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Albstract. During ontogenetic development, insects can undergo quite drastic changes (metamorphosis) until
the adult stage is reached. A substantial part of this development in one group of Insecta, Holometabola, takes place
during the pupa stage. Despite the pupa being recognised as an important phase, rather few depictions of pupae ex-
ist in the literature. We report here the first find of a fossil pupa of the lacewing group Mantispidae. The specimen
represents an exuvia and is enclosed in Ukrainian Rovno amber, Eocene in age (c. 35-40 million years). We review the
entire record of extant pupae of Mantispidae depicted in the literature or in online image repositories. With the aid
of elliptic Fourier analysis, we compare the outline of the femur of the foreleg (raptorial appendage in the adults) of
pupae and adults of Mantispidae. The pupae are all very similar concerning the femur, while the adults show a larger
morphological diversity, particularly the extinct forms. Furthermore, our results indicate that the forelegs do not be-
come increasingly complex throughout ontogenetic stages, but instead undergo an indirect development. According
to the low variation in morphology seen in the pupa stage in Mantispidae, it is plausible that it represents a phylotypic
stage for the group, i.e. a phase characterised by a significantly lower variability than other stages.

Received: July 9, 2022; accepted: January 25, 2023



186

INTRODUCTION

The ecological importance of the group In-
secta in continental ecosystems remains undisput-
ed (e.g. Suter & Cormier 2014; Jankielsohn 2018;
Crespo-Pérez et al. 2020; Wermelinger 2021). The
evolutionary success of the group in terms of spe-
cies richness, abundance of individuals, and bio-
mass is concentrated in its ingroup Holometabola,
which includes bees, beetles, and butterflies, among
many others (Grimaldi & Engel 2005). The success
of the group Holometabola has been attributed,
at least in part, to their developmental mode: the
early post-embryonic stages, or larvae, are (usual-
ly) very different in morphology and ecology from
their corresponding adults. This distinct niche sep-
aration between larvae and their adults reduces the
exploitation competition between the two (Truman
& Riddiford 2019).

A drastic morphological differentiation be-
tween larvae (for challenges of the term, see Haug
2020a) and adults, however, also imposes a series
of developmental constraints, especially for moult-
ing animals. This is not specific to the group In-
secta, but to all crustaceans (Insecta is an ingroup
of Crustacea sensu lato; Zhang et al. 2007; Haug
& Haug 2015). The ontogenetic transition between
strongly differing larvae and adults can become a
major problem concerning ecological aspects, for
example as the larvae need to find suitable environ-
mental conditions for the adult to transform from
their planktic lifestyle to a benthic adult lifestyle
in marine malacostracan crustaceans (e.g. Haug &
Haug 2013; Haug et al. 2013a), but can also simply
be mechanically challenging during metamorphosis
(Haug 2020b). Often there is not a direct change
from the larval to the adult morphology, but ad-
ditional intermediate stages occur (Haug & Haug
2016; Haug et al. 2019). This transition was ances-
trally (plesiomorphically) often rather gradual (see
Haug 2019 for terminological issues) as exemplified
by some extant groups such as Anostraca (brine
shrimps) or Notostraca (tadpole shrimps), also to
a certain extant in Stomatopoda (mantis shrimps;
Haug et al. 2016a), but being especially well docu-
mented in the fossil record (Walossek 1993; Haug et
al. 2010, 2016b; Kiesmiiller et al. 2019). The transi-
tion from larva to adult became independently more
metamorphic in many lineages, also within Insecta
(Haug et al. 2016b). In the extreme case, intermedi-
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ate stages have been entirely lost (Haug 2020b), yet
in many groups a single intermediate stage remains.

In holometabolans, this intermediate stage
is called ‘pupa’ (Jindra 2019; Truman 2019). Differ-
ent criteria support the view that the pupa is a spe-
cialised larval stage (see discussion in Haug 2020a).
Yet, the evolutionary origin of the pupa has puzzled
entomologists (e.g. Svacha 1992; Sehnal et al. 1996;
Truman & Riddiford 1999, 2019; Jindra 2019 and
references therein), as this stage is generally seen
as unusual (but as pointed out, there are compara-
ble stages in other lineages; see Haug 2020b) and is
possibly central to the specific life history of holo-
metabolans.

The pupal life stage, although thought to be
so crucial in its function and of high evolutionary
significance, seems to be the least depicted one in
the literature (see discussion in Haug et al. 2017) for
the extant fauna, but also for fossils. Quite coun-
ter-intuitive for an intermediate stage, the pupa is
often assumed to be very similar in appearance to
the adult (see discussion in Saltin et al. 2010).

Neuroptera, the group of lacewings, is no
exception when it comes to research on pupae:
adults are the most intensively studied forms, larvae
rarely so, and the least studied post-embryonic life
stage appears to be the pupa. Fossil neuropterans
have been found in quite large numbers for adults
(e.g. Engel & Grimaldi 2007; Menon & Makarkin
2008; Jepson 2015; Winterton et al. 2019), but also
for larvae (e.g. Pérez-de la Fuente et al. 2020; Haug
et al. 2021a), while fossil pupae are an absolute rari-
ty (see discussion).

Within Neuroptera, Mantispidae, the group
of mantis lacewings, has a comparably good record
of pupa stages in the extant fauna (see further be-
low). Mantis lacewing development has been gener-
ally considered to be hypermetamorphic (Tauber et
al. 2003; Aspock & Aspock 2007; Ohl 2011): stage
1 larvae are highly mobile (campodeiform), stage
2 and 3 larvae are grub-like, and adults are elegant
lacewings with powerful sub-chelate, ‘spine’-bear-
ing predatory front legs (Lucchese 1956; Parker &
Stange 1965; Redborg & MacLeod 1985; Hoffman
& Brushwein 1992). Hence, the morphological dif-
ference between the last larval stage and the adult is
drastic, and it is mediated by the pupa stage.

We here review the knowledge on pupae
of Mantispidae and report the first fossil pupal re-
mains of this group. We also use quantitative as-
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pects of pupae and compare these to a recent quan-
titative study of adults (Baranov et al. 2022a). Based
on this comparison we can discuss some aspects on
the pupa stage and its significance for understand-
ing the evolutionary history of Mantispidae.

MATERIAL AND METHODS

Material

A single specimen was directly studied.
It is deposited in the Palaco-Evo-Devo Research
Group Collection of Arthropods, Ludwig-Maxi-
milians-Universitit Miinchen, Germany under the
repository number PED 1389. The specimen was
legally purchased from Jonas Damzen (amberinclu-
sions.eu). According to the available information,
the specimen is preserved in Ukrainian Rovno am-
ber (a southern, roughly contemporary analogue of
Baltic amber) and is Eocene in age (ca. 35—40 mil-
lion years old), with conservative dating to an age of
36 million years (Perkovsky et al. 2010; Baranov et
al. 2010).

Investigation of all available extant pupae
of mantis lacewings was based on images, either
from the literature, from databases, or from image
repositories (see Supplementary Table 1). All imag-
es were redrawn in vector graphic programs (Inks-
cape, Adobe Illustrator CS2, CS4) in order to pro-
vide a more uniform appearance of the specimens
to enhance comparability. For comparison, also
some aspects of larvae and adults were redrawn in a
similar manner.

Documentation methods

The amber specimen PED 1389 was doc-
umented on a VHX-6000 digital microscope
equipped with a ZST 20-2000 lens. Different set-
tings were used during visualisation (black and
white background, cross-polarised coaxial illumina-
tion, unpolarised low-angle ring illumination), and
the photographs with the best contrast were used
for presentation. Each image is a composite image
(Haug et al. 2011): to overcome limitations of depth
of field, a stack of images with gradually shifting fo-
cal depth was obtained and fused into a sharp image
with the built-in software; to overcome limitations
of field of view, several adjacent image details were
recorded and stitched to a larger panorama with the
built-in software (Haug et al. 2018). Each image was

recorded with several exposure times (HDR; Haug
et al. 2013b). Resulting images were further pro-
cessed in Adobe Photoshop CS2.

Shape analysis

For a quantitative comparison between
adult stages and pupae, we used the data set from
Baranov et al. (2022a) and expanded it. We consider
here all pupae known from groups that were tradi-
tionally considered as ingroups of Mantispidae (see
below for details). The data set consists of drawings
of the outlines of the femur (appendage element 3)
of the foreleg in anterior or posterior view (for full
list of specimens, see Supplementary Table 1 and
Supplementary Text 1).

Outlines were analysed in SHAPE perform-
ing an elliptic Fourier analysis. Outlines were trans-
formed into numerical chain codes, aligned and fi-
nally analysed with a principal component analysis
(PCA) (Iwata & Ukai 2002; Braig et al. 2019).

Terminology

Terms for describing representatives of In-
secta are highly specialised, differing even between
the different lineages. This makes comparison in
wider frames often very cumbersome, if not impos-
sible. Beyond the limits of Insecta, in the frame of
Euarthropoda, comparisons are even more prob-
lematic. As outlined, the pupa is a stage considered
highly specific to Holometabola, but comparable
stages have evolved convergently in other lineages
of Euarthropoda. To further facilitate such com-
parisons, descriptive terms are accompanied by
more neutral terms in square brackets.

Taxonomic integrity of Mantispidae
and the use of associated common names
In their morphological phylogenetic analysis,
Ardila-Camacho et al. (2021) recovered an other-
wise generally accepted ingroup of Mantispidae,
Symphrasinae, as sistergroup to the exclusively fos-
sil group Paraberothinae, and Symphrasinae+Para-
berothinae as sistergroup to Rhachiberothinae. For
that reason, these authors excluded Symphrasinae
from Mantispidae and interpreted it as an ingroup
of Rhachiberothidae. Similar phylogenetic results
recovering Symphrasinae as sistergroup to Rhachi-
berothidae were previously obtained by Winterton
et al. (2018).
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The phylogenetic interpretation of the
group Rhachiberothidae (or Rhachiberothinae)
has been unstable. Rhachiberotinae, also known as
“thorny lacewings”, was erected as a subfamily of
Berothidae (Tjeder 1959, but questioned later by
Tjeder 1968), then re-interpreted as an ingroup of
Mantispidae (Willmann 1990) and then re-interpre-
ted as a separate family (Rhachiberothidae), as si-
stergroup to Berothidae (Aspock & Mansell 1994).
This latter view was followed by several authors
(Aspock & Aspock 1997, 2008; Aspock et al. 2001;
Beutel et al. 2010a, b; Petrulevicius et al. 2010;
Zimmermann et al. 2011; Randolf et al. 2014).

On the other hand, Wang et al. (2017) sug-
gested a sistergroup relationship of Rhachiberothi-
dae to Mantispidae (in principle the same phylogeny
as in Willmann 1990, but with different taxonomic
views), also supported by numerous other studies
(Liu et al. 2015; Engel et al. 2018). Other authors
only interpreted Rhachiberothidae as closely rela-
ted to Berothidae and Mantispidae (e.g. McKellar
& Engel 2009; Aspock et al. 2020). Some other
authors still considered Rhachiberothinae as an
ingroup of Berothidae (Schliiter & Stiirmer 1984;
Makarkin & Kupryjanowicz 2010; Makarkin 2015).

In addition, the group Paraberothinae is
either interpreted as ingroup of Rhachiberothi-
dae (e.g. Nel 2005; Nakamine & Yamamoto 2018;
Pérez-de la Fuente & Penalver 2019; Nakamine
et al. 2020) or Berothidae (Makarkin & Kupryja-
nowicz 2010; Makarkin 2015). Alternatively, it was
interpreted as closely related to Mantispidae inclu-
ding Rhachiberothinae (Willmann 1994).

Other detailed recent phylogenetic analyses
remained undecided concerning the relationship of
ingroups of Rhachiberothidae and of Mantispidae
(e.g. Jandausch et al. 2018). Yet, many also reco-
vered Symphrasinae as an ingroup of Mantispidae
(Liu et al. 2015; Engel et al. 2018; Shi et al. 2020a).

The taxonomic instability of Mantispidae
also renders any informal names associated to it,
such as “mantis lacewings” or “mantispids”, at an
imprecise state. These terms may refer to: 1) only
representatives of Drepacinae, Calomantispinae
and Mantispinae (= “Mantispidae s. str.”’) following
the stance of Ardila-Camacho et al. (2021); 2)
representatives of Drepacinae, Calomantispinae,
Mantispinae and Symphrasinae (Mantispidae in the
common sense) following the interpretations of
other authors such as Liu et al. (2015), Engel et
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al. (2018) and Shi et al. (2020a); or 3) representati-
ves of Drepacinae, Calomantispinae, Mantispinae,
Symphrasinae and Rhachiberothinae (=”Mantisp-
idae sensu lato”) following the ideas of Willmann
(1994).

The main question when using these na-
mes is therefore whether it is more appropriate to
follow an exclusive (Ardila-Camacho et al. 2021)
or an inclusive strategy (Willmann 1990, 1994). A
comparable case dilemma also within Neuroptera
is currently seen in the relationships of Ascalaphi-
dae and Myrmeleontidae (Jones 2019 and Prost
& Popov 2021 vs. Machado et al. 2019), although
the present case is even more complex since the
one might be an ingroup of the other or vice versa
(Jones 2019; Prost & Popov 2021; Machado et al.
2019 vs. Badano et al. 2021). In general, the inclu-
sive approach seems to be the more widely accept-
ed one (e.g. Modesto & Anderson 2004). For our
current study, there is no practical difference in the
use of Mantispidae and associated common names
such as “mantis lacewing” in cases 2 (Mantispidae
in the common sense) and 3 (=”Mantispidae sensu
lato”). Therefore, herein we use these terms in that
way, also considering the absence of known pupae
from Rhachiberothidae and Paraberothidae.

REsuLTS

Extant pupa specimens figured in the
literature

All known occurrences of pupa stages of
mantis lacewings figured in the literature are listed
chronologically. Cases in which the same specimen
has been re-figured are also included chronological-
ly with reference to the original occurrence. While
this includes a certain redundancy, it represents the
most complete way of cross-referencing, avoiding
interpreting the same specimens as two independ-
ent occurrences (see also Haug et al. 2020).

Marquez-Lopez & Contreras-Ramos (2018)
already provided a list of eatlier studies on mantis
lacewing pupae. Yet, not all of these figured the
studied specimens (e.g. Smith 1934; Redborg &
MacLeod 1985; Buys 2008, cited as Sandor 2008 in
Marquez-Lopez & Contreras-Ramos 2018). Also,
these authors did not include some of the older lit-
erature as they focused on specimens from North
and South America.
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1) Brauer (1855) provided coloured drawings
of a pupa of Mantispa pagana (specimen 1; Fig. 1;
later Mantispa styriaca, e.g. Aspock & Aspock 2007).
Images included the pupa in lateral view (fig. 7), in
ventral view (fig. 8), the pronotum in dorsal view
(fig. 9), the last tarsus element (fig. 10), and the co-
coon within the ground (fig. 11). Size was provided
as magnification factor, which is not informative
with the electronic version available to the authors;
a scale bar is included in the images, yet without a
statement about its length. Some images were re-fig-
ured by Stitz (1931) and Aspock & Aspock (2007).

2) Stitz (1931) re-figured (fig. 334 p. 35.303)
specimen 1, i.e. the specimen from Brauer (1855),
in ventral and lateral view.

3) Lucchese (1956) provided several images
of a pupa of Mantispa perla (current valid combi-
nation Mantispilla perla). Images included a drawing
of an early phase pupa (“quiescent pupa”) in later-
al view (fig. LXXI p. 204) and a drawing of a late
phase, free mobile pupa (“pharate adult”), also in
lateral view (fig. LXXI [sicl] p. 205). It remains un-
clear if the early phase pupa and the late phase pupa
are the same individual, but we consider this as pos-
sible, therefore we consider it as one (specimen 2;
Fig. 1).

4) Parker & Stange (1965) provided several
drawings of a pupa of Plega yucatanae (specimen 3;
Fig. 1). Drawings included the head in anterior view
(fig. 7 p. 609) and an overview in lateral view (fig. 13
p. 611). The specimen was most likely a mobile late
phase pupa. No indication of size was provided.

5) Bissett & Moran (1967) provided a draw-
ing of a pupa (specimen 4; Fig. 1) of “the chestnut
mantispid” in lateral view (fig. 3b p. 87). According
to the provided scale, the pupa was about 6.4 mm
long.

6) Poivre (1976) re-figured specimen 2, i.c.,
the two drawings from Lucchese (1956).

7) Gilbert & Rayor (1983) provided two
drawings of a pupa of Mantispa fuscicornis (specimen
5; Fig. 1) in dorsal view, one overview drawing (fig.
1B p. 579) and one detail drawing of two segments
of the abdomen (fig. 1A p. 579). The provided scale
indicates that the pupa is about 8.5 mm long,

8) Schremmer (1983) provided a micrograph
of a pupa of Mantispa styriaca (specimen 06; Fig. 1) in
lateral view (fig. 2 p. 23). No indication of size was
provided.

9) Hoffman & Brushwein (1992, p. 193) pro-
vided several drawings of a pupa of Mantispa pul-
chella (specimen 7; Fig. 1; current valid combination
Leptomantispa pulehella). Drawings included an over-
view in lateral view (fig. 20a), the head in frontal
view (fig. 20b), a detail of the distal tip of thorax ap-
pendage 2 (fig. 20c), and the abdomen end in lateral
view (fig. 20d). No clear indication of overall size
was provided, yet the provided scale indicates that
the head was 2.1 mm wide. Additional details from
pupae of two other species were figured, i.e., Manti-
spa interrupta (fig. 14; current valid combination Di-
cromantispa interrupta) and Mantispa viridis (fig, 26a—c;
current valid combination Zeugomantispa minuta).

10) Aspock & Aspock (2007) re-figured (fig.
110) the drawings from Brauer (1855) in lateral and

ventral view.

11) Maia-Silva et al. (2013) provided several
micrographs of the development of Plega hagenella.
Images included a pupa in lateral view within an
opened brood cell (fig. 1B p. 103) and a later pupa
(“pharate adult”; fig, 1E p. 103) in dorso-lateral view
(specimen 8; Fig. 1). It remains unclear whether both
represent the same individual; in order not to con-
sider the same individual twice, we only considered
the image with more accessible details. According
to the provided scale, the specimen was about 3.5
mm long. Additionally, simplified drawings of the
two stages were shown (fig. 2 p. 104).

12) Monserrat (2014) provided a photograph
of a pupa of Mantispa styriaca (specimen 9; Fig. 1)
in lateral view (fig. 17 p. 7), as well as a photograph
of a pupal exuvia in the same orientation (fig. 18 p.
7). It remains unclear whether this is the same indi-
vidual; in order not to consider the same individual
twice, we only considered the image with more ac-
cessible details. No indication of size was provided.

13) Dorey & Merritt (2017) provided several
photographs of a late pupa (“pharate adult”) of Di-
taxis biseriata (specimen 10; Fig. 2). Images included
a lateral view (fig. 1 left p. 5), a close-up on the an-
terior body in antero-lateral view (fig. 1 middle p. 5),
and an antero-frontal view of the animal on a tree
trunk (fig. 1 right p. 5). In addition, a series of ima-
ges shows the eclosion of the adult from the pupa
(fig. 2 p. 6; as movie file fig. 5 p. 8). No indication of
size was provided.

14) Marquez-Lopez & Contreras-Ramos
(2018) provided several photographs of a pupa
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Fig. 1 - Known extant pupae of Mantispidae, redrawn from various sources, all in lateral view. 01) Mantispa styriaca, from Brauer (1855, fig.
7). 02) Mantispilla perla, from Lucchese (1956, fig. LXXI p. 204). 03) Plega_yucatanae, from Parker & Stange (1965, fig. 13 p. 611). 04)
Species undetermined, “the chestnut mantispid”, from Bissett & Moran (1967, fig. 3b p. 87). 05) Mantispa fuscicornis, from Gilbert &
Rayor (1983, fig. 1B p. 579). 06) Mantispa styriaca, from Schremmer (1983, fig. 2 p. 23). 07) Leptomantispa pulchella, from Hoffman &
Brushwein (1992, fig. 20a p. 193). 08) Plega hagenella, from Maia-Silva et al. (2013, fig. 2 p. 104). 09) Mantispa styriaca, from Monserrat

(2014, fig. 17 p. 7).

of Climaciella brunnea (specimen 11; Fig. 2). Ima-
ges (all on fig. 1 p. 68) included a lateral view (fig.
1A), dorsal view (fig. 1B), and detail of the dorsal
surface of the abdomen (fig. 1C, D). According
to the provided scale, the specimen was 15 mm
long. They also re-figured (fig. 2 p. 69) several dra-
wings from Parker & Stange (1965) and Hoffman
& Brushwein (1992).

15) Given the scarceness of data on pupae
of Mantispidae, we used data available on web-
sites as additional data source being aware of its
limitations, particularly the lack of reliable deter-
minations. In particular, the ‘BugGuide’ commu-
nity (https://bugguide.net) is active and well sot-
ted. This website is hosted by the Department of
Entomology of the Iowa State University, and has
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Fig. 2 - Known extant pupae of Mantispidae, redrawn from various sources, all in lateral view, continued, and details of front legs of various
post-embryonic stages. 10) Ditaxis biseriata, from Dorey & Merritt (2017, fig. 2 p. 6). 11) Climaciella brunnea from Marquez-Lopez &
Contreras-Ramos (2018, fig. 1A p. 68). 12) From bugguide.net, image 1132526 (© 2015 Jennifer Thompson). 13) From bugguide.
net, image 25293 (© 2005 Jeff Hollenbeck). 14) From ‘The MacroClub project’ (macroid.ru), image 26884. A—J) Further distal parts
of front legs (mostly femur, tibia, tarsus). A—C) Mantispa styriaca. A) Pupa, from Monserrat (2014 fig. 17 p. 7). B) Pharate adult, from
Monserrat (2014 fig. 17 p. 7). C) Adult, from Monserrat (2014 fig. 25 p. 22). D, E) Ditaxis biseriata. D) Pupa, from Dorey & Merritt
(2017, fig. 2 bottom p. 6). E) Adult, from Dorey & Merritt (2017, fig. 2 top p. 6). F) Stage 1 larva of Dicromantispa interrupta, from
Hoffman & Brushwein (1992 fig. 10b p. 186). G) Stage 3 larva of Mantispa ubleri, from Redborg & Macl.eod (1985 fig. 6 p. 17). H-])
Climaciella brunnea. H) Pupa, from Marquez-Lépez & Contreras-Ramos (2018, fig. 1A p. 68). I) Pharate adult, from Marquez-Lépez &
Contreras-Ramos (2018, fig. 1A p. 68). ]) Adult, from bugguide.net, image 1540431 (© 2018 Marcie Oconnor) labelled ‘Manddfly —

Climaciella brunned .

already been used as a source for similar studies
(e.g. Haug & Haug 2019; Haug et al. 2021b).

Image 1132526 (© 2015 Jennifer Thomp-
son) was labelled ‘Mantidfly Larvae’ (specimen 12;
Fig. 2). The photograph shows the specimen in la-
teral view. Additional images of this specimen are
available, but this one was most suitable for acces-
sing details. No indication of size was provided.

Image 25293 (© 2005 Jeff Hollenbeck) was
labelled ‘Mantidfly — Dicromantispa say? (specimen
13; Fig. 2). The photograph shows the specimen in
lateral view. No indication of size was provided.

A third image comes from the website “The
MacroClub project’” (macroid.ru). Image 26884 (by
Zabenok) was labelled ‘Mantispa styriaca’ (specimen
14; Fig. 2).
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0.6 mm

Fig. 3 - New specimen PED 1389, Eocene pupal exuvia, Rovno amber. A) Ventral view. B) Colour-marked version of A. Abbreviations: 1t-3t
= trunk appendages 1-3; ad = abdomen; at = antenna; fw = forewing; hc = head capsule; hw = hind wing; md = mandible; ms =

mesothorax; pl = palp; pt = prothorax.

New fossil specimen PED 1389

Remark. The fossil is an exuvia preserved
within a piece of Eocene Rovno amber and there-
fore partly deformed, hence not all aspects are ac-
cessible in original morphology. Syninclusions: two
immature mites and a badly preserved, undetermi-
nable minute insect (Hymenoptera?).

General habitus. Immature lacewing, late sta-
ge pupa, with free appendages (exarate), including
the mandibles (decticous; Fig. 3). Body organised
into distinct capsulate head and trunk. Trunk fur-
ther differentiable into an anterior region (thorax)

and posterior region (abdomen) [not corresponding
to abdomen in other groups].

Head. Head assumed to be composed of
six segments. First body segment, ocular segment
(protocerebral segment), should be recognisable by
prominent compound eyes and the clypeus-labrum
complex, yet the cuticle in these regions is strongly
distorted and both structures cannot be reliably di-
stinguished as such.

Post-ocular segment 1 (deutocerebral seg-
ment) recognisable by its pair of appendages an-
tennae [antennulae]. Antennae strongly curled, but
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Fig. 4 - New specimen PED 1389, Eocene pupal exuvia, Rovno amber, continued. A) Detail of head region with mouthparts. B) Colour-
marked version of A. Abbreviations: I? = possible labium; md = mandible; pl = palp (possibly of maxillae).

seem to have been longer than head capsule; subdivi-
ded into numerous elements (antennomeres), at least
45, transverse, gradually decreasing in width (diame-
ter) distally; each antennomere slightly expanding in
diameter distally, expansion greater towards the distal
end. Post-ocular segment 2 (intercalary segment; tri-
tocerebral segment) without externally visible structu-
res.

Post-ocular segment 3 recognisable by its pair
of appendages, mandibles (Fig. 4). Mandibles only
accessible in overall anterior, functional lateral view;
roughly triangular, longer than wide at the proximal
joint region, about 2X.

Post-ocular segment 4 possibly recognisable
by its pair of appendages, maxillaec [maxillulae] (Fig
4). Only supposed distal parts apparent, palps [en-
dopod], with four elements (palpomeres). Length
of proximal element partly unclear (proximal border
uncertain). Element 2 longer than wide (diameter),
at least 2X; distally widening; with at least four long

setae distally (exact arrangement unclear). Element 3
slightly shorter than preceding element; distally wide-
ning; with at least two long setae distally (exact arran-
gement unclear). Terminal element about as long as
element 2, not widening distally, with a rounded tip,
overall finger-like in appearance; no setae appatent.

Post-ocular segment 5 possibly recognisable
by its pair of appendages, labium, medially conjoined
to a single structure [maxillae] (Fig. 4). Appears partly
deformed and largely concealed under the other
mouthparts, laterally bearing a pair of protruding di-
gitiform structures (palps?).

In dorsal view, posterior part of head capsule
(occiput) with a pair of prominent setae on each side
close to the midline (Fig, 5A).

Abnterior trunk, thorax. With three segments,
prothorax, mesothorax, and metathorax (Figs. 3, 5).

Prothorax in ventral view about as wide as
head, longer than head, about 1.5X. With a distinct
anteroventral region, apparently slightly sclerotised
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membrane, slightly less than one third of overall
length. Behind distinct anteroventral membrane, a
pair of prominent appendages (forelegs) inserts. Dor-
sally, segment strongly deformed, medially split. With
prominent longer setae along the lateral edge of a di-
stinct sclerite (notum) [tergite], at least four such setae.

Appendages of prothorax with five major
elements. Proximal element, coxa [basipod, not cot-
responding to coxa in other groups|, very promi-
nent; longer than wide (diameter), about 3X; about
the same outline in ventral view as the ventral scle-
rite of the prothorax. Element 2, trochanter [endo-
pod element 1], same diameter as preceding element,
but much shorter. Element 3, femur [endopod ele-
ment 2] moderately swollen, about the same length
as coxa but higher, lacking integumentary specialisa-
tions. Element 4, tibia [endopod element 3], about as
long as preceding element, but much more slender,
less than 50%, slightly curved inwards; distally with
at least two long setae. Element 5 [endopod element
4], tarsus, about 60% of the length of the tibia, fur-
ther subdivided into smaller elements (tarsomeres), at
least four recognisable. Proximal sub-element (basi-
tarsus) slightly longer than wide; two subsequent sub-
elements slightly shorter in length. Distalmost sub-
element shorter, proximally narrower, then widening
distally, bearing a pair of pretarsal claws, no arolium
evident.

Mesothorax shorter in anterior-posterior axis
than prothorax, about as long as the region of the
prothorax behind the anterior membraneous region.
Dorsally about the same length as ventrally. Close to
the posterior rim, a pair of prominent appendages
(midlegs) inserts. Dorsal sclerite, mesonotum, rec-
tangular in dorsal view, medially split, one split half
slightly wider than long, With several distinct setae
(Fig. 5B): a row (from anterior to posterior) of four
setae in the anterior half closer to the midline; a single
seta further lateral at the same level as the most poste-
rior setae of the group of four setae; a group of three
setae further lateral at about the level of the antetior
three setae of the group of four setae; further poste-
rior a group of three setae (in median to lateral orien-
tation); further lateral a group of eight setae more or
less forming an anterior-posterior line at about the
level of the group of four setae.

Pair of wing (forewing) pads inserted late-
rally to the mesonotum (Fig. 5B). Wing pads longer
than mesothoracic segment ventrally about 2X. Pte-
rostigma with numerous pterostigmal veinlets. Radial
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posterior with long branches, 5 or 6 in number, not
forming regular angular cells.

Appendages of mesothorax with five major
elements. Proximal element, coxa [basipod, not corre-
sponding to coxa in other groups|, short, wider than
long, not as wide as coxa of foreleg, Element 2, tro-
chanter [endopod element 1], roughly the same size
as preceding element. Element 3, femur [endopod
element 2], longer, exact length difficult to estimate
due to perspective, longer than preceding element.
Element 4, tibia [endopod element 3|, longer than
preceding elements, also more slender. Element 5
[endopod element 4] further subdivided into smaller
elements (tarsomeres), at least four recognisable. Di-
stalmost tarsomere bearing a pair of pretarsal claws,
no arolium evident. Further details not accessible due
to perspective.

Metathorax in ventral view shorter, only
about 30% of the mesothorax. Close to the poste-
rior rim a pair of prominent appendages (hind legs)
inserts. Dorsally similar in dimensions to mesothorax,
also medially split. Metathorax with fewer setae, exact
arrangement concealed by white froth (=Verlumung).

Pair of wing (hind wing) pads inserted lateral-
ly to the metanotum. Wing pads longer than metatho-
racic segment ventrally, about 2.

Appendages of metathorax with five ma-
jor elements. Proximal element, coxa [basipod, not
corresponding to coxa in other groups|, short, wi-
der than long, not as wide as coxa of foreleg. Ele-
ment 2, trochanter [endopod element 1], roughly the
same size as preceding element. Element 3, femur
[endopod element 2], longer than coxa and trochan-
ter combined. Element 4, tibia [endopod element
3], longer than preceding elements combined, also
slightly more slender. Element 5 [endopod element
4] further subdivided into smaller elements (tarso-
meres), five recognisable. Tarsus as a whole slightly
shorter than tibia, more slender. Sub-element 1 (ba-
si-tarsus) slightly longer than wide. Sub-element 2
shorter than wide. Sub-elements 3 and 4 similar to
2. Distal sub-element slightly longer than preceding
one, bearing a pair of pretarsal claws, no arolium
evident.

Posterior trunk, abdomen. Recurved ventrad,
with most details not accessible due to Verlumung;
Exact number of externally recognisable segments
unclear. Posterior segments narrower than anterior
ones. All segments with numerous setae, exact ar-
rangement not accessible.
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Fig. 5 - New specimen PED 1389, Eocene pupal exuvia, Rovno amber, continued. A) Dorsal view. B) Close-up on the setation of the nota.
Abbreviations: fw = forewing; ms = mesothorax; pt = prothorax.

Shape analysis of femora of fossil and
extant specimens

The shape analysis of the entire data set re-
sulted in three effective principal components (PCs),
together explaining 95.51% of the overall variation
(Supplementary File 1).

PC1 explains 85.21% of the overall variation.
It is dominated by the overall shape of the femur.
High values indicate a simpler overall morphology,
low values indicate an overall y-shaped outline (note:

the factor loadings extremes depict non-existing
morphologies; Supplementary File 2).

PC2 explains 7.59% of the overall variation.
It is dominated by the relative length of the femur.
High values indicate a more elongate shape, low va-
lues a stouter shape (Supplementary File 2).

PC3 explains 2.72% of the overall variation.
It is dominated by the proximal shape of the femur.
A high value indicates a narrow proximal region, a
low value a broader one (Supplementary File 2).
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Shape analysis of femora of only extant
specimens

The shape analysis of only the extant spe-
cimens resulted in four effective principal compo-
nents (PCs), together explaining 93.73% of the ove-
rall variation (Supplementary File 1).

PC1 explains 74.23% of the overall varia-
tion. It is dominated by the relative length of the
femur and presence of a prominent spine. A high
value indicates a stout shape without a prominent
spine, a low value indicates a more elongate shape
with a prominent spine (Supplementary File 3).

PC2 explains 10.82% of the overall varia-
tion. It is dominated by the shape of the proximal
region of the femur. A high value indicates a less
drawn out proximal region, a low value a stronger
drawn out proximal region (Supplementary File 3).

PC3 explains 5.86% of the overall variation.
It is dominated by the shape of the proximal re-
gion of the femur. A high value indicates a broader
proximal region, a low value a narrower proximal
region (Supplementary File 3).

PC4 explains 2.82% of the overall variation.
It is dominated by the shape of the proximal re-
gion of the femur. A high value indicates a broader
proximal region, a low value a narrower proximal

region (Supplementary File 3).

DiscussioN

Moult remains and the fossil record

The specimen reported here is clearly an
exuvia due to the presence of an open wide ecdysial
suture in typical position, i.e., dorsomedially from
the head to the last thoracic segment, through
which shed, tube-like tracheal cuticle is visible (Fig;
5). Exuviae can be challenging to interpret in moul-
ting animals, as it can be impossible to differentiate
between a moult remain and a half-rotten carcass.
However, it is often quite straightforward to reco-
gnise exuvial remains of representatives of Insecta.

While an exuvia provides informative cha-
racteristics from the original morphology, it tends
to be less reliable for quantifiable aspects due to the
deformation of structures (a reason why the speci-
men was not included in the quantitative analysis).
Assessing a pupal exuvia — particularly a fossil one —
allows ensuring that the pupal development of that
particular species was maximum at the moment of
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moulting, save from variation from environmental
factors.

A philosophical aspect concerning exuviae
is whether they should be considered body fossils
or trace fossils (see discussion in Vallon et al. 2015).
The usual argument for the latter is that a fossil exu-
via does not represent the true individual, but a re-
main produced by it. Yet, this argument poses some
challenges (see also Baranov et al. 2022b).
of Buarthropoda
spend their lives with two layers of cuticles; adults

Most  representatives

of the group Pterygota are in fact an exception. In
many extant specimens, but also some fossil ones,
it is possible to see both cuticles (evident in some
figured extant pupae of mantis lacewings, e.g. Mar-
quez-Lopez & Contreras-Ramos 2018, fig. 1A p. 68).
Both these layers are part of the individual. When
the outer cuticle is moulted, it becomes separated
from the original individual. Yet, does this make it a
‘trace’? Different representatives of Euarthropoda
can actively detach an appendage at predetermined
‘breaking points’ (i.e., autospasy). Does such a lost
appendage also represent a ‘trace’?

An exuvia clearly provides information of
a specific semaphoront from an individual, i.e., the
morphology at a specific time slice (see also Vallon
et al. 2015). This is therefore not fundamentally dif-
ferent from an individual dying at a specific time
slice. An exuvia would simply need to be treated as
a slightly deformed individual.

In summary, the information provided by
an exuvia is not fundamentally different from that
provided by a carcass. Considering exuviae as trace
fossils provides no practical advantages.

Identity of the new specimen

The new specimen PED 1389 can be rea-
dily identified as pupa due to the presence of wing
pads in combination with its overall habitus clearly
indicating an ingroup position within Neuroptera.
Within this group, the prominent raptorial fore-
legs of the pupa are diagnostic for the monophyle-
tic group Mantispidae + Rhachiberothidae within
Mantispoidea. Further-reaching interpretations are
more challenging than with adults, as many diagno-
stic features on the forelegs are not yet fully develo-
ped (see also further below for this aspect). Still the
major ingroups (often considered subfamilies) of
Mantispidae should be distinguishable at the pupa
stage.
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Fig. 6 - Size comparison of the new pupa (A) and the single known adult in Eocene amber (B, based on Baranov et al. 2022a).

According to the figured pupae of Man-
tispinae provided by Lucchese (1956) and Schrem-
mer (1983), less evidently so in Marquez-Lopez &
Contreras-Ramos (2018), the wing venation pattern
in the wing pads (at least in late pupal stages) is stron-
gly consistent with that of the adult. Therefore, in
pupae of Mantispinae the radial sector is formed by
rather short branches forming rather angular cells in
a consistent pattern due to the presence of a regular
gradate series of crossveins.

A far anterior foreleg insertion on the pro-
thorax, immediately posterior to the head, seems
typical for all major ingroups of Mantispidae with
the exception of Symphrasinae. Such an anterior
insertion is evident in late pupae such as those of
Climaciella brunnea (Mantispinae) and Ditaxis biseriata
(Drepanicinae) (Dorey & Merritt 2017; Marquez-
Lopez & Contreras-Ramos 2018).

The pupa of Plega yucatanae (Symphrasinae)
depicted by Parker & Stange (1965) was described as
possessing a foretarsus with four elements. Also, in
that specimen the foreleg insertion on the protho-
rax is not immediately behind the head, but further
posterior. These two diagnostic characters also oc-
cur in adults of Symphrasinae (Ardila-Camacho et al.
2021). The venation pattern in the latter specimen is
unclear as only costal veinlets were depicted (some
basal ones twigging in contact with the costal mar-
gin). The further posterior foreleg insertion on the
prothorax is also evident in the photographs of the
pupa of Plega hagenella provided by Maia-Silva et al.
(2013).

In sum, even though the four-segmented fo-
retarsi cannot be ascertained from the present fossil,
the further posterior foreleg insertion (not immedia-
tely posterior to the head, separated by an apparent

membraneous region) and the venation of the wing
pads (lacking angular cells) suggest that the specimen
is a representative of Symphrasinae. Yet it cannot be
fully excluded that it is a representative of Rhachibe-
rothidae, as pupae for this group are still unknown.

The fossil record of Mantispidae

The fossil record of mantis lacewings is
especially rich in the Mesozoic, including numerous
fossils in sedimentary rocks and in different types of
ambers (see recent summary in Baranov et al. 2022a).
Fossils in sedimentary rocks are restricted to adult
specimens. Mesozoic ambers have provided a wealth
of different mantis lacewing adults (Lu et al. 2020;
Shi et al. 2020a, b), but also some larvae, supposedly
all stage 1 larvae (Haug et al. 2018, 2021c¢).

A more restricted number of mantis la-
cewings has been provided by Eocene ambers so far.
Four possible larvae (Ohl 2011; Wunderlich 2012)
and a single adult (Baranov et al. 2022a; Fig, 6) have
been reported. Miocene ambers are, again, richer in
adult mantis lacewings, with at least three specimens
known (Engel & Grimaldi 2007); yet, no larvae have
been hitherto reported.

The new fossil therefore expands the overall
still scarce fossil record of mantis lacewings in the
Eocene. It also represents the first record of a mantis
lacewing in Rovno amber and the first fossil record
of a pupal stage of Mantispidae.

Based on the scarcity of Mantispidae in Baltic
amber and a likely ingroup position of the new fossil
within Symphrasinae, it very likely represents a new
species. However, we refrain from formally erecting
a new species because providing a differential diagno-
sis would not be possible and would render the taxo-
nomy for Eocene mantis lacewings challenging.
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Fig. 7 - Other lacewing pupae in the fossil record. A) Specimen from Lower Cretaceous French amber, redrawn from Soriano et al. (2010, fig.
1 row three right p. 363). B) Specimen from Eocene Baltic amber, image provided by Jonas Damzen (amberinclusions.cu); now part of
the Collection Gréhn (CCGG 7309; Makarkin 2022). C) Specimen from Eocene Baltic amber, image provided by Marius Veta (amber-
treasure4u.com). D) Specimen from Cretaceous Kachin amber, Myanmar, image provided by Simon Chen (burmiteamberfossil.com).

The fossil record of lacewing pupae

Pupae of lacewings have been scarcely re-
ported in the fossil record. A fossil in Lower Cre-
taceous French amber was identified as a snakefly
pupa (Raphidioptera; Soriano et al. 2010); yet the
rather short head and prothorax suggest that this
specimen represents a pupa of a lacewing (a clear
snakefly pupa was depicted in Zhang 2017).

Makarkin (2022) reported a pupa, more pre-
cisely a late stage pupa often referred to as a pharate
adult, from Baltic amber. Makarkin (2022) interpre-
ted the specimen as a representative of the group
Hemerobiidae, possibly of the ingroup Symphero-
bins. Searching outside the scientific literature has
provided two more specimens preserved in amber
(Fig. 7).

All these pupae lack prominent specialisa-
tions known in pupae of specific ingroups of Neu-
roptera (such as elongate mouthparts and curled
hind wings of thread-winged lacewing pupae: Pier-
re 1952 figs. 27, 28; Aspock & Aspock 1999 fig. 63
p. 23) and based on available information remain
difficult to interpret. They seem unlikely to be pu-
pae of mantis lacewings. Therefore, the new speci-
men is a rare find of a fossil pupa of Neuroptera —
the first one for Mantispidae — and the first case of

a fossil pupal exuvia for Neuroptera, possibly even
Neuropterida.

The femoral morphology of mantis
lacewing pupae in comparison to the adults

All examples of lacewing pupae differ in
significant morphological aspects from their cor-
responding adults, especially in the details of the
raptorial legs (forelegs). These aspects seem to have
gained little attention; although Brauer (1855) stated
that the legs in the pupae are already fully developed
as in the adult (pp. 482—483), that is apparently not
the case.

In adults, the femur of the foreleg is armed
with prominent ‘spines’ (actually not spines in the
strict sense, but outgrowths of the femoral cuticle
distally bearing modified setae, hence in principle
drawn out sockets; see e.g. discussion in Pérez-de
la Fuente & Pefalver 2019). The tibia forms the
major part of the movable finger of the sub-chela,
but the tarsus can variably contribute to the functio-
nal finger (Fig. 2C, E, ]). The basi-tarsus (proximal
element; proximal tarsomere) can, for example, be
enlarged or be drawn out and spine-like. The fur-
ther distal part of the tarsus is rather small in some
mantis lacewings, partly concealed by the spine-like
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protrusion (e.g. Alvim et al. 2019 fig. 2F p. 278).
Alternatively, the entire distal tarsus can be a quite
small structure sitting distally ‘on top” of a cone-
shaped basi-tarsus (e.g. Ohl 2004 fig, 3 p. 194). Pre-
tarsal claws can be small (e.g. Reynoso-Velasco &
Contreras-Ramos 2019 fig. 8C p. 144) or even be
partially absent (e.g. Reynoso-Velasco & Contreras-
Ramos 2019 fig. 9C p. 148).

In the pupae, these morphological aspects
are quite different (Fig. 2A, D, H). The femur (still)
lacks the ‘spines’ and the tarsus is average in size,
not smaller or specialised. These differences are
more apparent in some late stage pupae with a ra-
ther transparent cuticle with the (more or less de-
veloped) adult inside (pharate adult; Fig. 2B, I; e.g
Maia-Silva et al. 2013 fig, 1 p. 103, fig, 2 p. 104). This
pronounced difference between adult and pupa is
also evident in the quantitative analysis (Figs. 8, 9):
extant pupae plot clearly outside the area occupied
by extant adults based on femur morphology. Ho-
wever, pupae plot close to some fossil adults with
barely developed femoral ‘spines’ (Fig. 8; especially
specimen 0003, Sznomesomantispa microdentata). The
Mesozoic adults occupy a large area of the morpho-
space, much larger than that of the extant adults.
This is not surprising, as former studies have indi-
cated that Mesozoic representatives of Mantispidae
were in certain aspects more derived than modern
ones (e.g. Lu et al. 2020; Shi et al. 2020a, b; Baranov
et al. 2022a).

In sum, mantis lacewing pupae tend to have
a less specialised morphology than the adults regar-
ding the foreleg morphology. The pupa morpho-
logy of mantis lacewings in principle resembles the
adult morphology of other lacewings, at least con-
cerning the forelegs.

The morphology of mantis lacewing
pupae in the light of the ontogenetic sequence

Stage 1 larvae of mantis lacewings have
well-developed, functional locomotory legs. Femur
and tibia are elongate. The tarsus is already present,
but rather short and not subdivided into tarsome-
res, distally carrying a pair of claws and a prominent
trumpet-shaped empodium (attachment structure;
Fig. 2F; e.g. Hoffman & Brushwein 1992).

In stage 2 and 3 larvae, legs are functionally
no longer important due to the specific life habits
of the larvae (see e.g. Riek 1970; Redborg & Ma-
cLeod 1985; Hoffman & Brushwein 1992). Femur

and tibia are stout and short. The tarsus is simple,
spine-like without claws or other distal structures
(Fig. 2G).

Together with the morphology of the pu-
pae, this gives an ontogenetic sequence for the fe-
mur of (1) elongate (stage 1 larva), (2) stout (stages
2 and 3 larvae), (3) elongate (pupa), (4) elongate
with ‘spines’ (adult). This is a classical example for
an indirect development (see discussion in Haug
2019). The pupa here clearly serves as an interme-
diate stage to allow the transition from the stout
unarmed morphology of the late larvae via the
elongate but unarmed morphology of the pupa to
the elongate and armed morphology of the adult.
This sequence, together with the fact that the fe-
mur morphology of the pupa basically resembles
that of adults of other lacewings, indicates that
the raptorial legs, or more precisely the femur, of
mantis lacewings likely evolved via heterochrony by
adding a new morphology at the end of the onto-
geny (hypermorphosis + predisplacement; see di-
scussion in Haug et al. 2010).

For the tarsus, the ontogenetic sequen-
ce is: (1) developed, with distinct distal structu-
res, e.g. pair of claws, but not subdivided (stage
1 larva), (2) reduced, simple, still not subdivided
(stages 2 and 3 larvae), (3) well developed, again
with a pair of claws, subdivided into tarsome-
res (pupa), and (4) variably reduced in size, still
with claws (although they can be reduced or only
one present), still subdivided, with the basi-tar-
sus drawn out into spine-like structure in some
forms (adult). For the tarsus, it also appears that
the morphology is a result of a hypermorphosis
+ predisplacement. Still, it gives an impression of
developed-underdeveloped-developed-underde-
veloped, so forth and back, forth and back. The
unusual condition here is the well-developed tar-
sus in the pupa. There is little functional use for it
besides in the short period when the latest pupa/
pharate adult (with the almost fully developed
adult inside) is motile in order to find a suitable
area for the adult eclosion. Most likely, the well-
developed tarsus is a real evolutionary relict here.
Developing it may simply not have enough costs
to cause a negative selective pressure against it.

The pupa as a step in-between
It has often been assumed that the pupa is
very similar to its corresponding adult (see discus-
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sion in Saltin et al. 2016). This may be certain for
many ingroups of Neuroptera. The large transfor-
mation process from the highly specialised larval
morphology, especially in the head region, appears
to take place in the moult to the pupa, so basical-
ly the restructuring process occurs in the pre-pupa
phase (Zhao et al. 2020). Hence, for many lacewings
not much morphological change is apparent from
pupa to adult.

Yet, whenever more extreme morphologies
are to be expressed in the adult, the pupa provi-
des the possibility to develop this very morpho-
logy in a step-wise manner. Whenever a strongly
metamorphic moult occurs in a representative of
Euarthropoda, there is an associated risk for the
moulting animal. If the morphology of the inner
cuticle is very different from the outer one, it can
be difficult to fit it in at all (Saltin et al. 2016), and
dragging it out without damaging it might be chal-
lenging. Therefore, strongly metamorphic moults
could potentially kill larger parts of a population
during this process (see discussion in Haug 2020b).
Hence, a kind of ‘two-moult transformation’ of-
fers a possibility of reducing this risk (Saltin et al.
2010).

It appears that for mantis lacewings the
pupa allows the development of a complex armed
raptorial appendage from a rather stout and overall

reduced one appearing during late larval morpho-
logy. It would be interesting to know how the tran-
sition takes place in the likewise raptorial represen-
tatives of Rhachiberothidae (or Rhachiberothinae),
yet so far no pupa seems to have been reported for
this group.

Outlook: The pupa as a phylotypic
stage?

Another aspect of the quantitative analysis
is worthy of discussion. The occupied area of the
pupae not only falls outside of the area of extant
adults, but it is also remarkably reduced. It could
be argued that the sample size is also smaller than
that of the adults. Yet, this cannot explain the dif-
ference, as the area is not only smaller, but the indi-
vidual points also plot very densely, indicating less
morphological variation. A developmental stage
showing less variability than other stages potential-
ly could represent a phylotypic stage (see discus-
sions in Cridge et al. 2019; Tautz 2019).

The pupa could be less affected by selective
pressures than other post-embryonic stages since
it is less active, it does not have to feed nor find a
partner to reproduce. It is therefore quite possible
that the pupa could represent a phylotypic stage, at
least for Mantispidae. With the available data, despi-
te being limited to a single structure, it remains im-
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Fig. 9 - Morphospace of femur sha-
pe of only the extant speci-
mens of Mantispidae. Note
how densely the pupae plot.
Numbers refer to Supple-
mentary Table 1.
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possible to make further quantitative explorations
of this aspect. There are almost 20 stage 1 larvae
available in the literature with aspects of the front
legs accessible (Haug et al. 2021c). Yet, for stage
3 larvae not even a handful of comparable data is
available. This leaves us with the observation that
the pupa has less variability in the morphology of
the raptorial legs than the adults, but whether pupal
variability is lower than that of the larvae remains
unclear. Expanding the data set will be necessary to
further explore the pupa as a possible phylotypic
stage.

Acknowledgements: We thank Atilano Contreras-Ramos, Mexi-
co City, and one anonymous reviewer for helpful comments on the
manuscript. Our thanks go to Michael Engel, Lawrence/Kansas, for
helpful input on the manuscript. We are grateful to Jonas Damzen,
Vilnius, who brought the unusual specimen reported here to our
attention, and to Simon Chen (burmiteamberfossil.com), Jonas
Damzen (amberinclusions.eu) and Marius Veta (ambertreasure4u.
com) for providing images for this study. The work has been kindly
supported by the Volkswagen Foundation with a Lichtenberg Pro-
fessorship for JTH and by the German Research Foundation (DFG
HA 6300/6-1). This study is a contribution to the AEI/FEDER, UE
project CRE CGL2017-84419 (RP-dIF). CK is grateful for funding
by the Landesgraduiertenférderung of Mecklenburg-Vorpommern.
We thank all people providing open source, open access and low-
cost software. Steffen Harzsch, Greifswald, and ]. Matthias Starck,
Munich, are thanked for long-standing support. This is LEON pu-
blication #29.

REFERENCES

Alvim B.G.C., Machado R.J.P. & Krolow T.K. (2019) - Man-
tidflies (Neuroptera, Mantispidae) from Tocantins state
(Brazil): distribution and identification key. Check List, 15:
275-285.

Ardila-Camacho A., Martins C.C., Aspéck U. & Contre-
ras-Ramos A. (2021) - Comparative morphology of ex-
tant raptorial Mantispoidea (Neuroptera: Mantispidae,
Rhachiberothidae) suggests a non-monophyletic Mantis-
pidae and a single origin of the raptorial condition within
the superfamily. Zootaxa, 4992(1): 1-89.

Aspock U. & Aspock H. (1997) - Studies on new and poor-
ly-known Rhachiberothidae (Insecta: Neuroptera) from
subsaharan Africa. Annalen des Naturbistorischen Musenms in
Wien, Serie B fiir Botanik und Zoologie, 99B: 1-20.

Aspock U. & Aspock H. (1999) - Kamelhilse, Schlammfliegen,
Ameisenlowen...Wer sind sie? (Insecta: Neuropterida:
Raphidoptera, Megaloptera, Neuroptera). Siapfia, 60:
1-34.

Aspock U. & Aspéck H. (2007) - Verbliebene Vielfalt vergan-
gener Blite. Zur Evolution, Phylogenie und Biodiversitit
der Neuropterida (Insecta: Endopterygota). Denisia, 20:
451-516.

Aspock U. & Aspock H. (2008) - Phylogenetic relevance of the
genital sclerites of Neuropterida (Insecta: Holometabo-
la). Systematic Entomology, 33: 97-127.

Aspock U. & Mansell MW, (1994) - A revision of the family
Rhachiberothidae Tjeder, 1959, stat. n. (Neuroptera). Sys-



202

tematic Entomology, 19: 181-206.

Aspock U, Plant J.D. & Nemeschkal, H.I.. (2001) - Cladistic
analysis of Neuroptera and their systematic position
within Neuropterida (Insecta: Holometabola: Neurop-
terida: Neuroptera). Systematic Entomology, 26: 73-86.

Aspock U, Aspéck H., Johnson ].B., Donga TK. & Duelli,
P. (2020) - Rbachiella malawica gen. nov., spec. nov. from
Malawi-another beauty of the Afrotropics (Neuroptera:
Rhachiberothidae). Zootaxa, 4808(1): 131-140.

Badano D., Fratini M., Maugeri L., Palermo I, Pieroni N., Ced-
ola A., Haug J.T., Weiterschan T., Velten J., Mei M., Di
Giulio A. & Cerretti, P. (2021) - X-ray microtomography
and phylogenomics provide insights into the morpholo-
gy and evolution of an enigmatic Mesozoic insect larva.
Systematic Entomology, 46: 672—684.

Baranov VA, Kvifte G.M. & Perkovsky E.E. (2016) - Two new
species of fossil Corethrella Coquillett from Late Eocene
Rovno amber, with a species-level phylogeny for the
family based on morphological traits (Diptera: Coreth-
rellidae). Systematic Entomology, 41: 531-540.

Baranov V., Pérez-de la Fuente R., Engel M.S., Hammel J.U,,
Kiesmiller C., Hornig M.K., Pazinato P.G., Stahlecker
C., Haug C. & Haug J.T. (2022a) - The first adult mantis
lacewing from Baltic amber, with an evaluation of the
post-Cretaceous loss of morphological diversity of rap-
torial appendages in Mantispidae. Fossi/ Record, 25: 11-24.

Baranov V.A., Haug ].T., Greenwalt D.E. & Harbach R. (2022b)
- Diversity of culicomorphan dipterans in the Focene
Kishenehn Konservat-Lagerstitte (Montana, USA) and
its palacoecological implications. Palaeontologia Electronica,
25: a4.

Beutel R.G., Friedrich F. & Aspoeck U. (2010a) - The larval
head of Nevrorthidae and the phylogeny of Neurop-
tera (Insecta). Zoological Journal of the Linnean Society, 158:
533-5062.

Beutel R.G., Zimmermann D., Kraul3 M., Randolf S. & Wipfler
B. (2010b) - Head morphology of Osmylus fulvicephalus
(Osmylidae, Neuroptera) and its phylogenetic implica-
tions. Organisms Diversity & Evolution, 10: 311-329.

Bissett J.I.. & Moran V.C. (1967) - The life history and cocoon
spinning behaviour of a South Affican mantispid (Neu-
roptera: Mantispidae). Journal of the Entomological Society of
Southern Africa, 30: 82-95.

Braig I, Haug J.T., Schiddel M. & Haug C. (2019) - A new thy-
lacocephalan crustacean from the Upper Jurassic litho-
graphic limestones of southern Germany and the diver-
sity of Thylacocephala. Palaeodiversity, 12: 69—-87.

Brauer I (1855) - Beitrige zur Kenntniss der Verwandlung
der Neuropteren. Verbandlungen des Zoologisch-Botanischen
Vereins in Wien, 5: 479—484 (plus unpaginated plate with
11 figures).

Buys S. (2008) - Observations on the biology of Awnchieta fu-
mosella (Westwood 1867) (Neuroptera Mantispidae) from
Brazil. Tropical Zoology, 21: 91-95.

Crespo-Pérez V., Kazakou E., Roubik D.W. & Cardenas R.E.
(2020) - The importance of insects on land and in water:
a tropical view. Current Opinion in Insect Science, 40: 31-38.

Cridge A.G., Dearden PK. & Brownfield L.R. (2019) - The

Haung C., Pérez-de la Fuente R., Baranov 1., Hang G.'I., Kiesmiiller C., Zippel A., Hornig M.K. & Hang ].'T.

Developmental Hourglass in the Evolution of Embry-
ogenesis. In: Nuno de la Rosa L. & Miller G. (Eds) -
Evolutionary Developmental Biology: 111-120. Spring-
er, Cham.

Dorey J.B. & Merritt D.J. (2017) - First observations on the life
cycle and mass eclosion events in a mantis fly (Family
Mantispidae) in the subfamily Drepanicinae. Biodiversity
Data Journal, 5(e21206): 1-12.

Engel M.S. & Grimaldi D.A. (2007) - The neuropterid fau-
na of Dominican and Mexican amber (Neuropterida:
Megaloptera, Neuroptera). American Museun Novitates,
2007(3587): 1-58.

Engel M.S., Winterton S.I.. & Breitkreuz I..C.V. (2018) - Phy-
logeny and evolution of Neuropterida: where have wings
of lace taken us? Awnnual Review of Entomology, 63(1): 531—
551.

Gilbert C. & Rayor L.S. (1983) - First record of mantisfly
(Neuroptera: Mantispidae) parasitizing a spitting spider
(Scytodidae). Journal of the Kansas Entomological Society,
56(4): 578-580.

Grimaldi D. & Engel M.S. (2005) - Evolution of the Insects.
Cambridge University Press, Cambridge.

Haug C., Shannon K.R., Nyborg T. & Vega FJ. (2013b) - Iso-
lated mantis shrimp dactyli from the Pliocene of North
Carolina and their bearing on the history of Stomatop-
oda. Bolétin de la Sociedad Geoldgica Mexicana, 65: 273—284.

Haug C., Haug G.T., Baranov V.A., Sol6rzano-Kraemer M.M.
& Haug J.T. (2021a) - An owlfly larva preserved in Mexi-
can amber and the Miocene record of lacewing larvae.
Boletin de la Sociedad Geoldgica Mexicana, 73(3): A271220.

Haug J.T. (2019) - Categories of developmental biology: Ex-
amples of ambiguities and how to deal with them. In:
Fusco G. (Ed.) - Perspectives on Evolutionary and De-
velopmental Biology. Essays for Alessandro Minelli,
Festschrift 2: 93—102. Padova University Press, Padova.

Haug J.T. (2020a) - Why the term “larva” is ambiguous, or what
makes a larva? Acta Zoologica, 101: 167-188.

Haug J.T. (2020b) - Metamorphosis in crustaceans. In: Anger
K., Harzsch S. & Thiel M. (Eds) - Vol. 7. Developmental
Biology and Larval Ecology. The Natural History of the
Crustacea: 254-283. Oxford University Press, Oxford.

Haug J.-T. & Haug C. (2013) - An unusual fossil larva, the on-
togeny of achelatan lobsters, and the evolution of meta-
morphosis. Bulletin of Geosciences, 88: 195-2006.

Haug J.-T. & Haug C. (2015) - “Crustacea” Comparative as-
pects of larval development. In: Wanninger A. (Ed) -
Evolutionary Developmental Biology of Invertebrates 4:
Ecdysozoa II: Crustacea: 1-37. Springer, Wien.

Haug J.T. & Haug C. (2016) - “Intermetamorphic” develop-
mental stages in 150 million-year-old achelatan lobsters
— The case of the species zenera Oppel, 1862. Arthropod
Structure & Development, 45: 108—121.

Haug J.T. & Haug C. (2019) - Beetle larvae with unusually large
terminal ends and a fossil that beats them all (Scraptiidae,
Coleoptera). Peer], 7: €7871.

Haug J.'T., Maas A. & Waloszek D. (2010) - tHenningsmoenica-
ris scutula, TSandtorpia vestrogothiensis gen. et sp. nov. and
heterochronic events in early crustacean evolution. Earth



First fossil record of a mantis lacewing pupa 203

and Environmental Science Transactions of the Royal Society of
Edinburgh, 100: 311-350.

Haug J.T., Haug C., Kutschera V., Mayer G., Maas A., Liebau S.,
Castellani C., Wolfram U., Clarkson E.N.K. & Waloszek
D. (2011) - Autofluorescence imaging, an excellent tool
for comparative morphology. Journal of Microscopy, 244:
259-272.

Haug J.T., Audo D., Charbonnier S. & Haug C. (2013a) - Diver-
sity of developmental patterns in achelate lobsters—to-
day and in the Mesozoic. Development Genes and Evolution,
223:363-373.

Haug J.T., Rudolf N.R., Wagner P., Gundi PT., Fetzer L.-L.
& Haug C. (2016a) - An intermetamorphic larval stage
of a mantis shrimp and its contribution to the ‘missing-
element problem’ of stomatopod raptorial appendages.
Annual Research & Review in Biology, 10(3): 1-19.

Haug J.T., Haug C. & Garwood R. (2016b) - Evolution of in-
sect wings and development — new details from Palaco-
zoic nymphs. Biological Reviews, 91; 53—69.

Haug J.T., Nagler C., Haug C. & Hérnig M.K. (2017) - A group
of assassin fly pupae preserved in a single piece of Fo-
cene amber. Bulletin of Geosciences, 92: 283-295.

Haug J.T., Miller P. & Haug C. (2018) - The ride of the par-
asite: a 100-million-year old mantis lacewing larva cap-
tured while mounting its spider host. Zoological I etters, 4:
31.

Haug J.T., Haug C. & Schweigert G. (2019) - The oldest “in-
termetamorphic” larva of an achelatan lobster from the
Lower Jurassic Posidonia Shale, South Germany. Aca
Palaeontologica Polonica, 64: 685—692.

Haug J.T., Baranov V., Schidel M., Miller P, Gréhn P. & Haug
C. (2020) - Challenges for understanding lacewings: how
to deal with the incomplete data from extant and fossil
larvae of Nevrorthidae? (Neuroptera). Fragmenta entono-
logica, 52: 137-167.

Haug J.T., Zippel A., Haug G.T., Hoffeins C., Hoffeins H.-W/,
Hammel J.U,, Baranov V. & Haug C. (2021b) - Texas bee-
tle larvae (Brachypsectridae) — the last 100 million years
reviewed. Palacodiversity, 14: 161-183.

Haug J.T., Haug G.T., Zippel A., van der Wal S., Mller P,
Grohn C., Wundetlich J., Hoffeins C., Hoffeins H.-W. &
Haug C. (2021¢) - Changes in the morphological diversity
of larvae of lance lacewings, mantis lacewings and their
closer relatives over 100 million years. Insects, 12: art. 860.

Hoffman K.M. & Brushwein J.R. (1992) - Descriptions of the
larvae and pupae of some North American Mantispinae
(Neuroptera: Mantispidae) and development of a system
of larval chaetotaxy for Neuroptera. Transactions of the
American Entomological Society, 118: 159—196.

Iwata H. & Ukai Y. (2002) - SHAPE: A computer program
package for quantitative evaluation of biological shapes
based on elliptic Fourier descriptors. Journal of Heredity,
93: 384-385.

Jandausch K., Pohl H., Aspéck U, Winterton S.I.. & Beutel
R.G. (2018) - Morphology of the primary larva of Man-
tispa aphavexelte Aspock & Aspock, 1994 (Neuroptera:
Mantispidae) and phylogenetic implications to the or-
der of Neuroptera. Arthropod Systematics & Phylogeny, 76:

529-560.

Jankielsohn A. (2018) - The importance of insects in agricul-
tural ecosystems. Advances in Entomology, 6(2): 62—73.

Jepson J.E. (2015) - A review of the current state of knowledge
of fossil Mantispidae (Insecta: Neuroptera). Zootaxa,
3964(4): 419-432.

Jindra M. (2019) - Where did the pupa come from? The tim-
ing of juvenile hormone signalling supports homology
between stages of hemimetabolous and holometabo-
lous insects. Philosophical Transactions of the Royal Society B,
374(1783): 20190064.

Jones J.R. (2019) - Total-evidence phylogeny of the owlflies
(Neuroptera, Ascalaphidae) supports a new higher-level
classification. Zoologica Scripta, 48(6): 761-782.

Kiesmiiller C., Hornig M.K., Leipner A., Haug C. & Haug J.T.
(2019) - Palacozoic palacodictyopteran insect nymphs
with prominent ovipositors from a new locality. Bulletin
of Geosciences, 94: 23—40.

Liu X., Winterton S.I.., Wu C,, Piper R. & Ohl M. (2015) -
A new genus of mantidflies discovered in the Oriental
region, with a higher-level phylogeny of Mantispidae
(Neuroptera) using DNA sequences and morphology.
Systematic Entomology, 40(1): 183-206.

Lu X, Wang B., Zhang W., Ohl M., Engel M.S. & Liu X. (2020)
- Cretaceous diversity and disparity in a lacewing lineage
of predators (Neuroptera: Mantispidae). Proceedings of the
Royal Society B, 287(1928): 20200629.

Lucchese E. (1956) - Ricerche sulla Mantispa perla Pallas (Neu-
roptera Planipennia - Fam. Mantispidae). II. Contribu-
to su nuovi reperti biologici e morfologici concernenti
Padulto, la larva della Ia eta e la completa evoluzione
di questa nella sua sede definitiva. Awnnali della Facolta di
Agraria della [R.] Universita degli Studi di Perugia, 12: 83—213.

Machado RJ.P, Gillung J.P, Winterton S.L., Garzéon-Ordufia
L], Lemmon A.R., Lemmon E.M. & Oswald ].D. (2019)
- Owlflies are derived antlions: anchored phylogenomics
supports a new phylogeny and classification of Myrmele-
ontidae (Neuroptera). Systematic Entomology, 44: 418—450.

Maia-Silva C., Hrncir M., Koedam D., Pires Machado R.J.
& Imperatriz Fonseca V... (2013) - Out with the gar-
bage: the parasitic strategy of the mantisfly Plega hagenel-
la mass-infesting colonies of the eusocial bee Melipona
subnitida in northeastern Brazil. Natunvissenschaften, 100:
101-105.

Makarkin VAN. (2015) - A remarkable new genus of Mantis-
pidae (Insecta, Neuroptera) from Cretaceous amber of
Myanmar and its implications on raptorial foreleg evolu-
tion in Mantispidae: A comment. Cretaceous Research, 52:
423-424.

Makarkin V.N. (2022) - A brown lacewing pupa (pharate adult)
probably belonging to the genus Sympherobins (Neuro-
ptera: Hemerobiidae) from Baltic amber. Zootaxa, 5195:
395-400.

Makarkin VN. & Kupryjanowicz J. (2010) - A new mantis-
pid-like species of Rhachiberothinae (Neuroptera: Ber-
othidae) from Baltic amber, with a critical review of the
fossil record of the subfamily. Acta Geologica Sinica - Eng-
lish Edition, 84: 655—664.



204

Marquez-Lopez Y. & Contreras-Ramos A. (2018) - Descrip-
tion of the pupa of Climaciella brunnea (Say)(Mantispidae,
Mantispinae) and a key to known pupae of mantispids
from North America. Zootaxa, 4444(1): 66—72.

McKellar R.C. & Engel M.S. (2009) - A new thorny lacewing
(Neuroptera: Rhachiberothidae) from Canadian Creta-
ceous amber. Journal of the Kansas Entomological Society, 82:
114-121.

Menon F & Makarkin V.N. (2008) - New fossil lacewings and
antlions (Insecta, Neuroptera) from the Lower Creta-
ceous Crato formation of Brazil. Palacontology, 51: 149—
162.

Modesto S.P. & Anderson J.S. (2004) - The phylogenetic defini-
tion of Reptilia. Systematic Biology, 53: 815-821.

Monserrat V.J. (2014) - Los mantispidos de la Peninsula Ibérica
y Baleares (Insecta, Neuropterida, Neuroptera, Mantisp-
idae). Graellsia, 70: e012.

Nakamine H. & Yamamoto S. (2018) - A new genus and spe-
cies of thorny lacewing from Upper Cretaceous Kuji am-
ber, northeastern Japan (Neuroptera, Rhachiberothidae).
ZooKeys, 802: 109—120.

Nakamine H., Yamamoto S. & Takahashi Y. (2020) - Hidden
diversity of small predators: new thorny lacewings from
mid-Cretaceous amber from northern Myanmar (Neu-
roptera: Rhachiberothidae: Paraberothinae). Geological
Magazine, 157: 1149—1175.

Nel A., Perrichot V., Azar D. & Néraudeau D. (2005) - New
Rhachiberothidae (Insecta: Neuroptera) in Early Creta-
ceous and Farly Focene ambers from France and Leba-
non. Neues Jahrbuch fiir Geologie und Paldontologie Abbandlun-
gen, 235: 51-85.

Ohl M. (2004) - A new wasp-mimicking species of the genus
EBuclimacia from Thailand (Neuroptera, Mantispidae).
In: Aspock U. (Ed.) - Entomologie und Parasitologie.
Festschrift zum 65. Geburtstag von Horst Aspock. De-
nisia, 13: 193-196.

Ohl M. (2011) - Aboard a spider — a complex developmen-
tal strategy fossilized in amber. Naturwissenschaften, 98:
453-4506.

Parker FD. & Stange L.A. (1965) - Systematic and biological
notes on the tribe Platymantispini (Neuroptera: Mantisp-
idae) and the description of a new species of Plga from
Mexico. Canadian Entomologist, 97: 604—612.

Pérez-de la Fuente R. & Pefalver E. (2019) - A mantidfly in
Cretaceous Spanish amber provides insights into the
evolution of integumentary specialisations on the rapto-
rial foreleg. Scientific Reports, 9: 13248.

Pérez-de la Fuente R., Engel M.S,, Delclos X. & Penalver E.
(2020) - Straight-jawed lacewing larvae (Neuroptera)
from Lower Cretaceous Spanish amber, with an account
on the known amber diversity of neuropterid immatures.
Cretaceous Research, 106: 104200.

Perkovsky E.E., Zosimovich VY. & Vlaskin A.P. (2010) -
Rovno amber. In: Penney D. (Ed) - Biodiversity of Fos-
sils in Amber from the Major World Deposits: 80—100.
Siti Scientific Press, Manchester.

Petrulevicius J.F, Azar D. & Nel A. (2010) - A new thorny lace-
wing (Insecta: Neuroptera: Rhachiberothidae) from the

Haung C., Pérez-de la Fuente R., Baranov 1., Hang G.'I., Kiesmiiller C., Zippel A., Hornig M.K. & Hang ].'T.

Early Cretaceous amber of Lebanon. Acta Geologica Sinica
- English Edition, 84: 828—833.

Pierre F. (1952) - Morphologie, milieu biologique et compor-
tement de trois Crocini nouveaux du Sahara nord-occi-
dental (Planipennes, Nemopteridae). Annales de la Société
entomologique de France, 119: 1-22.

Poivre C. (1976) - Observations sur la biologie, le comporte-
ment et le phénomene de convergence chez les Mantis-
pidés [Planipennes|. Entomologiste, 32: 2—19.

Prost A. & Popov A. (2021) - A first comprehensive inven-
tory of Ascalaphidae, Palparidae, and Myrmeleontidae
(Insecta: Neuroptera) of Northeastern Nigeria with de-
scription of two new species and an overview of genus
Bankisus Navas. Historia Naturalis Bulgarica, 43(5): 51-77.

Randolf S., Zimmermann D. & Aspock U. (2014) - Head anat-
omy of adult Nevrorthus apatelios and basal splitting events
in Neuroptera (Neuroptera: Nevrorthidae). Arthropod
Systematics & Phylogeny, 72: 111-1306.

Redborg K.E. & Macl.eod E.G. (1985) - The developmental
ecology of Mantispa ubleri Banks (Neuroptera: Mantispi-
dae). lllinois Biological Monographs, 53: 1-130.

Reynoso-Velasco D. & Contreras-Ramos A. (2019) - Taxonom-
ic review of the mantidfly genus No/ina Navas (Neurop-
tera, Mantispidae, Calomantispinae). ZooKeys, 853: 131.

Riek E.F. (1970) - Neuroptera (Lacewings). In: Waterhouse
DFE (Ed.) - The Insects of Australia: 472—494. Mel-
bourne University Press, Melbourne.

Saltin B.D., Haug C. & Haug J.T. (2016) - How metamorphic
is holometabolous development? Using microscopical
methods to look inside the scorpionfly (Panorpa) pupa
(Mecoptera, Panorpidae). Spixiana, 39: 105-118.

Schliter T. & Stiirmer W. (1984). Die Identifikation einer fos-
silen Rhachiberothinae-Art (Planipennia: Berothidae
oder Mantispidae) aus mittelkretazischem Bernstein
NW-Frankreichs mit Hilfe rontgenographischen Meth-
oden. In: Progress in World’s Neuropterology, Proceed-
ings of the 1st International Symposium on Neuropter-
ology, 22—26 September 1980, Graz: 49-55. Graz.

Schremmer F (1983) - Beitrag zur Entwicklungsgeschichte und
zum Kokonbau von Mantispa styriaca. Zeitschrift der Arbeits-
gemeinsohaf? Osterreichischer Entomolggen, 35: 21-26.

Sehnal E, Svicha P. & Zrzavy J. (1996) - Evolution of insect
metamorphosis. In Gilbert IL.I., Tata, JR. & Atkinson,
B.G. (Eds) - Metamorphosis: Postembryonic Repro-
gramming of Gene Expression in Amphibian and Insect
Cells: 3-58. Academic Press, San Diego.

Shi C., Yang Q., Shih C., Labandeira C.C., Pang H. & Ren D.
(2020a) - Cretaceous mantid lacewings with specialized
raptorial forelegs illuminate modification of prey capture
(Insecta: Neuroptera). Zoological Journal of the Linnean Soci-
ety, 190(3): 1054-1070.

Shi C,, Yang Q., Winterton S.I., Pang H. & Ren, D. (2020b) -
Stem-group fossils of Symphrasinae shed light on early
evolution of Mantispidae (Insecta, Neuroptera). Papers in
Palaeontology, 6(1): 143—154.

Smith R.C. (1934) - Notes on the Neuroptera and Mecoptera
of Kansas with keys for the identification of species.
Journal of the Kansas Entomological Society, 7: 120-145.



First fossil record of a mantis lacewing pupa 205

Sotiano C., Archer M., Azar D., Creaser P, Delclos X., God-
thelp H., Hand S., Jones A., Nel A., Néraudeau D., Or-
tega-Blanco J., Pérez-de la Fuente R., Perrichot V., Saupe
E., Solorzano Kraemer M. & Tafforeau P. (2010) - Syn-
chrotron X-ray imaging of inclusions in amber. Compres
Rendus Palevol, 9: 361-368.

Stitz H. (1931) - Planipennia. In: Schultze P. (Ed.) - Biologie
der Tiere Deutschlands. Lfg. 33, Teil 35: 67-304. Born-
traeger, Berlin.

Suter G.W. & Cormier S.M. (2014) - Why care about aquatic in-
sects: uses, benefits, and services. Infegrated Environmental
Assessment and Management, 11(2): 188—194.

Svacha P. (1992) - What are and what are not imaginal discs:
reevaluation of some basic concepts (Insecta, Holome-
tabola). Developmental Biology, 154(1): 101-117.

Tauber C.A., Tauber M.]. & Albuquerque G.S. (2003) - Neu-
roptera (Lacewings, Antlions). In: Resh V. & Cardé R.
(Eds.) - Encyclopedia of Insects: 785-798. Academic
Press, Burlington.

Tautz D. (2019) - The continued mystery of the phylotypic
stage. In: Fusco G. (Ed.) - Perspectives on Evolution-
ary and Developmental Biology. Essays for Alessandro
Minelli. Festschrift, 2: 141-149. Padova University Press,
Padova.

Tjeder B. (1959) - Neuroptera-Planipennia. The Lacewings of
Southern Africa. 2. Family Berothidae. South African Ani-
mal Life, 6: 257-314.

Tjeder B. (1968) - The genus Mucroberotha Tjed. and its systema-
tic position (Neuroptera). Entomologisk Tidskrift, 89: 3—18.

Truman J.W. (2019) - The evolution of insect metamorphosis.
Current Biology, 29: R1252-R12068.

Truman ]J.W. & Riddiford .M. (1999) - The origins of insect
metamorphosis. Nazure, 401: 447-452.

Truman J.W. & Riddiford .M. (2019) - The evolution of insect
metamorphosis: a developmental and endocrine view.
Philosophical Transactions of the Royal Society B, 374(1783):
20190070.

Vallon LL.H., Schweigert G., Bromley R.G., Réper M. & Ebert
M. (2015) - Ecdysichnia: a new ethological category for
trace fossils produced by moulting, Awnnales Societatis Ge-
ologorum Poloniae, 85: 433—444.

Walossek D. (1993) - The Upper Cambrian Rebbachiella &in-
nekullensis and the phylogeny of Branchiopoda and Crus-
tacea. Fossils & Strata, 32: 1-202.

Wang Y., Liu X., Garzé6n-Orduna 1.J., Winterton S.I.., Yan Y.,

Aspock U, Aspock H. & Yang, D. (2017) - Mitochondri-
al phylogenomics illuminates the evolutionary history of
Neuropterida. Cladistics, 33: 617-636.

Wermelinger B. (2021) - Forest Insects in Europe: Diversity,
Functions and Importance. CRC Press, Boca Raton.

Willmann R. (1990) - The phylogenetic position of the Rhachi-
berothinae and the basal sister-group relationships with-
in the Mantispidae (Neuroptera). Systematic Entomology,
15(2): 253-265.

Willmann R. (1994) - Die phylogenetische Position urspriingli-
cher Mantispidae (Insecta, Planipennia) aus dem Meso-
zotkum und Alt-Tertidr. Verhandlungen des Naturwis-
senschaftlichen Vereins in Hamburg (NF), 34: 177-203.

Winterton S.I., Lemmon A.R., Gillung ].P.,, Garzon 1.]., Badano
D,, Bakkes D.K., Breitkreuz I..C.V,, Engel M.S., Moriar-
ty Lemmon E., Liu X., Machado R.J.P, Skevington J.H.
& Oswald ].D. (2018) - Evolution of lacewings and al-
lied orders using anchored phylogenomics (Neuroptera,
Megaloptera, Raphidioptera). Systematic Entomology, 43(2):
330-354.

Winterton S.L., Martins C.C., Makarkin V., Ardila-Camacho A.
& Wang Y. (2019) - Lance lacewings of the world (Neu-
roptera: Archeosmylidae, Osmylidae, Saucrosmylidae):
review of living and fossil genera. Zootaxa, 4581(1): 1-99.

Wunderlich J. (2012) - “Frozen behaviour” in “Vampires” of
Spiders — Fossil insect larvae of the family Mantispidae
(Neuroptera) as parasites of Sac Spiders (Araneae: Clubi-
onidae) in Focene Baltic amber. Beitrige zur Araneologie, 7:
150-156.

Zhang WW. (2017) - Frozen Dimensions The Fossil Insects
and Other Invertebrates in Amber. Chongging Universi-
ty Press, Chongqing.

Zhang X.G,, Siveter D.J., Waloszek D. & Maas A. (2007) - An
epipodite-bearing crown-group crustacean from the
Lower Cambtian. Nature, 449: 595-598.

Zhao C., Ang Y., Wang M., Gao C., Zhang K., Tang C., Liu
X., Li M., Yang D. & Meier R. (2020) - Contribution to
understanding the evolution of holometaboly: transfor-
mation of internal head structures during the metamor-
phosis in the green lacewing Chrysopa pallens (Neuroptera:
Chrysopidae). BMC Ewvolutionary Biology, 20(1): 79.

Zimmermann D., Randolf S., Metscher BD. & Aspock U.
(2011) - The function and phylogenetic implications of
the tentorium in adult Neuroptera (Insecta). Arthropod
Structure & Development, 40: 571-582.



