G, A5H), †Tettigarcitidae (fig. A5B), †Pachy-
meridiidae (fig. A6A–A6C, A6J), Rhopalidae (figs. A6D–A6F,
A8C), †Vetanthorcoridae (figs. A6G, A6H, A8B), †Dehiscensi-
coridae (figs. A6I, A7A), Cydnidae (fig. A7B), and †Venicori-
dae (fig. A7C–A7E) and in the Hymenoptera clade Scoliidae
(fig. A11G).

Ovipositor morphotype H. The morphotype H ovipositor
is highly modified, short, very broad, and straight, and it pre-
sumably had a single, peculiar structure for penetrating plant
tissue, indicated by a broad and very rounded and slightly ex-
panded terminus. The ovipositor length is 0.7–1.5 mm long,
displays considerable space between the constituent valves, and
probably was circular in cross section that likely left a shallow,
if distinctive, ovipositor lesion on plant surfaces. Themorphotype
H ovipositor occurs in the extinct Lepidoptera lineages of †Eolepi-
dopterygidae (fig. A10A) and †Mesokristenseniidae (fig. A10B).

Ovipositor morphotype I. The morphotype I ovipositor is
short, very broad, and straight to perhaps slightly curved, and it
contains a single piercing structure with an acute terminus for
egg insertion into plant substrates. The ovipositor is 0.6–1.3 mm
long and is inferred to have a broadly lenticular to elliptical cross
section in the dorsoventral plane, indicating a bulb-like appear-
ance. Themorphotype I ovipositor is amixture of extinct and ex-
tant lineages, namely from theHemiptera clade †Progonocimici-
dae (fig. A5J) and the Hymenoptera clade Xyelidae (fig. A11H).

Ovipositor Morphotype Occurrences

Categorization of ovipositor structure revealed that nine
morphotypes, designated as morphotypes A–I, were present
in the Jehol and Yanliao Biotas, based on ovipositor structural
measurements and attributes (table 3). For the mid-Early Cre-
taceous Jehol Biota, seven of these morphotypes were present,
with morphotypes B and H absent. Morphotype G was the
most abundant (12 species occurrences); morphotypes A and
I were least abundant (one species occurrence each); and the
remainder, morphotypes C–F, had three or five species occur-
rences each (fig. 2A).

The latest Middle Jurassic Yanliao Biota displays a similar
profile, although all nine morphotypes are represented. Mor-
photype G, as in the Jehol Biota, shows the highest frequency

(nine species occurrences); morphotypes A, F, and I have the
lowest frequency (one species occurrence each); and the remain-
ing morphotypes range from two to four species occurrences
each (fig. 2B). (The Late Triassic Beipiao Biota lacks available in-
sect material for ovipositor characterization.)

In contrast to the frequencydistributions of ovipositormorpho-
types present in the Jehol and Yanliao Biotas (fig. 2A, 2B), their
occurrences among the eight insect taxonomic orders exhibit
more sparing distributions (fig. 2C). The morphotypes are cir-
cumscribed by great differences between the highest and lowest
frequencies of morphotypes within each order (Hemiptera and
Hymenoptera), the presence of only onemorphotype in three of
the orders (Archaeorthoptera, Neuroptera, and Lepidoptera),
and the occurrence of two or three morphotypes in the three re-
maining orders (Odonata, Blattodea, and Orthoptera).

For Odonata (dragonflies and damselflies), ovipositors con-
sist of prominent, linear, and medium-length structures of mor-
photype A (fig. A1A, A1B) or very long blade-like structures of
morphotype F (fig. A1C, A1D). Blattodea (cockroaches) have a
morphotype A ovipositor (fig. A2F) or a distinctive, blunt, trian-
gular ovipositor with double valves responsible for two paral-
lel incisions, found in morphotype B (fig. A2A, A2B, A2E).
Cockroaches also possess morphotype C ovipositors that have
a short to very short, linear, flexible structure that houses valves
resulting in a single incision slit (fig. A2C, A2D). Orthopterans
(pygmy grasshoppers and relatives) support ovipositors domi-
nated by curved, saw-like structures of considerable depth and
medium length found in morphotype D (fig. A2B–A2E) and
rarely express similarly structured but very long ovipositors of
morphotype F (fig. A3A). Archaeorthopterans (chresmodids)
possess ovipositors of medium length shaped as an isosceles tri-
angle that are highly elongated into an acuminate terminus typ-
ical of morphotype E (fig. A4A–A4C).

Hemiptera (froghoppers, planthoppers, true bugs) constitute
almost half (48.5%) of all insect species that bear ovipositors.
The Mesozoic families Procercopidae, Pachymeridiidae, Rho-
palidae, Vetanthocoridae, and Dehiscensicoridae particularly
contribute to the greatest frequency of a single morphotype,
morphotype G, attributed to 22 species occurrences (figs. A5A–
A5H, A6A–A6I, A7A–A7E). Morphotype G is characterized
as an ovipositor that is short to very short in depth, short tomod-
erate in length, and straight to moderately curved in lateral pro-
file.Morphotypes C (figs. A7F–A7J, A8A) andD (fig. A5D–A5F,
A5I) aremuch less representedamongHemiptera.Morphotype I,
with one hemipteran occurrence (fig. A5J), is small and has a dis-
tinctive, broad, rectangular, almost bulbous central region.

Neuroptera (lacewings) express one occurrence of morpho-
type F, consisting of a long, distinctive, moderately curved, saw-
like ovipositor with an acuminate terminus (fig. A9A). Lepidop-
tera (moths) similarly had two occurrences of morphotype H
that are linear and have a unique, blunt, subtly expanded, and
rounded terminus (fig. A10A, A10B). Hymenoptera constitute
20.6% of all insect species in the data set and have the most
broadly distributed spectrum of ovipositor morphotypes. For
Hymenoptera, morphotypes C and E are most abundant, with
several occurrences each, and morphotypes D, G, and I have
one occurrence each (fig. A11E, A11G, A11H). In summary,
the nine ovipositor morphotypes, representing 68 species, 61 ge-
nera, 29 families, and 8 orders of insects, likely provide a repre-
sentative spectrum of themajor ovipositor types in the Jehol and
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Yanliao Biotas that were responsible for a variety of ovipositor-
inflicted damage.

Oviposition Damage Occurrences

A plot of the DT frequency onto host plant taxa reveals sev-
eral robust patterns with respect to the Jehol and Yanliao
Biotas. For the Jehol Biota, the host plant with the greatest
frequency of oviposition is the conifer Liaoningocladus boii
(25 occurrences), followed by two species of Equisetites horse-
tails (13 occurrences), the conifer Lindleycladus lanceolatus
(L et H.) Harris (four occurrences), unidentifiable foliage (three
occurrences), and a series of eight other taxa of mostly gink-
gophytes and conifers, with one or two occurrences each (figs. 3A,
4A; table A1). Of these Jehol plants, the host with the greatest
incidence of oviposition damage is L. boii, which has somewhat
less than half of all oviposition DT occurrences (fig. 3A; table A1).
Of the eight oviposition DTs recorded from the Jehol Biota,
DT72, DT101, and DT175 account for 79.6% of all Jehol oc-
currences (fig. 3B; table A1), about half of which occur on L. boii
(figs. 3A, 4A; table A1). Also indicating an ovipositional pre-
dominance is the Liaoningocladus-DT101 association, which
ranks sixth in intensity for a plant host within the entire Meso-
zoic data set (table 2). Similarly, although the major pattern of
oviposition in the Jehol Biota indicates that conifers and, second-
arily, horsetails are the principal targets (tables 2, A1), an ovipo-
sition incidence rate of 3.3% (N p 1817) is depressed compared
to the two earlier biotas. The low rate represents a little more than
a third of the total herbivory level for the same Jehol data set
(table 1). This oviposition profile, however, is very different from
that recorded for the older Yanliao Biota.

Oviposition frequencies for the Yanliao Biota consist of sev-
eral distinctive patterns. The first andmost evident pattern is the
targeting of bennettitaleans. This general association especially
affects the three Anomozamites species of A. villosus Pott,
McLoughlin, Wu et Friis, A. kornilovae, and A. sinensis Zhang
et Zheng that represent the three most oviposited taxa in the
Yanliao Biota (figs. 3C, 4; table A2). A fourth included species,
A. angustifolium (Nathorst), ties for the sixth-most abundantly
oviposited Yanliao species. These four Anomozamites species
represent about half (48.6%) of all incidences of oviposition
in the Yanliao Biota (figs. 3C, 4B; table A2). When all ben-
nettitalean taxa are considered, their collective representation
is 60.5% of all Yanliao oviposition occurrences (fig. 4B; ta-
ble A2). Other bennettitalean host species moderately attacked
arePterophyllum irregulare (14 occurrences) andPterophyllum
cf.majus (14 occurrences); those species minimally attacked are
species of Cycadolepis and Nilssoniopteris, from four to one
oviposition DT occurrences each (table A2). For particular DT
associations spanning the entire mid-Mesozoic data set at the
genus level (table 2), the Anomozamites-DT76 association ranks
first, the Anomozamites-DT101 association ranks third, and the
Anomozamites-DT226 association ranks fifth.

The second-most oviposited Yanliao plant group are gink-
gophytes, accounting for 15.9% of all occurrences, and then
the conifers, the third-most oviposited plant group, with 13.9%
(fig. 4B; tableA2).This latterprominence isbuttressedprincipally
by theYanliao coniferYanliaoa sinensisas the fourth-most highly
ranked Yanliao plant host, with 32 oviposition DT occurrences
(figs. 3C, 4B; table A2). The three taxa of Ginkgoites rank fifth

for Yanliao associations, with 30 oviposition DT occurrences
(figs. 3C, 4B; table A2). In parallel fashion from the entireMeso-
zoic data set, the second-most highly rankedDT interaction is the
Y. sinensis-DT76 association, accounting for 7.4%of all data set
associations; analogously, the Ginkgoites-DT101 association is
the fourth-most highly ranked DT interaction, amounting to
5.8%of all associations (table 2). Sphenophytes, cycads, and un-
affiliated taxa have minimal representation in DT associations
(figs. 3C, 4C; table A2). The overall incidence of oviposition
for the Yanliao Biota is 7.6% (N p 3886), about 2.3 times that
of the Jehol Biota and about 1.7 times that of the Beipiao Biota.
Although this incidence of Yanliao oviposition is high, it repre-
sents only about a ninth of the total herbivory level from the same
biota (table 1).
The Beipiao Biota represents a substantially lesser number of

total DT occurrences, consisting of only 19 DTs, or 6.7% of the
total Mesozoic data set. However, some patterns can be dis-
cerned. There is a more even proportional representation of DTs
across the spectrum of plant hosts (figs. 3E, 4C; table A3). How-
ever, the two taxa that host the greatest number of DTs are un-
differentiated cycad foliage and the fern Todites denticulata.
Cycads and ferns are not targeted in the Yanliao and Jehol
Biotas, possibly indicating a broad host shift in the 40 million
years between Beipiao and Yanliao times. Notably, the Beipiao
DT frequency distribution (figs. 3F, 4C; table A3) remains sim-
ilar to the Yanliao Biota in that DT76 and DT101 occupy the
two most common DTs.

Ovipositor Morphotypes Matched with Ovipositor DTs

In this subsection, we describe particular oviposition DTs
in the fossil record (figs. 5–14) and attribute to each DT the
particular ovipositor morphotype or morphotypes (figs. 2, A1–
A12) of the likely culprit insect creating that DT. The ovipositor
morphotype assignments are based on ovipositor structures de-
scribed from the literature by co-occurring Jehol and Yanliao
Biotas (fig. 3). Unfortunately, insect body fossils were not avail-
able from the Late Triassic Beipiao Biota, and, consequently,
potential insect culprits do not occur for these Upper Triassic
deposits.
For each of the 15 oviposition DTs mentioned in this study,

we provide five items of relevant data. First, prefatory remarks
are given to introduce the unique features of the discussed DT.
Second, a definition of the oviposition DT is given, with refer-
ence to illustrations in figures 5–14 that depict the particular
DT lesion. Third, a list of the host plants and their organs is pro-
vided on which the oviposition DTs were recorded, if any, for
the Jehol, Yanliao, or Beipiao Biotas, linked to the captions in
figures 5–14. Fourth, one or more of the nine ovipositor mor-
photypes (A–I) are selected as responsible for creating the DT
damage, illustrated in figures A1–A12 and listed in table 3.
These ovipositor morphotypes (figs. A1–12) were abstracted
from the primary literature of relevant insect taxa co-occurring
in the same Yanliao and Jehol Biotas. The ovipositor morpho-
type most consistent with the anatomical, shape, size, and other
features for each DT lesion is selected, as is the insect taxa bear-
ing the relevant ovipositor morphotype. Fifth, an ecologically
relevant modern analogue is suggested for the particular Jehol
and Yanliao oviposition DT damage. It is stressed that these
modern analogues provide similarly shaped oviposition lesions
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Fig. 5 Oviposition damage types (DTs) on sphenopsids, conifers, and bennettitaleans from the mid-Mesozoic of northeastern China: the
generalized damage of DT72 on stems and DT76 on foliage. A, DT72 on the sphenopsid Equisetites laterale (CNU-PLA-NN-2009438,
Daohugou 2). B, Enlargement of the unusually angulate lesion DT72 from the template outlined in A. C, Several examples of DT72 on E.
longivaginatus (CNU-PLA-NN-2009256p, Daohugou 2). D, Enlargement of DT72 from the bottom template outlined in C. Note stem node
at the uppermost margin and one vertical rib contorted by the oviposition scar. E, Enlargement of a second example of DT72 outlined in
the upper template in C; the inner disturbed area may represent emplacement of an egg. F, DT72 occurring on Equisetites exiliformis (CNU-
PLA-NN-2010157p, Daohugou 2), showing a vertical rib coursing through the middle of the scar. G, DT72 on E. exiliformis (CNU-PLA-
NN-2009993p, Daohugou 2), with arrows pointing to inner and outer ridges. H, DT72 on E. longivaginatus (CNU-PLA-NN-2009325p,
Daohugou 2). I, DT72 from the template in H, showing the partial control of oviposition shape by stem ribbing. J, DT72 occurring on the stem
of the conifer Liaoningocladus boii (CNU-PLA-NN-2006292, Dawangzhangzi). K, Intermediate-level resolution of a DT72 lesion outlined in J,



that occur on modern plants. No taxonomic equivalence neces-
sarily is implied between a suggested mid-Mesozoic ovipositing
lineage, and a modern analogue that produces a similar to iden-
tical type of ovipositor damage. The confidence in the assign-
ment is provided on a scale from 1 to 3, in which a level 1 is a
very close or exact match and a level 3 is a poor match.

Oviposition DT54. Of the more complex ovipositional dam-
age in the fossil record, DT54 is relatively common. This DT has
an abundant fossil record particularly during the Paleogene
(Sarzetti et al. 2009), and a few representatives extend back to
themid-Cretaceous (Krassilov et al. 2008) and very rarely earlier.
DT54 represents a recurring pattern of oviposition that likely
reevolved in various instances in time and space and currently
is best represented by narrow-winged damselflies (Odonata:
Coenagrionidae). The record of DT54 extends from the recent
to the Late Triassic and may be present in the Permian (C. C.
Labandeira, personal observation). Notably, only one occur-
rence of DT54 was documented from the data, an example
of two or possibly three arcuate files of oviposition lesions on
the pinnular surfaces of the bennettitalean P. majus Brongniart
(fig. 11A, 11B). The insect responsible for this damage evidently
swung its abdomen to create the row of egg-insertion lesions
and moved a small increment to repeat the same process in creat-
ing the second row. Five to seven egg scars are present in each
row. The accessed tissues were epidermis and deeper paren-
chyma, and it does not appear thatmajor pinnular veins had an ef-
fect on the oviposition pattern. Based on similarities to recent
patterns of oviposition, a coenagrionid damselfly is a strong sus-
pect.

Definition. DT54 consists of elongate, lens-shaped to
teardrop-shaped lesions on foliage, arranged with the long axes
aligned subparallel to each other, as either straight rows or
slightly curved arcs, and generally paralleling a midrib or ma-
jor vein. Typically, there are two but sporadically three suc-
cessive, generally arcuate rows, each consisting of from five to
25 lesions, many exhibiting an out-of-register patterning (fig. 11A–
11G).

Host plants and organs. Jehol: No associations. Yanliao:
DT54 is associated with the pinnules of the bennettitalean
P. majus (fig. 11A–11G; Bennettitales) on a large frond-like leaf.
Beipiao: No associations.

Inferred ovipositor. Ovipositor morphotype A.
Inferred insect culprits. Morphotype D culprits for this ovi-

positional damage are Odonata clades †Campterophlebiidae
(Bellabrunetia) and †Nodululaidae (Nodalula) and probably
Blattodea clade Mesoblattinidae (Karatavoblatta).

Modern ecological analogue. The ovipositional damage of
DT54 is very similar to that of the broad-winged damselfly,

Agrion pulchellum Van der Linden (Odonata: Agrionidae),
on leaves of thewater lilyNuphar sp. (Nympheaceae) fromGer-
many (Wesenberg-Lund 1943,fig. 57, p. 71). The structural sim-
ilarity betweenDT54 and itsmodern analogue is a level 1match.

Oviposition DT72. The most ubiquitous ovipositional DT
on stems is DT72. DT72 is especially prominent on stems of
horsetails, such as species of Equisetites, particularly during
theMesozoic. Overall, this distinctive DT can be variable in size,
ranging from 2 to 10 mm in lesion length, but the shape is var-
iable and has a broadly ovate to narrowly lenticular shape.
The DT72 pattern of oviposition on the three floras included
various horsetail and seed plant hosts. However, DT72 has a
much earlier legacy on floras, such as the Molteno Formation
from the Late Triassic of South Africa (Labandeira et al. 2018)
and a few localities from the early Permian of north-central Texas
(Schachat et al. 2014, 2015; Xu et al. 2018). The earliest occur-
rence of DT72 may be from the Late Pennsylvanian of France
(Béthoux et al. 2004), although earlier occurrences may exist.
Definition. DT72 is a lenticular to broadly oval lesion, rarely

approaching a broadly ellipsoidal shape, with sharp angulate
ends andwhose insertion into host plant tissue is oriented parallel
to or uncommonly at a slight angle to the stem axis. Typically,
there is a distinct inner region of disturbed, distorted inner tissue
surrounded by callus or other prominent scar tissue that rarely
shows evidence of an inserted egg. DT72 is present as a single le-
sion and rarely occurs in clusters.
Host plants and organs. Jehol: DT72 is associatedwith axes

of the horsetails Equisetites exiliformis Sun and Zheng (fig. 5F,
5G) and Equisetites longevaginatus Wu (fig. 5D, 5E, 5H, 5I),
on stems of the conifer L. boii (fig. 5K, 5L), and on an unidenti-
fiable conifer axis. Yanliao: DT72 commonly is associated with
the horsetailsEquisetites laterale Phillips (fig. 5B), on stems, and
the ginkgophytes Czekanowskia rigida, on a stem, and Gink-
goites huttonii (Sternb.) (Ginkgoales), on a leaf petiole. DT76
also occurs on unidentifiable axes and on the petiole of uniden-
tified foliage. Beipiao: DT72 is associated with the horsetail E.
laterale, on stems, and on an unidentified axis.
Inferred ovipositor. Ovipositor morphotypes D, E, and F.
Inferred insect culprits. MorphotypeD culprits for this ovi-

positional damage are Orthoptera clades †Haglidae (Allaboilus)
and Prophalangopsidae (†Sigmaboilus); Hemiptera clades †Tet-
tigarctidae (Sunotettigarcta), †Procercopidae (Stellularis), and
Cixiidae (†Lapicixius); andHymenoptera cladeXyelidae (†Platy-
xyela).Morphotype E culprits for the damage are †Chresmodida
clade Chresmodidae (Jurachresmoda, Sinochresmoda) and Hy-
menoptera clades †Xyelotomidae (Abrotoma, Synaptotoma),
Xyelidae (†Abroxyela), and probably †Anaxyelidae (Brachy-
syntexis). Morphotype F culprits for the damage are Odonata

showing its position inclined to the stem axis. L, High resolution of the DT72 lesion outlined in J, displaying a radiate pattern of tissue
proliferations originating from an ellipsoidal center. M, DT76 on the bennettitalean Anomozamites angustifolium (CNU-PLA-NN-2005273,
Daohugou 1). N, Enlargement of the lesion from the lower template in M, exhibiting a central circular region that presumably housed an inserted
egg. O, Enlargement of the lesion from the upper template in M, displaying another circular but off-center structure. P, Two DT76 oviposition
lesions on the bennettitalean Pterophyllum cf. majus (CNU-PLA-NN-2009009, Daohugou 2); yellow arrow indicates a break in the rachis. Q,
Enlargement of DT76 from the upper template in P, showing lenticular insertion site and parallel reaction rim. R, Enlargement of DT76 from the
lower outline in P, also displaying an insertion site and concentric reaction ridge. S, Several DT76 lesions occurring sporadically on the midrib of
the trichome bearing Anomozamites villosus (CNU-PLA-NN-2005393, Daohugou 1). T, Enlargement of one of the DT76 lesions, outlined in S.
Scale bars: vertically striped p 0.1 mm; solid white or black p 1.0 mm; back-slashed p 10.0 mm.
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clade †Aeschnidiidae (Sinaeschnidia, Stylaeschnidium), Orthop-
tera clade †Haglidae (Allaboilus), and Neuroptera clade †Kal-
ligrammatidae (Oregramma).

Modern ecological analogue. DT72 is very similar to an ovi-
position scar by the buffalo treehopper, Stictocephala bisonia
(Hemiptera: Membracidae), on an unknown dicot twig from
New York State (Funkhouser 1917, pl. XXIV, p. 223). The
structural similarity between DT72 and its modern analogue is
a level 1 match.

Oviposition DT76. The most common foliage DT for mid-
rib (a primary vein of closely integrated vascular strands) or
midveinal (a primary vein-like lineation of loosely affiliated
vascular strands) areas, as well as prominent secondary veins,
is DT76, which is lenticular and variable in size. DT76 typi-
cally occurs multiple times on the same major vein or on mul-
tiple major veins on a leaf but represents separate events that
are displaced spatially during the oviposition process. By con-
trast, DT175 may have similar individual oviposition lesions,
but their stereotyped, adjacent position, arrayed end to end
on a major vein, is the product of multiple insertions of eggs
and creation of lesions that are placed next to each other in a
line during a single ovipositional event. Petioles, midribs, and
other robust primary veins are the principal targets of insects
producing DT76 damage. For most DT76 damage, a robust
ovipositor penetrates from 1.0 to 4.5 mm into the thicker tis-
sues of petioles, midribs, and stouter veins. Such penetration
requires substantial insertion forces and is considerably less
than theweak forces pricking surficial tissues of leaf blades, such
as the ovipositor morphotypes producing DT100 and DT292
lesions. It is notable that DT76 lesions evidently are created by
ovipositors that are lenticular in cross section, mostly equipped
with sawtooth edges, and engaged in back-and-forth sawing
through mostly vascular or structural tissues. These actions
are different from lesions with circular cross-sectional areas em-
ploying an up-and-down piercing motion. The record of DT76
ranges from Permian to present.

Definition. DT76 consists of single or dispersed occur-
rences of lenticular to ellipsoidal-ovoidal lesions present on
midribs or other major veins and small axes. Each lesion has
sharply angulate to acute ends, the lesion surrounded by callus
or other prominent scar tissue and inwardly containing tufts
of randomly organized, disturbed tissue. DT76 is present on
or adjacent to the leaf midribs or other primary veins. These
lesions are oriented parallel to or at a slight angle to the leaf vein.

Host plants and organs. All three biotas—the Jehol, Yan-
liao, and Beipiao Biotas—show a heterogeneity of oviposition
lesions (tables 2, A1–A3); however, it is the Yanliao Biota and
particularly DTs on bennettitaleans that account for the major
occurrences. Jehol: DT76 is associated with themidribs andma-
jor veins of the nilssonialean Baikalophyllum lobatum (fig. 8Q,
8R), on a pinnule; the ginkgophyteC. rigida, on elongate leaves;
and the conifers L. boii, on broad-leaved foliage (fig. 5J–5L), L.
lanceolatus, on broad-leaved foliage, Schizolepis jeholensis, on a
scale-like leaf, and on unidentifiable conifer foliage. DT76 also
occurs on unidentifiable foliage. Yanliao: DT76 is associated
with the midribs, robust primary veins, and smaller axes of var-
ious seed plants. DT76 is found on the ginkgophytes Baiera sp.
(fig. 8I, 8J), on deeply lobate leaves;C. rigida, on elongate leaves;
and Sphenobaiera sp., a palmately lobed leaf. DT76 occurs on

the nilssonialean Nilssonia kendalli Harris, on frond foliage.
DT76 also occurs prominently on the foliage of several species
of the bennettitaleanAnomozamites; in particular, DT76 occurs
onA.angustifolium (figs. 5N–5R, 6N),A.gracilisNathorst (fig.6R–
6T), A. kornilovae (fig. 6D, 6H, 6I), A. major Brongn, A. an-
gulatusHeer (fig. 6J–6L), A. sinensis (figs. 6O, 7B), A. thomasi
Harris (fig. 7C, 7D), and A. villosus (figs. 5T, 7E–7G, 7I–7K,
8F, 8G), especially on midribs. DT76 less commonly occurs
on other bennettitalean foliage and stems of Cycadolepis sp., a
scale leaf; an unaffiliated cycadophyte axis; Nilssoniopteris cf.
groenlandica (Harris) (fig. 7O), on a leaf; Nilssoniopteris sp.
(figs. 7L–7N, 8C, 8D) on leaves; P. irregulare Stur (fig. 7P, 7Q),
on leaves; P. cf. majus Brong. (figs. 5P–5R, 6A, 6B, 8A, 8B), on
leaves; andPterophyllum sp., on leaves.DT76 is present on the co-
nifer Podozamites lanceolatus, other broad-leaved foliage, andY.
sinensis (fig.8N–8P;Coniferales)andonneedle leavesandtheir ra-
chises. Beipiao: DT76 is associated withmajor veins of the fernT.
denticulata (Brong.) Krasser on pinnules and on cycad unidentifi-
able foliage, on leaves.

Inferred ovipositor. Ovipositor morphotypes D and E.
Inferred insect culprits. Morphotype D culprits for this ovi-

positional damage are Orthoptera clades †Haglidae (Allaboilus)
and Prophalangopsidae (†Sigmaboilus); Hemiptera clades †Tet-
tigarctidae (Sunotettigarcta), †Procercopidae (Stellularis), and
Cixiidae (†Lapicixius); and Hymenoptera clade Xyelidae (†Pla-
tyxyela). Morphotype E culprits for this ovipositional damage
are †Archaeorthoptera clade Chresmodidae (Jurachresmoda, Si-
nochresmoda) and Hymenoptera clades †Xyelotomidae (Abro-
toma, Synaptotoma), Xyelidae (†Abroxyela), and probably †Ana-
xyelidae (Brachysyntexis).

Modern ecological analogue. The midvein and petiolar
oviposition-mimicking scar is very similar, made by the ros-
trum of Ceutorrhynchus quadridens Panz. (Coleoptera: Curcu-
lionidae) on collards, Brassica oleracea L. (Brassicaceae), from
Campania, Italy (Tremblay and Bianco 1978, fig. II-2, p. 21).
The structural similarity between DT76 and its modern ana-
logue is a level 1 match.

Oviposition DT100. DT100 contrasts to the behaviorally
similar end-to-end arrangement of lesions on major veins of
DT175. DT100 may represent an abbreviated version of DT54,
but the rows contain considerably fewer lesions, and the overall
distribution of individual lesions is more clustered in DT100
compared to the looser, linear distribution of DT54. A superb
example of DT100 is documented on Sphenobaiera sp. from
the Yanliao Biota (Na et al. 2014, 2017). The geochronologic
distribution of DT100 ranges from late Permian to the present.

Definition. DT100 is a cluster of several elliptical to len-
ticular lesions arranged as two or uncommonly more compact
rows of adjacent lesions positioned side to side. The oviposi-
tion lesions are closely spaced and have tufts of distorted in-
ner tissue and parallel major veins. Each lesion consists of a
prominent, emarginate reaction rim, with length-to-width ra-
tios of 2.5–3.5 and average dimensions of 3.0 mm by 1.0 mm.
The lesions occur in compact clusters on foliage, avoiding ma-
jor veins.

Host plants and organs. Jehol: No associations. Yanliao:
DT100 is associated with interveinal areas of the ginkgophytes
Baiera manchurica Yabe et Oishi (fig. 11J, 11K), on leaves; G.
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Fig. 6 Oviposition damage of DT76 and DT226 on the rachises on various bennettitalean foliage from the mid-Mesozoic of northeastern
China. A, DT76 on Pterophyllum majus (CNU-PLA-NN-2005200, Daohugou 1); also see figure 10A for DT108 on the same specimen. B, Len-
ticular DT76 from template in A; note the intact linear reaction tissue along the right edge. C, DT76 lesion on Anomozamites kornilovae (CNU-
PLA-NN-2005297, Daohugou 2). D, Enlargement of the oviposition lesion from the template in C, showing a central ellipsoidal area surrounded
by an outer rim of scar tissue. E, Pair of DT226 lesions on the petiole of A. kornilovae (CNU-PLA-NN-2006921, Daohugou 2). F, Enlargement
of DT226 lesions from template in E, showing development of a thick black encircling callus rim. G, DT76 on A. kornilovae (CNU-PLA-NN-
2011594, Daohugou 2). H, Enlargement of a DT76 lesion with a circular structure encircled by an upraised rim, from of the upper template in
G. I, Enlargement of a DT76 lesion in G. J, Four DT76 oviposition lesions on Anomozamites angulatus (CNU-PLA-NN-2006233p, Daohugou 2).
K, A narrowly lenticular DT76 lesion from the lower template in J, displaying elongate tufts of disturbed tissue. L, A second narrowly lenticular
DT76 lesion from the upper template in J. M, A DT76 lesion on Anomozamites angustifolium (CNU-PLA-NN-2009198, Daohugou 2). N, En-
largement of oviposition region in the clipped template inM, displaying a central, broadly ellipsoidal structure.O, DT76 on Anomozamites sinensis
(CNU-PLA-NN-2008186, Daohugou 2). P, Enlargement of DT76 from template inO, showing thin, delicate reaction rims and a central egg cham-
ber. Q, DT76 in Anomozamites gracilis (CNU-PLA-NN-2009054); blue arrows indicate orientation of masses of trichomes originating from the
rachis. R, Enlargement of DT76 from the uppermost template in Q shows a central domed structure. S, A second DT76 from the central template
in Q. T, A third DT76 lesion from Q also displays a central dome. Scale bars: vertically striped p 0.1 mm; solid white or black p 1.0 mm; back-
slashed p 10.0 mm.



Fig. 7 Oviposition damage of DT76 on mostly trichome-defended bennettitalean foliage from the mid-Mesozoic of northeastern China. Blue
arrows indicate orientation of individual trichomes originating from the rachis. A, DT76 on Anomozamites sinensis (CNU-PLA-NN-2010734,
Daohugou 2) laden with rachis trichomes. B, Enlargement of lenticular DT76 lesion from template in A. C, DT76 on Anomozamites thomasi
(CNU-PLA-NN-2010529p, Daohugou 2), with stiff trichomes branching at a 307 angle from rachis axis. D, Enlargement of DT76 adjacent two
trichomes (blue arrows), indicated by the template at C. E, DT76 on Anomozamites villosus (CNU-PLA-NN-2006293, Daohugou 1), amid dense
clusters of trichomes along each side of the rachis. Green arrows indicate oviposition lesions. F, Enlargement of a DT76 lesion on E, at the
boundary between the rachis and leaf edge, adjacent the leaf midrib-blade boundary where there are fascicles of trichomes. G, Another example,
as in E, with indicated spinose trichomes. H, DT76 on A. villosus (CNU-PLA-NN-2006907, Daohugou 2), nestled on a rachis surrounded by
trichomes. I, DT76 oviposition lesion enlarged from template in H. J, DT76 on the petiole of A. villosus (CNU-PLA-NN-2009565p, Daohugou 2),
in an area lacking trichomes. K, Enlargement of DT76 from the template in J, showing a central circular structure and surrounding disrupted



huttonii (fig. 11O–11Q), on leaves; andGinkgoites sp., on leaves.
DT100 also is found on the conifer P. lanceolatus (fig. 11H, 11I),
on broad-leaved foliage. Beipiao: No associations.

Inferred ovipositor. Ovipositor morphotypes C and I.
Inferred insect culprits. Morphotype C culprits for this ovi-

positional damage are Blattodea clades †Fuziidae (Fuzia) and
†Blattulidae (Elisama), Hemiptera clade †Vetanthocoridae (Bys-
soidecerus,Collivetanthocoris,Curvicaudus,Vetanthocoris), and
Hymenoptera clades Xyelidae (†Brachyoxyela, †Heteroxyela,
†Sinoxyela), †Xyelotomidae (Paradoxotoma, Xyelocerus), and
perhaps †Daohugoidae (Daohugoa). Morphotype I culprits are
Hemiptera clade †Progonocimicidae (Cicadocoris) and Hyme-
noptera clade Xyelidae (†Isoxyela).

Modern ecological analogue. The ovipositional damage
DT100 is similar to the grasshopper Cornops frenatum Mar-
schall (Orthoptera: Acrididae) on water hyacinth, Eichhornia
azurea (Swartz) Kunth (Pontederiaceae), from Argentina (Turk
1984, fig. 3, p. 98). The structural similarity between DT100
and its modern analogue is a level 2 match.

Oviposition DT101. The occurrence of DT101 on the leaf
blade is similar to that of DT76 for the leaf primary veins.
DT101 and DT76 generally occur together, in some cases on
the same leaf, and in some instances may represent the same or
a closely related ovipositing insect species. DT101 is differentiated
from DT100 by the former occurring as single lesions whereas
the latter consists of clusters. Of all DTs, DT101 is the second-
most abundant, accounting for 19.5% of all DT occurrences of
the 16 highest-ranked DT–plant host occurrences (table 2). The
distribution of DT101 extends from the latest Pennsylvanian to
the present.

Definition. DT101 consists of lenticular, ovate, or elliptical
lesions with prominent reaction rims surrounding inner dis-
turbed tissue and arranged with their long axes parallel to pri-
mary venation and avoidance of primary venation. Lesion
lengths are variable, from 2 to 10 mm, and generally display
very prominent reaction rims. The presence of DT101 occurs
singly or an unpatterned and dispersedmanner in spare to dense
distributions over a leaf blade surface and not in compact
clusters or arcuate to linear rows.

Host plants and organs. Jehol: DT101 is associated with
interveinal areas of the nilssonialean B. lobatum (fig. 11M), on
a pinnule, and the ginkgophyte Solenites orientalis Sun, Zheng
et Mei (fig. 12F–12H), on an elongate leaf. For conifers, DT101
is associated with Elatocladus pinnatus Sun et Zheng, on needle
leaves; L. boii (fig. 12V–12X), on broad-leaved foliage; L. lan-
ceolatus, on broad-leaved foliage; and unaffiliated conifer foliage.
DT101 also occurs on unaffiliated foliage. Yanliao:DT101 is as-
sociated with horsetails and especially avoids the central vein on
a nodal leaf of the horsetailE. laterale. Ginkgophyte associations
arewithC. rigida, on an elongate leaf;G.huttonii (fig. 12C, 12D),
on leaves; Ginkgoites sp., on leaves; Sphenobaiera lata (Vakh-

rameev) Dou, on a leaf; and Sphenobaiera sp., on a polylobate
leaf. Bennettitalean interactions are prominent and present on
the four Anomozamites species of A. angustifolium, A. korni-
lovae,A. sinensis, andA. villosus, on leaves. Other bennettitalean
interactions are withCycadolepis sp., on a scale leaf; P. irregulare
Nathorst, on leaves; and P. cf. majus (figs. 11R, 12A, 12B),
on large leaves. Conifer associations are with Elatocladus sp. 2,
on needle leaves; Elatocladus sp. 3, on needle leaves; L. boii
(fig. 12W, 12V), on a broad leaf; Pityophyllum nordenskioldi
(Heer) Seward (fig. 12J), on a scale bract; P. lanceolatus, on a
broad leaf; Y. sinensis (figs. 12L, 12N, 12P–12U, 14G), on a nee-
dle leaf; and unaffiliated foliage. Beipiao: DT101 is associated
with interveinal areas of the bennettitalean Pterophyllum sp., on
a frond-like leaf, and the conifer Podozamites eichwaldi Schim-
per, on broad-leaved foliage.
Inferred ovipositor. Ovipositor morphotypes C, G, and I.
Inferred insect culprits. Morphotype C culprits for this ovi-

positional damage are Blattodea clades †Fuziidae (Fuzia) and
†Blattulidae (Elisama), Hemiptera clade †Vetanthocoridae (Bys-
soidecerus, Collivetanthocoris, Curvicaudus, Vetanthocoris),
and Hymenoptera clades Xyelidae (†Brachyoxyela, †Hetero-
xyela, †Sinoxyela), †Xyelotomidae (Paradoxotoma,Xyelocerus),
and perhaps †Daohugoidae (Daohugoa).Morphotype G culprits
are Hemiptera clades †Procercopidae (Anomoscytina,Anthoscy-
tina, Juracercopis, Stellularis), †Tettigarctidae (Shuraboprosbole),
†Pachymeridiidae(Beipiaocoris,Corallopachymeridium,Peregrin-
pachymeridium, Sinopachymeridium), Rhopalidae (†Miracorizus,
†Originicorizus, †Quatiocellus), †Vetanthocoridae (Longilanceo-
latus,Pumilanthocoris), †Dehiscensicoridae (Crassiantenninus,De-
hiscensicoris),Cydnidae (†Orienicydnus), and †Venicoridae (Cla-
vaticoris, Halonatusivena, Venicoris) and Hymenoptera clade
Scoliidae (†Protoscolia). Morphotype I culprits are Hemiptera
clade †Progonocimicidae (Cicadocoris) and Hymenoptera clade
Xyelidae (†Isoxyela).
Modern ecological analogue. Similar oviposition lesions

are made by the great diving beetle,Dytiscus marginalis L. (Co-
leoptera: Dytiscidae), on semiaquatic cattail, Typha sp. (Typha-
ceae), from Germany (Wesenberg-Lund 1943, fig. 250, p. 279).
The structural similarity between DT101 and its modern ana-
logue is a level 1 match.

Oviposition DT102. DT102 is a unique combination of pri-
mary ovipositional damage and secondary fungal infection.
Generally, such oviposition lesions preferentially occur along
the leaf periphery and become colonized along their peripher-
ies by a dark, surrounding rim of epiphyllous fungi that imper-
ceptivity bleeds into the surrounding tissue. This DT occurs dur-
ing the late Permian of Gondwana but is sparse thereafter,
occurring intermittently in Laurasia. The presence of primary ovi-
position lesions resembling DT101 that are surrounded by sec-
ondary fungal colonization could make this a compound DT,
but the intimate association between the oviposition colonization

tissue. L, Two DT76 lesions occurring on the rachis of Nilssoniopteris sp. (CNU-PLA-NN-2009822c, Daohugou 1). M, Enlargement of the DT76
lesion in the upper template in L. N, Enlargement of the DT76 lesion in the lower template in L. O, A DT76 lesion occurring on the petiole of the
bennettitalean Nilssoniopteris cf. groenlandica (CNU-PLA-NN-2009402, Daohugou 1). P, A DT76 lesion on Pterophyllum irregulare (CNU-PLA-
NN-2005450, Daohugou 2) occurring on the base of the petiolar blade adjacent the rachis. Q, Enlargement of lesion in the template at P, showing a
central ellipsoidal structure and the distortion and wrapping of cells around the insertion scar. Scale bars: vertically striped p 0.1 mm; solid white or
black p 1.0 mm; back-slashed p 10.0 mm.
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Fig. 8 Three oviposition damage types (DT76, DT137, and DT175) on the foliage of a nilssonialean, a conifer, ginkgophytes, and
bennettitaleans, from the mid-Mesozoic of northeastern China. A, DT76 present on the midrib of the Pterophyllum majus (CNU-PLA-NN-
2009209, Daohugou 1). B, Enlargement of template area in A, showing two lenticular oviposition lesions. C, DT76 occurring on Nilssoniopteris
sp. (CNU-PLA-NN-2006244, Daohugou 2). D, Enlargement of DT76 lesion in C, showing a central egg-like structure at the green arrow. E, A
DT137 lesion oriented 457 to rachis axis, indicated by the yellow arrow and occurring below the template in C. F, DT76 damage on
Anomozamites villosus (CNU-PLA-NN-2006642, Daohugou 2). G, Enlargement of the DT76 lesion at the template in F, positioned at the in-
terface of the rachis and leaf blade. H, Several DT76 lesions occurring on the petiolar branches of the ginkgophyte Baiera cf. furcata (CNU-PLA-
NN-2011592). I, DT76 lesion from the upper-left template in H, showing a raised central area. J, DT76 lesion from the lower-left template in
H. K, A DT76 on the rachis of Anomozamites angustifolium (CNU-PLA-NN-2006183, Daohugou 1). L, A DT76 lesion enlarged from the tem-
plate in K, showing a central circular structure, surrounded by dark disrupted tissue and in turn enveloped by a concentric reaction ring indicated



and its fungal colonization currently is best considered as a single
DT association with its plant host.

Definition. DT102 consists of an interveinal, broad to nar-
row lenticular DT101-like oviposition mark commonly arranged
into a linear series or clusters on foliage typically along the
leaf margin or near the leaf midveinal axis that is surrounded
by epiphyllous necrotic tissue. Each fungal blotch has an inner
zone of disrupted tissue and an outer zone of a variably wide
lenticular reaction front of thick angulate reaction rims, each
with its initial oviposition lesion oriented parallel to second-
ary venation.

Host plants and organs. Jehol: No associations. Yanliao:
DT102 (not illustrated) is associated with interveinal areas
and small stems of the ginkgophyte Ginkgoites sibirica (Heer)
Seward, on a leaf; the bennettitalean A. kornilovae, on a leaf;
and an unaffiliated cycadophyte axis. Beipiao: No associa-
tions.

Inferred ovipositor. Ovipositor morphotypes C, G, and I.
Inferred insect culprits. Morphotype C culprits for this ovi-

positional damage are Blattodea clades †Fuziidae (Fuzia) and
†Blattulidae (Elisama), Hemiptera clade †Vetanthocoridae (Bys-
soidecerus,Collivetanthocoris,Curvicaudus,Vetanthocoris), and
Hymenoptera clades Xyelidae (†Brachyoxyela, †Heteroxyela,
†Sinoxyela) †Xyelotomidae (Paradoxotoma, Xyelocerus), and
perhaps †Daohugoidae (Daohugoa). Morphotype G culprits for
are Hemiptera clades †Procercopidae (Anomoscytina, Anthos-
cytina, Juracercopis, Stellularis), †Tettigarctidae (Shurabopros-
bole), †Pachymeridiidae (Beipiaocoris, Corallopachymeridium,
Peregrinpachymeridium,Sinopachymeridium),Rhopalidae(†Mi-
racorizus,†Originicorizus,†Quatiocellus),†Vetanthocoridae(Longi-
lanceolatus, Pumilanthocoris), †Dehiscensicoridae (Crassianten-
ninus,Dehiscensicoris), Cydnidae (†Orienicydnus), and †Venicoridae
(Clavaticoris, Halonatusivena, Venicoris) and Hymenoptera
clade Scoliidae (†Protoscolia). Morphotype I culprits are He-
miptera clade †Progonocimicidae (Cicadocoris) and Hymenop-
tera clade Xyelidae (†Isoxyela).

Modern ecological analogue. An example is the anthrac-
nose leaf spot fungus Deightoniella torulosa (Syd.) M.B. Ellis
(Capnodiales: Mycosphaerellaceae) colonizing wild banana,
Musa acuminata Colla (Musaceae), after DT101-type oviposi-
tion marks (Photita et al. 2004, fig. 3, p. 135). The structural
similarity between DT102 and its modern analogue is a level 1
match.

Oviposition DT108. This uncommon but distinctive DT is
characterized by irregularly shaped, usually lobate lesions pro-
duced by an ovipositing insect on a robust stem, such as an
equisetalean. The disrupted inner tissues and the shape of the
damage indicate a wood-boring origin. However, the explana-

tion preferred here is that the DT108 lesions are attributable
to an insectwith single overlapping oviposition events that result
in an irregular pattern of tissue modification and scarring. The
fossil record of DT108 evidently begins in the Late Triassic
and is present sporadically to the present.
Definition. DT108 consists of distinctive, large, elliptical,

and circular to more commonly irregularly polylobate oviposi-
tion lesions on stems or robust midribs, commonly reaching
8mm inmaximum dimension andmergingwith each other into
irregular, approaching polylobate shapes, characterized by sub-
dued reaction rims and an internal structure of extensively de-
formed vascular strands, parenchyma, and other tissues.
Host plants and organs. Jehol: No associations. Yanliao:

DT108 is associated with large midribs of the bennettitalean
P. cf. majus (fig. 10A–10E), on a large frond. Beipiao: No as-
sociations.
Inferred ovipositor. Ovipositor morphotype F.
Inferred insect culprits. Culprits for this ovipositional dam-

age are Odonata clade †Aeschnidiidae (Sinaeschnidia, Stylae-
schnidium), Orthoptera clade †Haglidae (Allaboilus), and espe-
cially Neuroptera clade †Kalligrammatidae (Oregramma).
Modern ecological analogue. Ovipositional damage of the

17-year periodical cicada, Magicicada septendecim (Hemip-
tera: Cicadidae), on stems of sugar maple, Acer nigrum L. (Sa-
pindaceae), is a modern ecological analogue (Marlatt 1907,
fig. 43, p. 108). The structural similarity between DT108 and
its modern analogue is a level 2 match.

Oviposition DT137. The distinctive delicate scars of DT137
are recognizable by their small size, an orientation cutting across
major venation, and frequent, thin, wedge-shaped lesions with a
short, straight edge that substitutes for an angulate end. The
small, delicate nature of this lesion is found generally onmodern
mosses (Glime 2017). The earliest-known example of this ovipo-
sition lesion is from a locality from South Africa, provisionally
of mid-Permian age, though it should be expected in earlier
Devonian- and Mississippian-age deposits.
Definition. DT137 consists of scattered foliar oviposition

lesions occurring on the midvein, primary vein, midveinal re-
gion, or petioles of small axes. Each lesion is shaped as an incon-
spicuous, elongate, isosceles-shaped triangle, with the short seg-
ment of the “base” replacing an acuminate end but usually
lenticular in shape. The aspect ratio is or is greater than 3∶0,
and the orientation is transverse to veins or other vascular and
structural tissue.
Host plants and organs. Jehol: DT137 is associated with

major veins of the conifer L. boii, on broad-leaved foliage and on
unaffiliated foliage. Yanliao: DT137 is associated with midveins,
petioles, and small axes of the ginkgophytes Ginkgoites sp.

by a green arrow. M, DT76 on the central branchlet axis of the conifer Yanliaoa sinensis (CNU-PLA-NN-2006139, Daohugou 2). N, Two suc-
cessive small DT76 lesions from the template at the top of M, showing deep penetration of axial tissues. O, Four successive DT175 lesions
deployed in a linear series on the leaves of Y. sinensis (CNU-PLA-NN-2008480, Daohugou 2). P, Enlargement of the upper two lesions in
O, as indicted by the template. Q, DT76 occurring at the interface of the pinnular blade and its adjacent rachis on the nilssonialean
Baikalophyllum lobatum (CNU-PLA-NN-2009863p, Liutiaogou). R, Enlargement of DT76 from the template in Q, showing a darkened area
with two acuminate ends and a central circular structure. S, DT175 occurring on Baiera sp. (CNU-PLA-LL-2010331, Liutiaogou), showing two
parallel sets of oviposition, one with six and the other with four successive lesions. T, DT175 on foliage of the conifer Liaoningocladus boii
(CNU-PLA-NN-2010018), with one leaf exhibiting seven and the other three successive end-to-end lesions. U, Enlargement of three of the lesions
from the template in T. Scale bars: vertically striped p 0.1 mm; solid white or black p 1.0 mm; back-slashed p 10.0 mm.
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Fig. 9 DT226 oviposition damage and structural defense of sphenopsid, conifer, and bennettitalean foliage from the mid-Mesozoic of north-
eastern China. A, Several occurrences of DT226 on the stem of Equisetites longevaginatus (CNU-PLA-NN-2009267p, Liutiaogou). These struc-
tures are unlikely to be basal scars of leaves, as they lack vascular traces and do not originate at nodes. B, DT226 lesion from the template at the
extreme upper left in A. C, DT226 lesion from the more centrally positioned template at upper left in A. D, DT226 lesion from the central-right
template in A. E, DT226 occurring on the rachis of Anomozamites kornilovae (CNU-PLA-NN-2006921, Daohugou 2); same specimen as fig-
ures 4 and 5, which display DT76. F, DT226 lesion in E, showing a rounded form and an acuminate slit scar at upper left. G, DT226 present on
the rachis of Anomozamites villosus (CNU-PLA-NN-2006913c), surrounded by fascicles of rigid, spine-like trichomes; blue arrows point to in-
dividual trichomes. H, Enlarged view of DT226 outlined in template at G, displaying a central ellipsoidal structure and a surrounding circular
zone of disturbed tissue. This specimen is the holomorphotype for oviposition DT226 for version 4 of the forthcoming Damage Guide. I, DT226
on the rachis of Anomozamites angustifolium (CNU-PLA-NN-2006237, Daohugou 2). J, From the template in I is a cluster of four DT226



(fig. 10G), G. huttonii (fig. 10J, 10K), and G. sibirica (fig. 10L,
10M),on leaves, andonanunaffiliatedginkgophyteaxis.Otheras-
sociationsarewiththebennettitaleansA.kornilovae(fig.10H,10I),
A. sinensis (fig. 10O, 10P),A. villosus,Nilssoniopteris sp. (fig. 8E),
andP.cf.majus(fig.10R,10S),allonleaves.DT137alsoisfoundon
unaffiliatedaxesand foliage. Beipiao:DT137 is associatedwith the
conifer P. eichwaldi, onmajor veins of broad-leaved foliage.

Inferred ovipositor. Ovipositor morphotype H.
Inferred insect culprits. Culprits for this ovipositional dam-

age are Lepidoptera clades †Eolepidopterygidae (Seresilepidop-
teron) and †Mesokristenseniidae (Kladolepidopteron).

Modern ecological analogue. An analogue is the tree cricket
Oecanthus pellucens Scopoli (Orthoptera: Gyrillidae) oviposit-
ing into a taxonomically undetermined twig from Italy (Chopard
1938, fig. 156, p. 181). Also, see Fulton’s (1915) illustrations of a
close analogue to this DT. The structural similarity between
DT137 and its modern analogue is inexact and a level 2 match.

Oviposition DT159. Theminiscule ovipositionmarkDT159
is very similar to DT137 in overall shape. The defining feature of
DT159 is an orientation parallel to themidvein, midrib, or other
primary vein. Such a position is unlike the transverse lesions ori-
ented across the midvein and similar structures in DT137 dam-
age. The oldest occurrence of DT159 is from the Late Triassic of
the Karoo Basin, and it survives to the present.

Definition. DT159 oviposition (not illustrated) consists of
small, circular, ovate to lenticular lesions, ordinarily with angu-
late ends that have a detectable outer reaction rim enveloping a
central region. Each linear lesion is 0.1–1.0 mm in length; a typ-
ical orientation is as a cluster along the medial axis of an oblong
thallus or other delicate foliage that is recognizable when pre-
served as a group of oviposition lesions.

Host plants and organs. Jehol: DT159 is associated with
surface tissues of the horsetail E. longevaginatus, occurring on
stems. Yanliao: DT159 (not illustrated) is associated with the
midribs of the bennettitaleans on A. angustifolium and A.
kornilovae, on leaves, and on P. cf. majus, on leaves. Beipiao:
No associations.

Inferred ovipositor. Ovipositor morphotype G.
Inferred insect culprits. Culprits for this ovipositional dam-

age are Hemiptera clades †Procercopidae (Anomoscytina,Antho-
scytina, Juracercopis, Stellularis), †Tettigarctidae (Shuraboprosbole),
†Pachymeridiidae (Beipiaocoris,Corallopachymeridium,Peregrinpa-
chymeridium, Sinopachymeridium), Rhopalidae (†Miracorizus,
†Originicorizus †Quatiocellus), †Vetanthocoridae (Longilanceolatus,
Pumilanthocoris), †Dehiscensicoridae (Crassiantenninus, Dehis-
censicoris), Cydnidae (†Orienicydnus), and †Venicoridae (Clava-
ticoris, Halonatusivena, Venicoris) and Hymenoptera clade
Scoliidae (†Protoscolia).

Modern ecological analogue. The green hawker, Aeshna
viridis Eversmann (Aeshnidae), ovipositing delicately into the
midveinal area of water pineapple, Stratiotes aloides L. (Hydro-
charitaceae), from Germany (Wesenberg-Lund 1913b, fig. 4,
p. 191) is an ecological analogue. The structural similarity be-
tween DT159 and its modern analogue is a level 1 match.

Oviposition DT175. Although similar to the scattered, indi-
vidual lesions of DT76 that are oviposited as separate events,
DT175 consists of three or more lesions oriented end to end
and laid in successionwithin a single ovipositional event. The be-
havioral pattern represented by DT175 indicates elevated ste-
reotypy on a host plant, characterized by targeting of narrow
veins, avoidance of major veins, and confinement of the lesions
to an approximate 1∶3 width-to-length ratio. DT175 is present
in latest Pennsylvanian and early Permian seed plants from
north-central Texas, occurs in the Late TriassicMolteno Forma-
tion of South Africa, and is present today.
Definition. DT175 consists of elliptical-lenticular oviposi-

tion lesions on foliagewith an aspect ratio range of 1∶3 to 1∶5, a
length up to 1.5 mm, and with a distinct outer reaction rim and
inner disturbed tissue. The scars are arranged end to end, form-
ing a file of up to seven, probably more, lesions along venation
or the margin of a leaf, usually in a parallel-veined leaf. Rarely,
the lesions are deployed in two files of scars alongside each other
on the same leaf specimen or adjacent to but avoiding a major
vein.
Host plants and organs. Jehol: DT175 is associated with

surface tissues of the ginkgophytes Baiera valida and Baiera
sp. (fig. 8S), on leaves; on the bennettitalean Tyrmia acrodonta,
on leaves; on the conifersL. boii (fig. 8T, 8U) andL. lanceolatus,
both on broad-leaved foliage; and an unaffiliated conifer short
shoot. Yanliao: DT175 is associated with surface tissues of the
ginkgophytes B. manchurica and Baiera sp., on leaves; Gink-
goites sp., on a leaf; and the conifer Y. sinensis, on a needle leaf.
Beipiao: DT175 is associated with surface tissues of the fern T.
denticulata, on a pinnule; the ginkgophyte Baiera furcata
(Lindley et Hutton) Braun, on a leaf; and unaffiliated cycad fo-
liage.
Inferred ovipositor. Ovipositor morphotype D.
Inferred insect culprits. Culprits for this ovipositional dam-

age are Orthoptera clades †Haglidae (Allaboilus) and Propha-
langopsidae (†Sigmaboilus); Hemiptera clades †Tettigarctidae
(Sunotettigarcta), †Procercopidae (Stellularis), andCixiidae (†La-
picixius); and Hymenoptera clade Xyelidae (†Platyxyela).
Modern ecological analogue. Anacceptablematch istheEu-

ropean pine sawfly, Neodiprion sertifer (Geoffroy ex Fourcroy)
(Hymenoptera: Tenthredinidae), on Scots pine, Pinus sylvestris
L. (Pinaceae), from the northeastern United States (Johnson and

lesions at the base of the rachis, each showing a central raised area. K, Enlargement of DT226 lesion in the template at J, showing a central
ellipsoidal eminence. L, Multiple occurrences of DT226 along the rachis–leaf blade boundary of Anomozamites sinensis (CNU-PLA-NN-
2010699, Daohugou 1). M, Enlargement of DT226 from the middle square template in L, displaying a central prominence. N, Enlargement
of DT226 from the upper square template in L, with a central upraised area; note continuity of vascular strands. O, Enlargement of DT226
from the lowermost rectangular template in L, showing a prominent central boss. P, DT226 on the leaf tip of Nilssoniopteris sp. (CNU-
PLA-NN-2009822, Daohugou 1). Q, Two adjacent DT226 lesions from the template in P, showing a lenticular central cavity from which ra-
diating tufts of tissue emerge. R, Taphonomically flattened DT226 occurring on Liaoningocladus boii (CNU-PLA-LL-2010223p, Liutiaogou). S,
DT226 from a leaf in R outside of the image border, indicated by the yellow arrow. T, DT226 indicated by the template at left in R, showing an
inner circular to ellipsoidal area (upper-left arrow) and outer scar rim (lower-right arrow). Scale bars: vertically striped p 0.1 mm; solid white or
black p 1.0 mm; back-slashed p 10.0 mm.
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Fig. 10 Oviposition damage types of DT108, DT137, and DT246 on sphenopsid stems and ginkgophyte and bennettitalean foliage from the
mid-Mesozoic of northeastern. A, DT108 on the rachis of a Pterophyllum majus (CNU-PLA-NN-2005200, Daohugou 1) leaf. (See fig. 6A, 6B
for DT76 on the same specimen.) B, Enlargement of a polylobate DT108 oviposition site, from the uppermost template in A, showing disrupted
inner tissues and revealing several enigmatic rod-like features approximately parallel to the rachis axis. C, DT108, corresponding to the second
template from the top in A. D, DT108, corresponding to the lowermost template in A. E, DT108, corresponding to the smallest template in A. F,
DT137 on the ginkgophyte Ginkgoites sp. (CNU-PLA-NN-2008141, Daohugou 2). G, Two examples of DT137 occurring in the intercostal
region between two secondary veins; note the bending of veins toward the upper lesion. H, DT137 on Anomozamites kornilovae (CNU-
PLA-NN-2010390p, Daohugou 2). I, A DT137 lesion slicing across three major veins of the pinnule. J, A DT137 lesion on Ginkgoites huttonii
(CNU-PLA-NN-2007528c, Daohugou 2). K, A nearly transverse DT137 lesion cutting across three major veins, resulting in vein distortion and
convergence in J, very similar to G. L, A DT137 lesion on Ginkgoites sibirica (CNU-PLA-NN-2010175, Daohugou 2), oriented transverse to



Lyon 1976, pl. 2, fig. B, p. 19). The structural similarity between
DT175 and its modern analogue is a level 2 match.

Oviposition DT226. Common occurrences on midribs, pet-
ioles, and stems are round, rather small oviposition lesions with
an upraised central area. These lesions occur on a broad range of
plant hosts and appear to be the least species specific of any ovi-
position mark from the larger data set. DT226 extends consider-
ably back in time, recorded on Late Pennsylvanian and early
Permian floras from north-central Texas (Schachat et al. 2014;
Xu et al. 2018). DT226 accounts for the third-most frequent ovi-
position DT encountered in the larger mid-Mesozoic data set,
representing8.0%of allDToccurrences of the 16highest-ranked
DT–plant host occurrences (table 2). The geochronologic range
of DT226 is from the latest Pennsylvanian (Xu et al. 2018) to
the present (see “New DTs”).

Definition. DT226 consists of a round, cratered lesion on a
primary vein or stem, 0.5–1.5 mm in diameter, with an en-
circling, deep sulcus penetrating into subdermal tissue and an in-
nermost, central, prominently raised plug of disorganized tissue.
The circular lesion has surrounding scar tissue, a subtle, outer-
most, bordering zonewith a differently appearing tissue,marked
by the deflection and subsequent rejoining of surrounding vascu-
lature around the lesion. The lesions intermittently occur as an
interrupted row along the midrib.

Host plants and organs. Jehol: DT226 is associated mostly
with deeper tissues of the horsetails E. exiliformis and Equi-
setites longivaginatus (fig. 9A–9D); the conifers Cephalota-
xopsis leptophylla (Wu) Sun et Zheng and L. boii (fig. 9R–
9T), on needle leaves; and the gnetophyte Ephedrites cheniae
(Guo et Wu), on leaves. Yanliao: DT226 is associated mostly
with deeper tissues on the ginkgophytes Baiera sp., on leaves;
Czekanowskia setacea Heer, on elongate leaves; and G. hut-
tonii, on leaves, especially midrib tissues. DT226 also is docu-
mented on the five species of the bennettitalean Anomozamites,
namely,A. angustifolium (fig. 9I–9K),A. gracilis,A. kornilovae
(figs. 6E, 6F, 9E, 9F), A. sinensis (fig. 9M–9O), and A. villosus
(fig. 9G, 9H). Other bennettitaleans with DT226 are Nils-
soniopteris sp. (fig. 9P, 9Q) and P. cf.majus, both on leaves, es-
pecially midribs. Beipiao: DT226 is associated with surface and
deeper stem tissues on the horsetail Neocalamites hoerensis
Schimper (Halle 1908).

Inferred ovipositor. Ovipositor morphotype C.
Inferred insect culprits. Culprits for this ovipositional dam-

age are Blattodea clades †Fuziidae (Fuzia) and †Blattulidae
(Elisama); Hemiptera clade †Vetanthocoridae (Byssoidecerus,
Collivetanthocoris, Curvicaudus, Vetanthocoris); and Hyme-
noptera clades Xyelidae (†Brachyoxyela, †Heteroxyela, †Si-
noxyela), †Xyelotomidae (Paradoxotoma, Xyelocerus), and
perhaps †Daohugoidae (Daohugoa).

Modern ecological analogue. Very similar ovipositional
damage is made by the spur-throat toothpick grasshopper,
Stenacris vitreipennis Marschall (Orthoptera: Acrididae), on
the giant bulrush, Schoeneoplectus californicus (C.A. Mey)
Steud. (Cyperaceae), from Texas. The structural similarity be-
tween DT226 and its modern analogue is a level 1 match.

Oviposition DT246. Similar to DT226, DT247 is an ovipo-
sition lesion that has a circular to broadly ovate cross section,
thus indicating a culprit with an ovipositor approximately cir-
cular in cross section. It also differs from DT226 by the ab-
sence of a distinct central plug in the oviposition interior, re-
placed by a subtle dome. Evidently, DT246 extends far into deep
time, as it is recorded on seed plant leaves from the latest Penn-
sylvanian (Xu et al. 2018) and early Permian of north-central
Texas (Schachat et al. 2014) and occurs as modern damage.
Definition. DT246 is robust, circular to broadly ovate in

shape, to uncommonly wide, and has subtly lacriform scars
oriented parallel to leaf venation. The enveloping scars can vary
greatly in size, occurring singly or rarely clustered linearly. An
upper, slightly domed, but not plug-like central surface displays
a distinctly dimpled, muted pustulose or featureless surface that
indicates anomalous tissue surrounded by a round to gently un-
dulatory outer margin zone.
Host plants and organs. Jehol: DT246 is associated with

the outer stem tissues of the horsetail Equisetites longivagina-
tus (fig. 5C, 5H). Yanliao: DT246 occurs on surface tissues of
the bennettitaleans A. villosus, on leaves, and P. irregulare, on
frond-like leaves. Beipiao: No associations.
Inferred ovipositor. Ovipositor morphotype C.
Inferred insect culprits. Culprits for this ovipositional dam-

age are Blattodea clades †Fuziidae (Fuzia) and †Blattulidae
(Elisama); Hemiptera clade †Vetanthocoridae (Byssoidecerus,
Collivetanthocoris, Curvicaudus, Vetanthocoris); and Hyme-
noptera clades Xyelidae (†Brachyoxyela, †Heteroxyela, †Sin-
oxyela), †Xyelotomidae (Paradoxotoma, Xyelocerus), and per-
haps †Daohugoidae (Daohugoa).
Modern ecological analogue. A very similar type of dam-

age is the oviposition site of Chromatomyia syngenesiaeHardy
(Diptera: Agromyzidae), on dandelion Taraxicum officinale (L.)
Weber ex F.H. Wigg (Asteraceae), from the Netherlands (Ellis
2018, uppermost figure of first webpage). The structural similar-
ity between DT246 and its modern analogue is a level 1 match.

Oviposition DT272. The two plant hosts of DT272 share
two major features. First, DT272 occurs only on reproductive
structures, in particular the fleshy seeds of Yimaia capitulifor-
mis. Both plant hosts from the Yanliao Biota likely had thick,
fleshy to leathery tissues. Second, the ovipositor penetration of
both hosts of DT272 probably traversed significant thicknesses

venation. M, Enlargement of DT137 in L, displaying an unclear dark center and a prominent surrounding scar rim transverse to venation. N,
DT137 on Anomozamites sinensis (CNU-PLA-NN-2010741p, Daohugou 2). O, Enlargement of the DT137 lesion in N, showing the interrup-
tion of four major pinnular veins. P, Further magnification of DT137 from the template in O. Q, DT137 on Pterophyllum magus (CNU-PLA-
NN-2009805, Daohugou 1). R, Approximately six narrowly lenticular lesions cutting across major pinnular veins in Q. S, A thin lenticular
DT137 lesion with a prominent outer rim of scar tissue and inner disrupted tissue enlarged from R. T, Several DT246 lesions on Equisetites
longevaginatus (CNU-PLA-NN-2009297, Daohugou 2), consisting of circular lesions that are randomly positioned on the stem, indicating that
they are not leaf scars. U, Enlargement of a DT246 scar from the upper-right template in T. V, Enlargement of a DT246 scar from the center-left
template in T. W, Enlargement of a DT246 scar from the lower-right template in T. X, Enlargement of a DT246 scar from the bottom-most,
partly hidden template in T. Scale bars: vertically striped p 0.1 mm; solid white or black p 1.0 mm; back-slashed p 10.0 mm.
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Fig. 11 Clustered oviposition damage of DT54, DT100, and DT101 on the foliage of a nilssonialean, a conifer, ginkgophytes, and
bennettitaleans from the mid-Mesozoic of northeastern China. A, Distinctive oviposition of DT54 on Pterophyllum majus (CNU-PLA-NN-
2005055p, Daohugou 1), a bennettitalean frond in excess of 30 cm in length. B, A magnified region of the distal pinnule, outlined in the template
at A, showing the overall pattern of DT54 oviposition; the single cuspate margin represents a broken chip and not DT12 margin feeding.
C, Enlargement of region surrounding the cuspate chip from the template in B, showing arcuate swaths of oviposition marks interconnected
by superimposed white lines. D, Further enlargement, showing three oviposition lesions from the template in C. E, Counterpart specimen
(CNU-PLA-NN-2005055c), showing additional DT54 damage. F, Enlargement of template in E, showing distribution of oviposition lesions.
G, Enlargement of three lesions from the partial template at left in F, displaying disrupted tissue. H, DT100 on the conifer Podozamites
lanceolatus (CNU-PLA-NN-2005394, Daohugou 1). I, Enlargement of DT100 from the template in H, displaying a cluster of approximately
10 lesions across three costal fields. J, Oviposition of DT100 on Baiera manchurica (CNU-PLA-NN-2011192P). K, Enlargement of DT100 from



of fleshy tissue. These near-identical oviposition scars indicate
that thick, fleshy tissue, exposed to the ambient environment,
would have been a source for larval food in these unrelated seed
plant clades.

Definition. DT272 consists of a series of four to nine ovi-
position lesions arranged in a side-to-side manner along a
subtly arcuate to linear row that is up to 9 mm long. The len-
ticular to ovoidal-shaped lesions are embedded in thick, par-
enchymatous, evidently fleshy or leathery tissue. Each pene-
trating incision is characterized by an inner disturbed area of
tissue surrounded by a minimal rim of dark reaction tissue, dis-
playing a width-to-length ratio of 1∶1.2 to 1∶2.5 and forming
overall a distinctly stereotyped pattern.

Host plants and organs. Jehol: No associations. Yanliao:
DT272 is associated with penetration of thick, fleshy tissue
and the underlying ovular tissue of the ginkgophyte ovulate or-
gan Y. capituliformis (fig. 13A–13H), reproduced from Meng
et al. (2017). Meng and colleagues (2017) provide documenta-
tion and a discussion of DT272 on Y. capituliformis. Beipiao:
No associations.

Inferred ovipositor. Ovipositor morphotype F.
Inferred insect culprits. Culprits for this ovipositional dam-

age are Odonata clade †Aeschnidiidae (Sinaeschnidia, Stylae-
schnidium), Orthoptera clade †Haglidae (Allaboilus), and par-
ticularly Neuroptera clade †Kalligrammatidae (Oregramma).

Modern ecological analogue. Oviposition scars by the spot-
ted wing pomace fly, Drosophila suzukii Matsumura (Diptera:
Drosophilidae), on cherry, Prunus cerasus L. (Rosaceae), from
California (Walsh et al. 2011, fig. 4, p. 3). The structural similar-
ity between DT272 and its modern analogue is a level 2 match.

Oviposition DT292. Perhaps themost distinctive oviposition
marks in the totalMesozoic northwestern China data set are the
isolated occurrences of DT292. This singular and uncommon
surface damage of DT292 occurs overwhelmingly onY. sinensis
of theYanliao Biota. To our knowledge,DT292occurs nowhere
else in the fossil record, indicating that a unique ovipositor struc-
ture inflicted this damage. DT292 consists of a shallow modifi-
cation of plant epidermal tissue inflicted by an ovipositor with
a pair of piercing valves, each with an elongate cutting edge,
resulting in characteristic, delicate paired incisions (see “New
DTs”).

Definition. DT292 consists of a distinctive oviposition le-
sion characterized by a single occurrence of two small, slit-like,
lenticular, parallel lesions that indicate a unique ovipositor
structure. The lesions occur on surface tissue of foliage such as
conifer needles, away from major veins. Each lesion is about
0.2 mm long, formed from a doublet of the two parallel, elon-
gate incisions surrounded by a circular to broadly ellipsoidal
to squarose field of altered tissue about 0.5–0.7 mm in maxi-

mum dimension and, in turn, surrounded by a subtle, depressed,
discolored reaction zone.
Host plants and organs. Jehol: No associations. Yanliao:

DT292 is associated with surface tissues of the bennettitaleans
A. kornilovae, on leaves, and P. cf. majus, on leaves, and espe-
cially the conifer Y. sinensis (fig. 14C–14F), on needle leaves.
Beipiao: No associations.
Inferred ovipositor. Ovipositor morphotype B.
Inferred insect culprits. Culprits for this ovipositing clade

are Blattodea clades †Raphidiomimidae (Divocina, Fortiblatta)
and †Caloblattinidae (Colorifuzia). It also is probable that cur-
rently undocumented mid-Mesozoic representatives of treehop-
pers (Hemiptera: Membracidae) similar to modern Enchenopa,
Stictocephala, and related taxamay havemade this stereotypical
damage, resembling the damage of these modern analogues
(Sorenson 1928; Armstrong et al. 1979).
Modern ecological analogue. Very similar ovipositional

damage is made by the planthopper, Taosa longula Remes Le-
nicov (Hemiptera: Dictyopharidae), on common water hya-
cinth, Eichhornia crassipes (Mart.) Solms (Pontederiaceae),
from Argentina (Remes Lenicov and Hernández 2010, fig. 6d,
p. 339). The structural similarity between DT292 and its mod-
ern analogue is a level 1 match.

Oviposition DT293. DT293 is a distinctive ovipositional pat-
tern of approximately eight scars probably made by an odo-
natan, such as a damselfly, based on the pattern of occurrence
on the leaf surface. The position of a row of oviposition lesions
oriented side by side scars adjacent the midrib of a large, pin-
nate bennettitalean frond suggests anchorage of the insect
fabricator’s body to the midrib and movement of the entire
abdomen of the ovipositing insect incrementally to scarify the
surface and insert eggs into deeper tissue. This latest Middle
Jurassic occurrence is the earliest example of DT293 (see “New
DTs”).
Definition. DT293 is a linear series of side-to-side-placed

lesions, in which adjacent lesions are separated by narrow,
submillimeter-long intervening spaces. The row of lesions oc-
curs about 1.0–1.5 mm from the edge of the frond midrib at
the pinnular bases, where each adjacent pinnule contains from
one to three lenticular to elliptical-shaped lesions, each of which
is encircled by a thick callus. Each lesion occurs parallel to vena-
tion and individually ranges from 1.5–2.0 mm wide to 2.5–
4.0 mm long. The entire ensemble consists of a linear row of ap-
proximately 10 ovipositional scars.
Host plants and organs. Jehol: No associations. Yanliao:

DT293 is associated with surface and deep tissues of the nils-
sonialean Nilssonia compta (Phillips) (fig. 14H–14O), on pin-
nular bases of a large leaf. Beipiao: No associations.
Inferred ovipositor. Ovipositor morphotype A.

the template in J, showing a cluster of 13 lesions across four costal fields. L, DT101 on the nilssonialean Baikalophyllum lobatum (CNU-PLA-
NN-2009364c, Liutiaogou). M, Enlargement of DT101 from template in L, showing a black ellipsoidal central structure, a surrounding zone of
disturbed tissue, and outer scar tissue lodged between adjacent primary veins. N, DT100 on Ginkgoites huttonii (CNU-PLA-NN-2011383,
Daohugou 2). O, Enlargement of DT100 from the template in N, showing a separated cluster of nine lesions occupying three costal fields. P,
Further enlargement of the bottom cluster from the template in O, showing oviposition details. Q, DT100 on Ginkgoites huttonii (CNU-
PLA-NN-2009629c, Daohugou 2), showing a cluster of approximately 40 lesions across nine costal fields. R, Four isolated DT101 lesions
on a Pterophyllum majus pinnule (CNU-PLA-NN-2005019, Daohugou 2). Note avoidance of primary pinnule veins. Scale bars: vertically
striped p 0.1 mm; solid white or black p 1.0 mm; back-slashed p 10.0 mm.
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Fig. 12 Oviposition damage of DT101 on conifer foliage from the mid-Mesozoic of northeastern China. A, Oviposition of DT101
paralleling the primary veins of Pterophyllum majus (CNU-PLA-NN-2009805p, Daohugou 1). B, Enlargement of DT101 from the template
in A, showing lenticular outline, malformed inner tissue, and a possible egg insertion site. C, DT101 on Ginkgoites huttonii (CNU-PLA-NN-
2010396, Daohugou 2). D, Two DT101 oviposition marks indicted by the template at C; each is located on a primary vein, contains significant
malformed tissue, and has a centrally placed egg insertion site. E, The czekanowskialean ginkgophyte Solenites orientalis (CNU-PLA-NN-
2009925p, Liutiaogou) with DT101. F, DT101 from center-right template in E, showing broad, ovoidal shape of this oviposition type. G, An-
other very similar DT101 from the upper-right template in E. H, A third similar broadly ellipsoidal DT101 from the lower-right template in E,
displaying bulbous tufts of teratologic tissue. I, DT101 on the conifer Pityophyllum cf. nordenskioldi (CNU-PLA-NN-2009468p, Daohugou 1).
J, Enlargement of a DT101 lesion along the leaf margin from the template in I, showing an incision inclined to venation. K, DT101 on Yanliaoa
sinensis (CNU-PLA-NN-2008566, Daohugou 1), consisting of a branchlet terminus. L, Enlargement of DT101 from a template in K, showing



Inferred insect culprits. Culprits for this ovipositing clade
are Odonata clades †Campterophlebiidae (Bellabrunetia) and
†Nodalulaidae (Nodalula; Fleck and Nel 2002; Lin et al.
2007).

Modern ecological analogue. There is no verified modern
ecological analogue for DT293, indicating level 4, or the ab-
sence of an association.

New DTs

Fifteen DTs are attributable to insect oviposition from the
three mid-Mesozoic deposits of northeastern China. In the
course of examining fossil specimens,we found three newovipo-
sition types: DT226, DT292, and DT293. Below, we provide
documentation that summarizes the occurrence, associational
relationships, ichnotaxonomic placement, modern ecological
analogue, and other features of the three DTs. These new data
will be added as new entries to version 4 of the forthcoming
Guide to Insect (and Other) Damage Types on Compressed
Plant Fossils, the succeeding volume to Labandeira et al. (2007).

New Damage Type DT226. Description. DT226 consists
of a round cratered lesion on a primary vein or stem, 0.5–
1.5mmindiameter,withanencirclingdeepsulcuspenetratinginto
subdermal tissue and an innermost, central, prominently raised
plug of disorganized tissue. The circular lesion has surrounding
scar tissue, a subtle, outermost bordering zone with a differently
appearing tissue, marked by the deflection and subsequent re-
joining of surrounding vasculature around the lesion. Some le-
sions typically occur as an interrupted row along the midrib.

Holomorphotype specimen for DT226. Figure 9G and 9H
(CNU-PLA-NN-2006913p/c) of this article.

Functional feeding group. Oviposition.
Ichnotaxonomy. Costaveon cf. adnatum Krassilov (Kras-

silov et al. 2008).
Specialization level. 3.
Host plant. Anomozamites villosus Pott, McLoughlin, Wu

and Friis (Williamsoniaceae) (Pott et al. 2012).
Inferred culprit. The ovipositor morphotype for DT226

damagewas of short length, 1–3.5mm long and straight, gracile,
circular in cross section, and ending in an acute or acuminate ter-
minus. There are 15 late Middle Jurassic sympatric taxa whose
ovipositor morphology is consistent with the fabrication of
DT226. Representative taxa include Curvicaudus ciliatus (He-
miptera: †Vetanthocoridae), Xyelocerus diaphanus Rasnitsyn,
1968 (Hymenoptera: †Xyelotomidae), and Isoxyela rudisZhang

et Zhang (Hymenoptera: Xyelidae) (Zhang andZhang 2000). A
very similar convergent ovipositor lesion is made by the Mexi-
can boll weevil Anthonomus grandis Boheman (Coleoptera:
Curculionidae) on cottonGossypium hirsutum L. (Malvaceae).
However, the organ of host plant penetration is the rostrum,
with a circular cross section, and not the ovipositor, which is
an egg-laying but not a penetrative organ in weevils.
Occurrences. Yixian Formation, Liutiaogou locality, Liao-

ning Province, northeastern China, and the Jiulongshan Forma-
tion, Daohugou 2 locality, Inner Mongolia Autonomous Re-
gion, northeastern China.
Figured specimens. Other than the holotype, the follow-

ing specimens are illustrated: CNU-PLA-NN-2006921, from
Daohugou 2, on A. kornilovae (fig. 6E, 6F); CNU-PLA-NN-
2009267p, from Liutiaogou, on Equisetites longivaginatus
(fig. 9A–9D); CNU-PLA-NN-2006921, from Daohugou 2,
on A. kornilovae (fig. 9E, 9F); CNU-PLA-NN-2006237, from
Daohugou 2, on A. angustifolium (fig. 9I–9K); CNU-PLA-NN-
2010699, fromDaohugou 1, onA. sinensis (fig. 9L–9O); CNU-
PLA-NN-2009822, from Daohugou 1, on Nilssoniopteris sp.
(fig. 9P, 9Q); and CNU-PLA-NN-2010223p, from Liutiaogou,
on L. boii (fig. 9R–9T).
Remarks. With the exception of the considerably more

abundant DT101 and the slightly more abundant DT72, the
ovipositor-affiliated DT226 has one of the most eclectic host
plant preferences of any DT in the broader mid-Mesozoic
data set (table 3). The abundance of DT226 in the Yanliao
Biota and other circular oviposition lesions are belied by their
general absence elsewhere in the fossil record. One extensive
review (Gnaedinger et al. 2014) lists two relevant examples from
42 provided, of oviposition lesions that are circular in surface
appearance. One example of such oviposition is from the Ba-
rakar Formation from the early Permian of India that includes
lesions that are apparently circular to very broadly ovate in sur-
face view (Srivastava and Agnihotri 2011). These DT226-like
occurrences are found on Glossopteris indica Schimper but on
a leaf lamina rather than a midrib. DT226 also occurs in other
recently evaluated floras from the late Permian of South Africa.
The second example isPaleoovoidusmegaovoidiusGnaedinger,
Adami-Rodrigues et Gallego, hosted by Equisetum nuweja-
arensis Anderson et Anderson, from the Late Triassic of South
Africa (Labandeira 2006b; Anderson and Anderson 2018).
These disparate occurrences in time and space indicate that
ovipositors with circular cross-sectional areas were of sufficient
length to penetrate the vascular and structural tissues in midribs
of various unrelated plant hosts, including horsetails and glos-
sopterid and bennettitalean seed plants.

prominent reaction rim scar. M, Several narrowly lenticular examples of DT101 on Y. sinensis (CNU-PLA-NN-2005389, Daohugou 1). N, En-
largement of DT101 from the template in M, exhibiting two oviposition marks wedged between major veins and with prominent outer scars. O,
DT101 on Y. sinensis (CNU-PLA-NN-2006112, Daohugou 1), with three prominent DT101 occurrences on the upper-left leaf. P, Enlarged view
of DT101 from the center-right template in O, showing acuminate ends of ovipositor sliced foliar tissue. Q, Enlarged view of DT101 from the
lower-left template in O, revealing the same pattern in P. R, DT101 on another Y. sinensis (CNU-PLA-NN-2008480, Daohugou 1). S, Two
elongate DT101 oviposition lesions from the template in R, showing acuminate ends and a surrounding zone indicating a plant response. T,
DT101 on Y. sinensis (CNU-PLA-NN-2009420p, Daohugou 1). U, A distinctive DT101 scar outlined in the template in T, showing a broad
reaction rim spanning most of the leaf blade width. V, A stereotypical DT101 oviposition scar on Liaoningocladus boii (CNU-PLA-NN-
2010149p, Dawangzhangzi), reproduced from Ding et al. (2014). W, DT101 on L. boii (CNU-PLA-LL-2010388, Dawangzhangzi). X, Enlarge-
ment of the DT101 lesion from the template in W, very similar in structure to the lesion in V on the same host. Scale bars: vertically striped p
0.1 mm; solid white or black p 1.0 mm; back-slashed p 10.0 mm.
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Fig. 13 Oviposition damage of DT272 on a Yimaia capituliformis ovule from the mid-Mesozoic of northeastern China. A, Entire ovule with
the fleshy outer ovulate coat compressed as a black carbonized zone along the margin (CNU-PLA-NN-2011663p). B, Enlargement of all ovi-
position lesions occurring on the part. C, Enlargement of two oviposition lesions occurring on the part, denoted in A as a red rectangle. D, En-
largement of three oviposition lesions occurring on the part, denoted in A as a blue rectangle. E, Entire ovule with the fleshy outer seed coat
compressed as a black carbonized zone along the margin (CNU-PLA-NN-2011663c). F, Enlargement of three oviposition lesions occurring
on the counterpart, denoted in E as a red rectangle. G, Enlargement of an oviposition lesion occurring on the counterpart, denoted in F as a
red rectangle. H, Enlargement of an oviposition lesion occurring on the counterpart, denoted in E as blue rectangle. See Meng et al. (2017)
for additional details regarding this interaction. Scale bars: solid black p 0.5 mm; vertically striped p 1 mm; back-slashed p 2 mm.
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Fig. 14 New oviposition damage types DT292 (A–G) and DT293 (H–O) on two gymnosperm species from the mid-Mesozoic of northeast-
ern China. A, New oviposition DT292 on the conifer Yanliaoa sinensis (CNU-PLA-NN-2009797p, Daohugou 1). B, Enlargement of the branch
section at the upper right in A that harbors four occurrences of DT292. C, The distinctive DT292 lesion with two parallel incisions occurs be-
yond the branchlet tip in B, indicated by the yellow arrow. D, A second example of the DT292 lesion, occurring in the bottommost template in
B. E, A third DT292, present in one of the upper templates in B, that overlaps below that of the template for F. F, A fourth example of DT292,
occurring in the uppermost template in B. G, A probable DT292 from template at the upper-right template in A. H, New oviposition DT293 on
the nilssonialean Nilssonia compta (CNU-PLA-NN-2009487p, Daohugou 1). I, Enlargement of the central six-sided template in H, showing the
essential feature of multiple lesions at the base of adjacent pinnules. J, Enlargement of the uppermost template in H, demonstrating continuation
of the series of lesions along the bases of three successive pinnules. K, Enlargement of the template at I, showing three successive oviposition
marks, with the middle one displaying reaction tissue (green arrow), detailed in M. L, Enlargement of the lowermost template in H, showing
an isolated lenticular lesion. M, Enlargement of the lesion in K, showing radiating files of proliferating tissue at the green arrow. N, Enlargement
of a lesion on the counterpart of O. O, Section of the more poorly preserved counterpart (CNU-PLA-NN-2009797c), showing approximately
three lesions. Scale bars: vertically striped p 0.1 mm; solid white or black p 1.0 mm; back-slashed p 10.0 mm.

447



New Damage Type DT292. Description. DT292 consists
of a distinctive oviposition lesion characterized by a single occur-
rence of two small, slit-like, lenticular, parallel lesions that indi-
cate a unique ovipositor structure. The lesions occur on surface
tissue of foliage such as conifer needles, away from major veins.
Each lesion is about 0.2mm long, formed from a doublet of two
parallel, elongate incisions surrounded by a circular to broadly
ellipsoidal to squarose field of altered tissue about 0.5–0.7 mm
in maximum dimension and, in turn, surrounded by a subtle
discolored reaction zone.

Holomorphotype specimen for DT292. CNU-PLA-NN-
2009797p/c (fig. 14A, 14B, 14D–14F).

Functional feeding group. Oviposition.
Ichnotaxonomy. No ichnotaxonomic designation exists for

DT292.
Specialization level. 1.
Host plant. Yanliaoa sinensis Pan emend. Tan, Dilcher,

Wang, Zhang, Na, Li, Li et Sun (Pan 1977; Tan et al. 2018).
Inferred culprit. A robustly constructed ovipositor that was

medium in length and circular in cross section likely produced
this type of oviposition. Probable late Middle Jurassic sympat-
ric candidates for this type of oviposition were the cockroaches
Divocina noxi (Liang et al. 2012) and Fortiblatta cuspicolor
(Liang et al. 2009) (Blattodea: †Raphidiomimidae) and Colo-
rifuzia agenora (Blattodea: †Caloblattinidae) (table 3). This dis-
tinctive type of oviposition evidently does not occur in modern
plants, although there is a resemblance to oviposition scarring
by Lestes sponsaHansemann (Odonata: Lestidae) on rush Jun-
cus sp. (Juncaceae) (Hellmund and Hellmund 2002b). Similari-
ties also exist between DT292 and ovipositional damage made
by Taosa dictyopharid planthoppers on pontederiaceous Eich-
hornia water hyacinth (Remes Lenicov and Hernández 2010).

Occurrence. Jiulongshan Formation, Daohugou 1 locality,
Inner Mongolia Autonomous Region, northeastern China.

Figured specimen. The only figured specimen bearing dis-
tinctive DT293 is CNU-PLA-NN-2009797p, the holomorpho-
type (fig. 14A–14G).

Remarks. DT292 represents a unique style of ovipositional
damage that likely was confined to the cockroach lineages of
Raphidiomimidae and Caloblattinidae (table 3). These three lin-
eages bore very stout, triangular ovipositors from 0.5 to 2.0mm
in length, characterized by two separate valves, each with a ter-
minus for penetrating plant surface tissue, characterized as
morphotype B (fig. A2A, A2B, A2E). The termini of these ovi-
positor valves match the double lesion damage of DT292. No-
tably,morphotype B and associatedDT292damage are very dif-
ferent from the gracile, linear, and much longer ovipositors of
other related lineages of Mesozoic Blattodea, such as some Ra-
phidiomimidae, Fuziidae, and possibly Mesoblattinidae. These
latter lineages bore morphotype C that were gracile, linear, cir-
cular in cross section, and up to 20mm long (Vishniakova 1968;
Ren1995). These lineages did not bearoothecae (Gao et al. 2018)
but rather oviposited into plant tissues by retaining the ancient
condition penetrating into plant tissues with stylate ovipositors
circular in cross section. In contrast to the long ovipositors borne
by some ovipositor-bearing lineages (fig. A2C, A2D, A2F), the
shallow, truncate ovipositors of some Raphidiomimidae and
Caloblattinidae (fig. A2A, A2B, A2E) provided DT292 damage
to surface tissues that likely represents an extinct oviposition DT
confined tocertainMesozoicblattodean lineages.However, some

modern broad-headed bugs (Hemiptera: Alydidae) may produce
similar lesions based on an ovipositor structure (Ventura and
Panizzi 2000) similar tomorphotype B, a lineage whose presence
is recorded in themid-Mesozoic (Yao et al. 2008).

New Damage Type DT293. Description. DT293isa linear
series of side-to-side placed lesions, in which adjacent lesions are
separated by narrow, submillimeter-long intervening spaces.
The row of lesions occurs about 1.0–1.5 mm from the edge of
the frond midrib at the pinnular bases, where each adjacent pin-
nule contains from one to three lenticular to elliptical-shaped
lesions, each of which is encircled by a thick callus. Each lesion
occurs parallel to venation and individually ranges from 1.5–
2.0 mm wide to 2.5–4.0 mm long. The entire ensemble consists
of a linear row of approximately 10 ovipositional scars.

Holomorphotype specimen for DT293. CNU-PLA-NN-
2009487p/c (fig. 14H–14O).

Functional feeding group. Oviposition.
Ichnotaxonomy. Paleoovoidus cf. megaovoidius Gnaedin-

ger, Adami-Rodrigues and Gallego (Gnaedinger et al. 2014).
Specialization level. 1.
Host plant. Nilssonia compta (Phillips) Brongniart (Nils-

soniaceae) (Brongniart 1828).
Inferred culprit. We infer that this type of oviposition was

made by an odonatan bearing a linear, highly tapering oviposi-
tor of medium length, approximately 10 mm long, and con-
sisting of an acute, blunt terminus characteristic of ovipositor
morphotype A. The likely late Middle Jurassic sympatrically
occurring candidates were Bellabrunetia catherinae (Fleck and
Nel 2002) (†Campterophlebiidae) and Nodalula dalinghensis
(Lin et al. 2007) (†Nodalulaidae). Modern oviposition resem-
bling DT293 plant damage is produced by the predaceous div-
ing beetle Colymbetes fuscus L. (Coleoptera: Dytiscidae) ovipos-
iting on great spearwort Ranunculus ligua (Ranunculaceae)
(Wesenberg-Lund 1943), although this match is inexact.

Occurrence. Jiulongshan Formation, Daohugou 1 locality,
Inner Mongolia Autonomous Region, northeastern China.

Figured specimen. The only specimen bearing distinctive
DT293 is CNU-PLA-NN-2009487, the holomorphotype (fig. 14H–

14O).
Remarks. The distinctiveness of DT293 is matched closely

in the fossil record by P. megaovoidius (Gnaedinger et al. 2014),
a prominent pattern of oviposition on Taeniopteris sp. B, from
the Las Breas Formation, Upper Triassic of Elqui Province of
Chile (Gnaedinger et al. 2014). Features in common are the
single row of similarly positioned oviposition lesions oriented
lengthwise and parallel to the leaf blade venation adjacent to
the leafmidrib. The host plant,Taeniopteris sp. B, is a robust leaf
of very similar structure toN. compta that bears DT293.Ovipo-
sition similar to DT293 could not be found in other host plants
upon an examination of mid-Mesozoic oviposition literature.
Consequently, DT293may represent a past interaction between
an extinct odonatan lineage and extinct groups of plant hosts
with large, robust, pinnately veined leaves, such as the nilsso-
nialean Nilssonia and a possible pentoxylalean that bears
Taeniopteris-like leaves (Anderson and Anderson 2003; Taylor
et al. 2009). Alternatively, DT293 may currently exist but re-
mains undiscovered or has not been recognized formally in the
literature.
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Discussion

The study of insect use of plants in the fossil record over-
whelmingly has been the study of herbivory and, to a much
lesser extent, examinations of pollination (Labandeira 2006a,
2013). Notably fewer accounts have considered oviposition as
a source of data for understanding how insects use plants as
resources in deep time (Scheirs and De Bruyn 2002). Just as ar-
thropod terrestrial herbivores consume plants on a dietary spec-
trum from polyphagy (host generalization) to monophagy (host
specialization), patterns of ovipositor structure and oviposi-
tional damage on plants reveal that there are analogous plant
preferences (Guido and Perkins 1975; Thompson and Pellmyr
1991; Singer 2004; Matushkina and Gorb 2007). These pre-
dispositions can take the form of egg-laying habits that target
certain host plant taxa (Resetarits 1996; Ventura and Panizzi
2000), the exophytic versus endophytic oviposition mode (Lie-
bermann 1957; Hilliard 1982; Turk 1984), or the choice of a
particular plant internal tissue for promoting ideal egg develop-
ment (Waage 1987; Singh and Singh 2005). These options are
temperedbynegative feedback that affects the ovipositing insect,
such as the production of wound-induced volatile compounds
by the plant host, which attract parasitoids that decrease the fit-
ness of the ovipositing insect (Renwick 1989; Meiners and
Hilker 2000; Hilker et al. 2005). There is evidence for under-
standing some of these features of oviposition biology in the re-
sults from our study of the mid-Mesozoic Jehol, Yanliao, and
Beipiao Biotas of northeastern China.

For the Jehol Biota, the most important associations were
DT101 and DT175, present on the broad-leaved conifer Liao-
ningocladus boii (figs. 3A, 4A; tables 2, A1). Including a few
other minor oviposition associations, L. boii was the recipient of
41.7% of all Jehol oviposition activity (fig. 4A; table A1). Of all
oviposition interactions in the total data set, the Liaoningocladus-
DT101 relationship was only the sixth-most intensely ranked
interaction (table 2). Liaoningocladus boii also was a major host
to herbivores (Ding et al. 2015), such as leaf miners (Ding et al.
2014) and gallers (C. C. Labandeira, personal observation). Con-
sidering the Jehol Biota as a whole, DT101 and DT175 attack
overwhelmingly was directed toward L. boii (figs. 3A, 3B, 4A;
table A1), constituting 56.7% of all oviposition interactions
for these two DTs. Interactions DT101 and DT175 were linked
to ovipositor morphotypes C and G that were induced by an
assemblage of hemipteran insects (fig. 4A; tables 3, A1). These
insects mostly included the families Procercopidae, Rhopalidae,
Vetanthocoridae, Dehiscensicoridae, Cydnidae, and Venicoridae.
Collectively, these relationships indicate that L. boii housed the
most diverse component community (Futuyma and Mitter 1996)
of ovipositing insects and probably herbivores in the Jehol Biota
(Ding et al. 2015). Jehol plant hosts with the next most diverse
associations were the two Equisetites horsetail species (fig. 4A;
table A1). The two Equisetites horsetails had 13 oviposition as-
sociations, 10 of which were DT72 (figs. 3A, 3B, 4A; table A1),
accounting for 21.7% of all Jehol oviposition activity, about half
the value of L. boii, and ranking tenth of all mid-Mesozoic inter-
actions (table 2). The comparatively high rates of oviposition
on Yixian Equisetites are not attributable to elevated specimen
abundances and are supported by a rank of tenth in overall fre-
quency for the Equisetites-DT72 interaction. Data for other ovi-
position associations were minor and apparently unimportant.

Although about half of all examined Jehol species were conifers,
the data point to L. boii as the most heavily targeted taxon and
Equisetites horsetails as the secondarily most used taxon. Based
on photographic detail of the oviposition lesions (figs. 5J–5L,
8S, 8T, 9R–9T, 12W, 12Y), stem epidermal and vascular tissue
was accessed, as was foliar epidermal, mesophyll, and vascular
tissue, indicating significant ovipositional penetration of tissues.
The presence of L. boii as the single most oviposited and likely
herbivorized plant suggests that this conifer (Tan et al. 2018)
played a central role in plant-insect associations in at least some
locales of the Jehol Biota. For the Jehol Biota, the evidence
strongly indicates that ovipositing insects were partitioning
their plant resource world by taxon, organ, and tissue, analo-
gous to the modern condition.
The Yanliao Biota represents about twice the number of ex-

amined plant specimens, 13 times the number of DTs of total
herbivory, and about five times the number of DTs of ovipo-
sition compared to the Jehol Biota (tables 1, A1, A2). By every
index we have used, bennettitalean taxa, in particular, several
species of Anomozamites, overwhelmingly had the highest fre-
quency of ovipositional damage throughout the larger data
set (fig. 4; tables A1–A3). In rank order, four of the five most
heavily attacked taxa by ovipositing insects in the Yanliao Bi-
ota were four species of Anomozamites—A. kornilovae (45 DTs),
A. villosus (42 DTs), A. sinensis (35 DTs), and A. angusti-
folium (15 DTs)—collectively representing 46.6% of all ovi-
position interactions (figs. 3C, 4B; tables 2, A2). The over-
whelming amounts of oviposition DTs responsible for elevated
Anomozamites damage were, in rank order, DT76, DT101,
and DT226 (figs. 3C, 3D, 4B; table A2). For rank order of the
16 most frequent associations in the total data set (table 2),
the Anomozamites-DT76 interaction prominently ranked first
and represented 40.1% of all interactions, the Anomozamites-
DT101 interaction ranked third and represented 7.4%, and
the Anomozamites-DT226 interaction ranked fifth and repre-
sented 5.1%. The collective representation of these three Ano-
mozamites associations constituted 52.6% of the 16 most highly
ranked associations in the total data set (table 2). Three other
Yanliao bennettitalean interactions, the Pterophyllum-DT76,
Pterophyllum-DT101, and Nilssoniopteris-DT75 interactions,
ranking seventh, eighth, and fifteenth, respectively (table 2),
collectively contributed an additional 10.6%, representing a
cumulative contribution of 63.2% for the top 16 ovipositional
associations in the total data set that were attributable to Yanliao
bennettitaleans. The principal DT spectrum harbored by Ano-
mozamites was predominantly DT76 and secondarily DT101
and DT226 (figs. 3D, 4B; tables 2, A2). These data indicate
that Anomozamites in particular and bennettitaleans in gen-
eral were overwhelmingly the principal targets of ovipositing
insects. The herbivore targeting of bennettitaleans, such as
Anomozamites taxa, remains enigmatic, although in angio-
sperms the connection between pollinator and herbivore net-
works on the same plant species promotes broader community
stability (Sauve et al. 2016).
A broad spectrum of insect herbivores were using bennetti-

talean tissues. Associated with DT76 were ovipositor morpho-
types D and E (table 3). Both morphotypes involved propha-
langopsid orthopterans, chresmodid archaeorthopterans, and,
more sporadically, procercopid, tettigarcitid, and cixiid hemip-
teransandxyelidhymenopterans (table3).ForDT101,associated
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ovipositor morphotypes were C and especially G, which collec-
tively were linked to a broad variety of insect taxa, typically pro-
cercopid, pachymeridiid, rhopalid, vetanthocorid, dehiscensi-
corid, cydnid, and venicorid hemipterans, as well as xyelid,
daohugoid, and scoliid hymenopterans (table 3). This spectrum
of ovipositor C, D, E, and G morphotypes indicates that ben-
nettitalean foliar and stem tissueswere probed andusedbyawide
varietyofinsectspossessingdifferentbutdeeplypenetratingblade-
like ovipositors that produced, for example, DT76 and DT101
damage patterns throughout stem and leaf tissues. One reason
for the exceptionally high oviposition levels by the above taxa
onbennettitaleansmayhave todowith their connectionwith pol-
lination by groups such as long-proboscid Mecoptera (scorpi-
onflies), Diptera (flies), and Neuroptera (lacewings; Ren et al.
2009; Labandeira 2010) and perhaps Lepidoptera (moths). It is
possible that someof thesepollinatorgroupswouldhavehadcon-
specific, externally feeding larvae present on the same hosts as the
adult pollinators. This is a feature documented inmodern cycad-
weevil pollinator and herbivore interactions (Norstog and Ni-
cholls 1997). Alternatively, some bennettitalean taxa, such as A.
villosus, are well defended by spines (Pott et al. 2012) that would
hinderfoliaroviposition,aconsequence that iscontrary to thepat-
tern seen inmodern cycads and Yanliao bennettitaleans.

Two other plant hosts of the Yanliao Biota, the cupressa-
ceous conifer Yanliaoa sinensis, and three taxa of the gink-
goalean Ginkgoites had subdominant levels of ovipositional
damage that were important secondary recipients of insect
egg laying. Contrary to the situation with bennettitalean ovi-
position, the DT frequencies of Yanliaoa and Ginkgoites were
modest and their DT spectrum was somewhat different. The
dominant pattern for Yanliaoa was DT76 (19 occurrences)
and DT101 (11 occurrences), and species of Ginkgoites had
DT101 (15 occurrences), DT137 (4 occurrences), and DT100
(3 occurrences). These data suggest lower levels of oviposition
and a moderately different distribution of insects ovipositing
on Yanliaoa and Ginkgoites than compared to those on Ano-
mozamites (figs. 3C, 4B). The likely culprits for Yanliaoa and
Ginkgoiteswere members that collectively possessed five differ-
ent ovipositor morphotypes that inflicted four major DTs on
their host plants (table 3). Significant remaining ovipositor-plant
relationships in the Yanliao Biota may include the Czekano-
wskia rigida ginkgophyte and Equisetites horsetails, both with
sevenDTs. Remaining species andmorphotypes of cycads, gink-
gophytes, bennettitaleans, conifers, and undetermined plants ex-
hibit a low level of oviposition activity. These data, again, indi-
cate that ovipositing insects in the Yanliao Biota were intricately
partitioning plant resources. Bennettitaleans were highly tar-
geted, whereas conifers and ginkgophytes were moderately af-
fected.

The sampled Beipiao Biota represents 22.5% that of the
sampled Jehol Biota and 10.5% that of the sampled Yanliao
Biota (table 1), indicating that inferences regarding oviposition
are preliminary until sample size is substantively increased. Un-
fortunately, insect fossils are not known from the Beipiao Biota
(Ren 1995), obviating the reconstruction of ovipositor morpho-
types. Nonetheless, certain DT patterns do stand out. The spec-
trum of oviposition DTs on plants of the Beipiao Biota empha-
sizes cycad and fern foliage (figs. 3E, 4C; table A3), two plant
groups that virtually are lacking as hosts to oviposition in the
Yanliao and Jehol Biotas. The substantial amount of oviposition

on ferns in the Beipiao Biota is at considerable variance with the
lack of ferns as resources for oviposition in the subsequent
Yanliao and Jehol Biotas, where they are common (Sun et al.
2001; Huang 2016). The reason for this underutilization is enig-
matic but could involve the delicate and thin foliage of especially
ground-dwelling ferns thatwould provide insufficient tissue sup-
port for oviposition (Boughton et al. 2011), or possibly the pres-
ence of major chemical deterrents to ovipositing insects (Smith
et al. 2016). Additionally, the spectrum of damage is rather even
across the plant groups compared to the two younger biotas. A
point of similarity between the Beipiao Biota and its younger
counterparts is the predominance of DT76 and the subordinate
presence of DT101 (figs. 3F, 4C).

It appears that the Late Triassic spectrum of oviposition was
much more eclectic and resulted in minimal targeting of partic-
ular plant hosts, a pattern thatwas reversed during the lateMid-
dle Jurassic with the overwhelming targeting of bennettitaleans
and to a lesser extent conifers and ginkgophytes. The late Mid-
dle Jurassic pattern was followed by a shift toward elevated tar-
geting of conifers and subordinately horsetails during the mid-
Early Cretaceous. This time series of changing oviposition DT
levels and the targeting of plant hosts resemble similar shifts
in the extent of the herbivory spectra for broad-leaved conifers
during the same three time slices (Ding et al. 2015). Although
comprehensive arthropod herbivory studies are lacking, one
task for future research would be a parallel examination to test
the hypothesis that Beipiao cycads, Yanliao bennettitaleans,
and Jehol conifers were the most highly herbivorized and tar-
geted plant groups.

Summary

Several major points summarize this study on the ecology
of insect ovipositor structure and vascular plant ovipositional
damage for three slices of time during the Mesozoic of north-
eastern China. This study will require follow-up collections of
fossil specimens and data analysis to further test some of the
following conclusions.

1. Testing hypotheses involving oviposition data from the
fossil record. The fossil record of oviposition offers a rich
archive of data that can be extracted to understand how plant
resources are used by egg-laying insects in deep time. This ovi-
position record of using host plant resource parallels the her-
bivory record, allowing one mode of host plant resource use
to be applied as a test of the other mode.

2. Raw data. Vascular plant and associated insect fossils
were examined for the Jehol Biota (Yixian Formation, mid-
Early Cretaceous, ∼125 Ma), consisting of 1817 specimens;
the Yanliao Biota (Jiulongshan Formation, latest Middle Juras-
sic,∼165Ma), consisting of 3886 specimens; and the Beipiao Bi-
ota (Yangcaogou Formation, Late Triassic, ∼205 Ma), con-
sisting of 408 specimens. The Beipiao Biota lacked insect fossils.

3. Insect ovipositor morphotypes. Ovipositors of insect
specimens documented in the fossil insect literature that co-
occurred in the Jehol andYanliao Biotas provided structural fea-
tures that were categorized into nine fundamental morphotypes.
The greatest ovipositor diversity was Hymenoptera (morpho-
types C,D, E, G, and I), which contrastedwith the single ovipos-
itor morphotypes present in Archaeorthoptera (morphotype E),
Neuroptera (morphotype F), and Lepidoptera (morphotype H).
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4. Plant oviposition DTs. Of all specimens examined,
60 specimens (16.0%) from the Jehol Biota, 296 (78.9%) from
the Yanliao Biota, and 19 (5.1%) from the Beipiao Biota had ovi-
position lesions that were further analyzed. Fifteen identifiable
DTs were distributed on horsetails, ferns, ginkgophytes, cycads,
bennettitaleans, conifers, gnetophytes, and unaffiliated plants.

5. Linkage of insect ovipositor morphotypes to plant ovi-
position DTs. The nine basic ovipositor morphotypes were
linked to 15 documented DTs on the basis of lesion features an-
atomically consistent with host plant damage patterns based on
ovipositor structure. This procedure linked (i) the plant host,
(ii) the DT interaction, and (iii) the ovipositor-bearing culprit
insect.

6. Patterns of oviposition targeting of plant groups. Conifers,
especiallyLiaoningocladus boiiand subordinatelyhorsetailswere
the most ovipositor-damaged groups in the Jehol Biota. By con-
trast, ovipositor-bearing insects in the Yanliao Biota overwhelm-
ingly attacked bennettitaleans, particularly several species of
Anomozamites. Subordinate levels of Yanliao oviposition were
documented for the coniferYanliaoaandginkgophyteGinkgoites.
For the Beipiao Biota, cycad foliage and subordinately ferns re-
ceived the highest oviposition, although sample size was low.

7. An unanswered question. Why were Yanliao Biota ben-
nettitaleans highly targeted? The most notable feature of plant
resource use among the three slices of time in northeastern
China was the extensive oviposition on Anomozamites bennet-
titaleans in the Yanliao Biota, suggesting that other insect inter-
actions, such as herbivory, may have had a promoting role.
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