
As has been widely recognised, there is a current decline 
of diversity in the ecologically important group of 
Insecta (e.g. Hallmann et al. 2017, Lister & Garcia 2018, 
Seibold et al. 2019). To improve our understanding of this 
phenomenon, we can look at similar declines in diversity 
in ancient times as provided by the fossil record. In other 
words, we can compare the diversity of Insecta at different 
time slices. The fossil record of Insecta is especially 
attractive for such a type of comparison, as fossils with ex­
ceptional preservation, for example, preserved in amber,  
offer a very direct comparison to modern forms. 

A major share of the modern-day diversity of Insecta 
is in fact the diversity of its ingroup Holometabola, with 
far more than half a million described species (Grimaldi & 
Engel 2005). While the representatives of Holometabola 
are indeed very diverse, they share one characteristic 
feature: all immatures (besides the ultimate one) lack 

compound eyes, and instead (if not blind) possess special­
ised eyes, so-called stemmata (Beutel et al. 2013).

Similarly to the fact that the diversity of Insecta is 
mainly the diversity of Holometabola, the diversity of 
Holometabola is factually the diversity of some major 
ingroups, also known as “the big four” (although also here  
the true diversity lies in some deeper ingroups): 1) Hy­
menoptera: bees, ants and other wasps; 2) Coleoptera: 
beetles; 3) Lepidoptera: butterflies and moths; 4) Diptera: 
mosquitoes, midges, gnats and flies. Each of the “big 
four” comprises more than 100,000 formally described 
species (Grimaldi & Engel 2005, Beutel et al. 2013, Engel 
et al. 2018). 

From an ecological point of view, we need to consider 
that the diversity of ecosystem functions is in fact not only 
represented by well-known adult forms of Holometabola 
(Grimaldi & Engel 2005, Marshall 2012, Hölker et al. 
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2015, Baranov et al. 2016, Ulyshen 2018). Instead, the 
ecosystem diversity is also largely represented by the 
long-living and more individual-rich larvae, which are 
still poorly known in comparison to their adult forms 
(Baranov et al. 2019). Hence, for a true estimation of 
diversity in an ecological sense we need to also consider 
the diversity of larval forms. We therefore should attempt 
to compare larval diversity through time. Yet, this leads 
to a severe challenge: most diversity measures are based 
on taxonomic richness, but fossil larvae can often not 
easily be associated with adults, and therefore cannot be 
easily taxonomically treated (see discussion in e.g. Chen 
et al. 2014, Baranov et al. 2019, Haug & Haug 2019). 
Therefore, larval diversity seems to be often estimated 
based on adult diversity, but this proved to be a very 
coarse proxy (Sinclair 1992, Baranov et al. 2019), and 
those larvae not associable with adults can still not be 
included into such studies. A possible way to address 
diversity on another level is morphological diversity. One 
simple way to quantify morphological diversity is shape 
diversity. Other aspects of morphology such as setation 
patterns or colouration are often not easily accessible in 
fossils, while shape usually is. Therefore, using shape as 
a proxy for the morphological diversity is an ideal method 
for including data from fossil larvae into analyses (see 
also discussion in Herrera-Flórez et al. 2020a).

Apart from the “big four”, some of the now less 
species-rich ingroups of Holometabola seem to have 
played major roles in the early diversification of the group 
in ancient times. One of these is Neuroptera, the group 
of lacewings. The group comprises about 6,000 extant 
species (Winterton et al. 2010, Engel et al. 2018).

Most adult lacewings distantly resemble butterflies or 
dragonflies, with prominent fore- and hindwings, some 
of them to a striking degree, i.e. representatives of the 
exclusively fossil group Kalligrammatidae (Labandeira 
et al. 2016). Lacewing larvae are, with few exceptions, 
highly specialised ambush predators. They grasp prey 
items with a pair of stylets, each stylet being a compound 
of the mandible and the maxilla, allowing to inject venom, 
predigesting the prey and sucking out the liquified meal 
(Heckman 2017). 

The probably most widely known ingroup of Neuro­
ptera is Myrmeleontiformia, the group of antlion-like 
lacewings. As the name suggests, all myrmeleontiformians 
at least distantly resemble the namesakes of the group, 
antlions sensu stricto (Myrmeleontidae), which are 
especially famous for some of their larvae building trap 
funnels to bring their prey into their range (Badano & 
Pantaleoni 2014, Engel et al. 2018). 

Within Myrmeleontiformia, the representatives of the 
group Nemopteridae are known for the exquisite beauty 
and elegant flight patterns of their adults (Engel et al. 
2018). Within Nemopteridae, there are two major lineages, 

the group Nemopterinae, the spoon-winged lacewings, 
and the group Crocinae, the thread-winged lacewings 
(e.g. Winterton et al. 2018, Vasilikopoulos et al. 2020). 
The group Crocinae is of particular interest in terms of 
larval diversity. Representatives of the group Crocinae are 
known for their very peculiar adults as well as exceptional 
larval forms. Crocinae has known representatives in 
Africa, South America, Australia and the southern part of 
Eurasia (Mansell 1981a, b, 1986, 2002; Engel et al. 2018). 
They seem to be largely restricted to deserts or other dry, 
arid habitats. As the name suggests, adults resemble adult 
antlions (and hence distantly dragonflies) but have thin, 
thread-like hindwings. The larvae differ from antlion 
larvae by possessing a prominent neck region between 
trunk and head, which is extraordinarily long in some of 
these; hence these have been referred to as long-necked 
lacewing larvae (Aspöck & Aspöck 2007, Beutel et al. 
2010). This long neck region between head and trunk 
forms a large sclerotised region, the so-called cervix.

Compared to other ingroups of Neuroptera, our know­
ledge of the larval forms of Crocinae is in fact quite good.  
Mansell (1986) stated that the group includes 47 species 
categorised in 17 named species groups (genera). From 21 
of these species, also larvae seem to be known (see below 
for details).

So far, few fossils have been interpreted as larvae of  
Crocinae (Xia et al. 2015, p. 2; Zhang 2017). These larvae  
indeed are easily recognised as larvae of Myrmeleonti­
formia and, similar to some larvae of Crocinae, possess 
a long neck. Yet, as pointed out by Haug et al. (2019a), 
the case is indeed more complex as the fossil larvae re- 
semble those of Crocinae in possessing a long neck, but 
otherwise exhibit characters of other groups of Neuro- 
ptera, hence represent a kind of Chimera-type larvae. 

We here review the knowledge on extant larvae of 
Crocinae and fossil lacewing larvae with long necks,  
report new specimens, quantitatively infer the morpho­
logical diversity of extant and fossil forms and discuss 
evolutionary implications of these findings.

Material and methods

Material

Three basic types of source material were used for this 
study (Suppl. Tab. 1):

1) images of larvae of Crocinae or fossil lacewing 
larvae with long necks from the literature;

2) specimens of fossil lacewing larvae with long 
necks actually available for hands-on study (see below for 
provenance);

3) specimens photographed by various researchers or 
private enthusiasts.
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Additionally, one of the authors (GW) was able to 
keep larvae of Dielocroce hebraea Hölzel, 1975 in the 
lab and can hence report on field and lab observations of 
living animals. 

Four new fossil specimens available for hands-on 
study that have never been depicted in any publication 
are presented here: BUB 1803 and BUB 1804 are part 
of the collection of one of the authors (PM) and are 
available for further study on request. PED 0085 and PED 
0250 are part of the collection of the Palaeo-Evo-Devo 
(PED) Research Group, Ludwig-Maximilians-Universität 
München (LMU Munich), Germany. They were legally 
purchased on ebay.com from different traders (burmite-
researcher; burmitefossil).

One new fossil specimen was not available for hands-
on study, but photos were provided (see below). The four 
extant specimens depicted here for the first time were 
also not available for hands-on study. The deposition of 
these specimens is not known to the authors. We are aware 
that specimens should ideally be deposited in public 
collections, yet for the study type performed here, this is 
seen as less problematic compared to taxonomic studies 
(see discussion in Haug et al. 2020a).

Documentation and interpretation methods

For type 1 material. – Images of larvae in the literature 
were digitally redrawn in Adobe Illustrator CS2. Speci­
mens were partly idealised as only one half was redrawn, 
which was then mirrored. This was necessary for several 
reasons: 1) many drawings were originally already ideal­
ised to be symmetric, hence doing this for all specimens 
made the data in the set more comparable to each other. 
2) For the fossils (see next point) the position in which 
the animal is preserved is often not ideal and therefore 
needs this type of idealisation to reduce the influence of 
preservation. 3) Shape analysis is sensitive to asymmetry 
aspects; idealising the drawing to a symmetric image re­
moves this signal, which could otherwise dominate the 
analysis, masking the differences in focus of this study.

For type 2 material. – Specimens were documented on 
a Keyence VHX-6000 digital microscope. Four different 
settings of illumination were used. Either unpolarised ring 
light or cross-polarised coaxial light, each in combination 
with black and white background, was used. The image 
providing most details was used for further examination 
(Baranov et al. 2019, Haug & Haug 2019). Specimens 
were immersed with a drop of water and covered by a cover  
slip to provide an even surface. Each image was recorded 
as a composite image, combining images in different focus 
levels, adjacent image details and various exposure times. 
Processing (fusion of stacks, merging of images, HDR) 

was performed with the built-in software (e.g. Haug et al. 
2013, Hörnig et al. 2016). Resulting images were further 
optimised for histogram in Adobe Photoshop CS2. All 
differentiable structures were colour-marked to show the 
reader our interpretation.

For type 3 material. – The histogram of the images was 
optimised in Adobe Photoshop CS2.

Outlines

Outlines for five different structures were considered: 
mandible, head, neck, trunk, and total body without loco­
motory appendages (“legs”; Suppl. Figs 1–5). All outlines 
were drawn in Adobe Illustrator CS2.

For type 1 material. – Structures were extracted from the 
drawings. Mandibles were amended by a rounded base, as 
shape analysis is sensitive to straight cut-off edges. 

For type 2 and 3 material. – Outlines were redrawn from 
the images. Similar to type 1 material, one side was re­
drawn and then mirrored (see above for the reasons for 
mirroring), besides for the outlines of the mandibles. 
Some specimens were preserved too far laterally to mirror 
them reliably; these were redrawn in original position and 
not included into the shape analyses.

Shape analysis

Shapes analyses of head, neck, trunk and total body were 
performed in R statistical and programming environment 
using the Momocs package (Bonhomme et al. 2014). 
The shapes of head, neck, trunk and total body were 
each characterized by 9 harmonics respectively. All data 
analyses were conducted in R version 3.4.1 (2017-06-30) –  
“Single Candle” (R Core Team 2014).

For the analysis of the shape of the mandibles, we used  
SHAPE (Iwata & Ukai 2002). The free software attributes  
a numerical sequence for each outline (a chain code). The 
chain codes are then normalized into Fourier Elliptical 
Descriptors (EFDs). The Fourier transformation was based 
on 20 harmonics (the simplest functions that could be 
retrieved from the chain codes), and normalized accord­
ing to the position of the first harmonic. This means  
that all outlines were oriented accordingly to the major axis 
of the ellipse, which only works for elongated structures. 
Subsequently, a Principal Component Analysis (PCA) was  
performed on the 20 harmonics of the EFDs coefficients. 
The PCA was based on the variance-covariance matrix of the  
coefficients. The results of the PCA were saved on a spread
sheet and visualized in R (using the package ggplot2).
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Phylogenetic frame

As a frame for exploring shape, a phylogeny can proof 
very helpful. At least for the extant forms, there is one very 
recent analysis available (Lu et al. 2019). For the scatter 
plots, we distinguished distinct monophyletic subgroups 
to reveal patterns more easily. The subgroups were:  
1) Veurise; 2) Concroce + [(Austrocroce + Carnarviana) 
+ (Josandreva + Croce)], in short Concroce–Croce 
group; 3) Tjederia + (Thysanocroce + Laurhervasia);  
4) Amerocroce + Moranida; 5) Necrophylus + Dielocroce. 
All fossil forms were treated as a single additional group.

The phylogeny of the extant groups used here can 
be summarised as: Veurise + {Concroce–Croce group +  
[Tjederia + (Thysanocroce+ Laurhervasia)] + [(Amero
croce + Moranida) + (Necrophylus + Dielocroce)]}.

Results

Extant larvae of Crocinae

All occurrences are listed chronologically. Cases in 
which the same specimen has been re-figured are also 
included chronologically with reference to the original 
occurrence. While this includes a certain redundancy, 
it should represent the most complete way of cross-
referencing, avoiding interpreting the same specimen as 
two independent occurrences.

1) Roux (1833) briefly described and figured a  larva 
(specimen 1, Fig. 1) with an extremely long neck, which he 
named Necrophylus arenarius in the text, but “Necrophilus 
arenarius” in the figure legend. The specimen was re-
figured by Westwood (1840, fig. 66.1) and Sharp (1895, 
fig. 306), both referring to it as “Necrophilus arenarius” 
(for taxonomic difficulties of the name, see Monserrat 
2008). The drawing was also re-figured by Maxwell-
Lefroy (1909a, fig. 73) and referenced as “Nemopterid 
larva”. A simplified version was figured in Herrera-Flórez 
et al. (2020b, fig. 5d). Length was provided by a line next 
to the drawing, which should represent the length of the 
original animal; yet as we only have electronic versions 
available, we have no clear information about the size.

2) Westwood (1840, fig. 66.1) re-figured specimen 1, i.e. 
the drawing by Roux (1833). The drawing is quite small 
and rather simplified. In the text, the species name was 
referred to as “Necrophilus arenarius”.

3) Schaum (1857) provided a drawing of a larva (specimen 
2, Fig. 1) of Necrophylus arenarius Roux, 1833 (Roux 
1833, fig. 1). The species is referred to as “Necrophilus 
arenarius”. Additionally, close-ups of the stylet (Roux 

1833, fig. 1a), the labial palps (Roux 1833, fig. 1b), the gut 
(Roux 1833, fig. 1c) and the nervous system (Roux 1833, 
fig. 1d) were provided. No direct indication of size for the 
entire larva was provided. Schaum (1857) had, according 
to text, about 20 specimens at hand, length variation was 
provided in “Lin.”, i.e. “line”. As it remains unclear which 
historical type of line as unit of length this refers to, the 
size remains unclear. The image was re-figured by Navás 
(1912, pl. 2), labelled as “Larve de Nemopteride”.

4) Sharp (1895, fig. 306) re-figured specimen 1, i.e. the 
drawing by Roux (1833). The species name was referred 
to as “Necrophilus arenarius”.

5) Maxwell-Lefroy (1909a, fig. 73) re-figured specimen 1, 
i.e. the drawing by Roux (1833). The larva was referred to 
as “Nemopterid larva”.

6) Maxwell-Lefroy (1909b, unnumbered fig. on page 
1006) figured a  stage 1 larva (specimen 3) of Croce 
filipennis Westwood, 1841. The drawing is rather 
simplified in some aspects, but in outline exactly matches 
a drawing provided by Ghosh (1910). Although counter 
intuitive, given the date of publication, we consider the 
drawing by Maxwell-Lefroy (1909b) as a re-drawing 
and the one by Ghosh (1910) as the original (see next  
point).

7) Ghosh (1910, fig. 1) provided a drawing of a stage 1 
larva (specimen 3, Fig. 1) of Croce filipennis Westwood, 
1841. The drawing looks much like a better version of the 
drawing by Maxwell-Lefroy (1909b, unnumbered fig. on 
page 1006) and is considered to be the original. Length 
was stated to be slightly more than 1 mm including stylets.

Ghosh (1910, fig 2) also provided a drawing of a later 
stage larva (possibly stage 3, specimen 4, Fig. 1) of Croce 
filipennis. Length was stated to be about 7 mm.

Additionally, Ghosh (1910, fig. 3) provided a drawing 
of a very late larva (prepupa). This latter specimen was 
depicted in lateral view and is not further considered here.

8) Imms (1911, fig. 1) provided a drawing of a stage 1 
larva (specimen 5, Fig. 1) of Croce filipennis Westwood, 
1841. Additionally, close-ups of the head (Imms 1911, fig. 
4) and of specialised setae (Imms 1911, figs 5a, b) were 
provided. The total length of the larva was not provided 
with the figure legend. In the text, a size range between 
1.4 mm and 1.77 mm and an average length of 1.5 mm 
is mentioned. The drawing was re-figured by Tjeder 
(1967, fig. 1964). A stage 2 larva was described, but not  
figured.

Imms (1911, fig. 2) also provided a drawing of a stage 
3 (specimen 6, Fig. 1) larva of Croce filipennis Westwood, 
1841. Total length of the larva was not provided with the 
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figure legend. In the text, a size range between 6.8 mm 
and 7.2 mm is mentioned. The drawing was re-figured by 
Imms (1923, fig. 394; also in later editions). The drawing 
was also re-figured by Tjeder (1967, fig. 1965) and 
labelled “Croce filipennis Westwood”, by Gepp (1984, fig. 
18a, where the length was given as 8 mm) and labelled as 
in Tjeder (1967), and also by Monserrat (2008, fig. 11b) 
and labelled “Croce”.

9) Navás (1912, pl. 1, fig. 8) re-figured specimen 2, i.e. 
the drawing by Schaum (1857), labelled as “Larve de 
Nemopteride”.

10) Step (1916, unnumbered fig. on page 111) provided 
a more artistic drawing apparently figuring larvae and 
adults of Necrophylus arenarius Roux, 1833. The drawing 
appears to be inspired by earlier drawings, yet represents 
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Figure 1. Larvae of thread-winged lacewings from the literature. Numbers refer to specimen numbers in the text. • 1, 2, 7, 8, 11, 12, 14, 16, 17 – 
Necrophylus arenarius Roux, 1833. • 3–6, 9, 15 – Croce filipennis Westwood, 1841. • 10 – Dielocroce baudii (Griffini, 1895). • 13 – Dielocroce 
berlandi (Navás, 1936). • 18 – Laurhervasia setacea (Klug, 1836). Drawings simplified from: 1 – Roux (1833); 2 – Schaum (1857); 3, 4 – Ghosh 
(1910); 5, 6 – Imms (1911); 7 – Wheeler (1929); 8 – Imms (1930); 9–12 – Withycombe (1923); 13, 14 – Pierre (1952); 15, 16 – MacLeod (1964); 17 – 
Riek (1970); 18 – Mansell (1976). Drawings not to scale.



more of an art piece (produced by Theo Carreras), rather 
than a precise depiction of an actual specimen. It is 
therefore not further considered here.

11) Eltringham (1923, pl. 1) provided a drawing of a larva 
(specimen 7) of Necrophylus arenarius Roux, 1833. Note: 
the plate is missing in the electronic version of the paper 
available by the publisher and was not directly seen by 
the authors; only a re-figured version of Wheeler (1929) 
was available. The specimen was referred to as “larva of 
Pterocroce storeyi”. Length of the specimen was stated 
to be 8.5 mm. The drawing was re-figured by Kimmins 
(1929, fig. 1b), labelled “Pterocroce storeyi Larva” and 
Wheeler (1929, fig. 1), labelled “Larva of Necrophylus 
arenarius Roux (Pterocroce storeyi Withycombe)”.

12) Imms (1923) presumably re-figured specimen 6, i.e. 
the drawing by Imms (1911). We could not access the first 
edition, yet in the second edition (Imms 1930, fig. 394a) 
specimen 6 is shown. Imms (1930) furthermore showed 
a drawing of a stage 3 larva of Necrophylus arenarius Roux, 
1833 (Imms 1930, fig. 395), referred to as “Pterocroce  
storeyi”. The source of the drawing is given as “After 
Withycombe”, without further reference. In the bibliog- 
raphy, three papers by Withycombe were cited (1922, 
1923, 1925). None of these includes a figure of an entire 
larva of N. arenarius. The drawing is also no re-figuring 
of any of the three other earlier figured specimens of  
N. arenarius (Roux 1833, Schaum 1857, Eltringham 1923), 
as the ratios of the body regions are quite different, i.e. the 
neck is shorter in relation to the trunk. We therefore con­
sider this drawing as an additional specimen (specimen 8,  
Fig. 1), possibly based on a personal communication 
between the author (Imms) and Withycombe. Length of the 
specimen was provided as magnification factor. According 
to this, the specimen was 8.6 mm in total length.

The figures also appear to be still present in the other 
editions of Immʼs General Textbook of Entomology 
(published by various publishers; later editions expanded 
by other authors; e.g. 1924, 1925, 1934; 5th edition 1942; 
6th edition 1946; 1948; 8th edition 1951; 9th edition 1957; 
9th edition 1960; 9th edition 1964; 1970; 10th edition 1977; 
2000; 2017; for several of them we could not find out 
which edition they were), but with varying figure numbers 
(e.g. in 10th edition, Richards & Davies 1977 it is their figs 
366a and 367).

13) Withycombe (1923, pl. 12, fig. 1) provided a drawing 
of a head of a stage 3 larva (specimen 9, Fig. 1) of Croce  
filipennis Westwood, 1841. There seems to be no indi
cation of size. The drawing was re-figured by Withy­
combe (1925, pl. 40, fig. 10), labelled “Croce filipennis 
Westwood” and Tjeder (1967, fig. 1966), labelled “Croce 
filipennis (Westwood)”.

Withycombe (1923) also provided a drawing of a head 
of a stage 3 larva (specimen 10, Fig. 1) of Dielocroce  
baudii (Griffini, 1895) (referred to as “Nina joppana 
Withycombe”; Withycombe 1923, pl. 12, fig. 2). Length  
of the specimen was stated to be 8–9 mm, head 0.83 mm, 
neck 2.28 mm. The drawing was re-figured by Tjeder 
(1967, fig. 1967) and referenced as “Dielocroce joppana 
(Withycombe)”. The drawing was additionally re-figured 
by Monserrat (2008, fig. 11ma), referred to as “Dielo
croce”.

Furthermore, Withycombe (1923) provided a drawing 
of a head of a stage 3 larva (specimen 11, Fig. 1) of Necro- 
phylus arenarius Roux, 1833 (referred to as “Pterocroce 
storeyi, light form”, pl. 12, fig. 3). Length of the specimen 
was stated to be about 10 mm, head 0.8 mm, neck 
2.7 mm. The drawing was re-figured by Tjeder (1967, fig. 
1968) referenced as “Pterocroce storeyi Withycombe”. 
The drawing was additionally re-figured by Monserrat 
(2008, fig. 11mb) and referred to as “Necrophylus = 
(Pterocroce)”.

Withycombe (1923, pl. 12, fig. 4) also provided a draw
ing of a head of stage 3 larva (specimen 12, Fig. 1) of Nec- 
rophylus arenarius Roux, 1833 (referenced as “Ptero- 
croce storeyi, dark form”). Length of the specimen was 
stated to be about 10 mm, head 0.8 mm, neck 2.7 mm. The 
drawing was re-figured by Monserrat (2008, fig. 11mc) 
labelled as “Necrophylus = (Pterocroce)”.

14) Withycombe (1925, pl. 40, fig. 10) re-figured speci
men 9, i.e. a drawing by Withycombe (1923), although 
not citing this source. The specimen was labelled “Croce 
filipennis Westwood”.

15) Kimmins (1929, fig. 1b) provided a figure of a larva 
of Necrophylus arenarius Roux, 1833 (labelled as “Ptero
croce storeyi”). MacLeod (1964) cites Kimmins (1929) 
as providing “a new figure of the larva” (p. 435). Yet, by 
close comparison it appears to us that this is a re-drawing 
of specimen 7, i.e. the figure by Eltringham (1923), hence 
no new figure. The match of the two figures is extremely 
close. The positions of the left legs are identical, as are the 
folds on the trunk, the length of the neck and also position 
of the head appendages. Only the right appendages and the 
posterior end of the trunk deviate slightly. We therefore 
do not further consider this figure.

16) Wheeler (1929, fig. 1) re-figured specimen 7 (Fig. 1),  
i.e. the drawing by Eltringham (1923). The specimen 
was labelled “Larva of Necrophylus arenarius Roux 
(Pterocroce storeyi Withycombe)”.

17) Pierre (1952, fig. 7) provided a drawing of the larva 
(specimen 13, Fig. 1) of Dielocroce berlandi (Navás, 
1936), labelled as “Berlandus sahare Pierre, 1952”. Size  

436

Bulletin of Geosciences • Vol. 96, 4, 2021



was provided as magnification factor, which does not  
provide a direct indication of size in the electronic ver- 
sions, which were available to the authors.

Pierre (1952, fig. 24) also provided a drawing of a larva  
(specimen 14, Fig. 1) of Necrophylus arenarius Roux, 
1833, labelled as “Pterocroce troglophilus Pierre”. Pierre 

(1952, fig. 25) additionally provided a drawing of a larva 
in a cocoon. Also here, size was provided as magnification 
factor, which does not provide a direct indication of size 
in the electronic versions, which were available to the 
authors. The drawing of the larva was re-figured by Tjeder 
(1967, fig. 1973), labelled “Pterocroce troglophilus 
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Figure 2. Larvae of thread-winged lacewings from the literature, continued. Numbers refer to specimen numbers in the text. • 19 – Tjederia 
namaquensis Mansell, 1977. • 20–24 – Laurhervasia Navás, 1914. • 20, 21 – Laurhervasia setacea (Klug). • 22 – Laurhervasia rhodesiae Tjeder, 1967. •  
23 – Laurhervasia transvaalensis Mansell, 1980. • 24 – Laurhervasia namibica Mansell, 1980. • 25 – Thysanocroce damarae (McLachlan, 1898). • 26, 
27 – Concroce Tjeder, 1967. • 26 – Concroce capensis Tjeder, 1967. • 27 – Concroce walkeri Tjeder, 1967. • 28 – Tjederia brevicornis Mansell, 1981. •  
29 – Austrocroce mira (McKeown, 1939). • 30 – Carnarviana cretata Mansell, 1983. • 31 – Moranida peruviensis Mansell, 1983. • 32 – Amerocroce 
boliviana Mansell, 1983. • 33 – Veurise bruchi Navás, 1927a. • 34, 35 – Necrophylus arenarius Roux, 1833. • 36 – Josandreva sazi Navás, 1906. 
Drawings simplified from: 19 – Mansell (1977); 20–25 – Mansell (1980); 26, 27 – Mansell (1981a); 28 – Mansell (1981b); 29, 30 – Mansell (1983a); 
31–33 – Mansell (1983b); 34, 35 – Monserrat (1983a); 36 – Monserrat (1983b). Drawings not to scale.



Pierre”. A simplified drawing was provided by Herrera-
Flórez et al. (2020b, fig. 5f).

18) MacLeod (1964) mentioned seven specimens in his 
possession, six long-necked ones, which he suggested 
to possibly represent Necrophylus arenarius Roux, 
1833 (originally labelled as “Pterocroce storeyi”), and 
one short-necked one, which he suggested to possibly 
represent “?Croce filipennis”. MacLeod (1964) depicted 
drawings of two specimens: 1) specimen 15 (Fig. 1) was 
labelled “Croce sp.” (MacLeod 1964, figs 93, 94, 96). 
Length of head capsule, according to scale, was 0.72 mm. 
2) Specimen 16 (Fig. 1) was labelled “?Pterocroce 
storeyi” (MacLeod 1964, figs 97–99). Length of head 
capsule, according to scale, was 1 mm. 

19) Tjeder (1967) re-figured numerous specimens: 
specimen 5 (Tjeder 1967, fig. 1964) and specimen 6 
(Tjeder 1967, fig. 1965), i.e. two drawings by Imms 
(1911), and specimen 9 (Tjeder 1967, fig. 1966), all 
labelled “Croce filipennis (Westwood)”; specimen 10 
(Tjeder 1967, fig. 1967), labelled “Dielocroce joppana 
(Withycombe)”; specimen 11 (Tjeder 1967, fig. 1968), 
labelled “Pterocroce storeyi Withycombe”, i.e. three 
drawings by Withycombe (1923), and also specimen 14 
(Tjeder 1967, fig. 1973) labelled “Pterocroce troglophilus 
Pierre”, i.e. a drawing by Pierre (1952). Tjeder (1967, 
fig. 1969) also re-figured a larva in a cocoon from Pierre 
(1952). Additionally, he provided some details of the neck 
region of a larva of Dielocroce sp. (Tjeder 1967, figs 
1974–1977).

20) Riek (1970, fig. 29.12a) provided a drawing of a long-
necked larva (specimen 17, Fig. 1) of a representative of 
Crocinae, possibly Necrophylus arenarius Roux, 1833. 
The specimen was labelled as “Nemopteridae”. No indi­
cation of size was provided.

21) Mansell (1976, fig. 1) provided a drawing of a larva 
(specimen 18, Fig. 1) of Laurhervasia setacea (Klug, 
1836). Length (including stylets), according to scale, 
was 8 mm. Also numerous details were provided as SEM 
micrographs (Mansell 1976, figs 2–6).

22) Mansell (1977, fig. 9) provided a drawing of a larva 
(specimen 19, Fig. 2) of Tjederia namaquensis Mansell, 
1977. Length (including stylets), according to scale, was 
8.8 mm. The drawing was re-figured by Monserrat (2008, 
fig. 11i), labelled “Tjederia”.

23) Mansell (1980, fig. 3a, b) provided drawings of 
anterior body regions of two larval specimens (specimens 
20 and 21, Fig. 2) of Laurhervasia setacea (Klug). Length 
of stylets + head + neck was, according to scale, 3.6 mm 

and 3.8 mm respectively; length of head capsule was in 
both specimens about 1 mm.

Mansell (1980) furthermore provided drawings of 
a larva of Laurhervasia rhodesiae Tjeder, 1967 (Mansell 
1980, fig. 4; specimen 22, Fig. 2) and a larva of Laur
hervasia transvaalensis Mansell, 1980 (Mansell 1980, 
fig. 5; specimen 23, Fig. 2). Specimen 22 measured 
(total length, including stylets) 6.4 mm according to 
scale, specimen 23 measured 7 mm. The latter drawing 
was re-figured by Monserrat (2008, fig. 11h), labelled as 
“Laurhervasia”.

Finally, Mansell (1980) provided drawings of a larva 
of Laurhervasia namibica Mansell, 1980 (Mansell 1980, 
fig. 9; specimen 24, Fig. 2) and a larva of Thysanocroce 
damarae (McLachlan, 1898) (Mansell 1980, fig. 10; 
specimen 25, Fig. 2). Specimen 24 measured (total length, 
including stylets) 6.7 mm according to scale, specimen  
25 measured 6.1 mm. The latter drawing was re-figured by 
Monserrat (2008, fig. 11f), labelled “Thysanocroce”. 

24) Mansell (1981a, fig. 2) provided a drawing of a larva 
(specimen 26, Fig. 2) of Concroce capensis Tjeder, 
1967. Total length (including stylets) according to scale 
was about 5.3 mm. Mansell (1981a, fig. 3) also provided 
a drawing of a larva (specimen 27, Fig. 2) of Concroce 
walkeri Tjeder, 1967. Total length (including stylets) 
according to scale was about 6.6 mm. The drawing was 
re-figured by Monserrat (2008, fig. 11e), labelled as 
“Concroce”.

25) Mansell (1981b, fig. 3) provided a drawing of a larva 
(specimen 28, Fig. 2) of Tjederia brevicornis Mansell, 
1981. Total length (including stylets) according to scale 
was about 7.3 mm. A strongly simplified scheme based on 
this specimen was provided by Haug et al. (2019a, figs 3 
and 4).

26) Mansell (1983a, fig. 53) provided a drawing of a larva 
(specimen 29, Fig. 2) of Austrocroce mira (McKeown, 
1939). Total length (including stylets) according to scale 
was about 5.4 mm. The drawing was re-figured by New 
(1989, fig. 148 b) labelled “Austrocroce mira (short-
necked Crocinae)” and Monserrat (2008, fig. 11c), 
labelled “Austrocroce”.

Mansell (1983a, fig. 54) also provided a drawing of 
a  larva (specimen 30, Fig. 2) of Carnarviana cretata 
Mansell, 1983. Total length (including stylets) according 
to scale was about 5.5 mm. The drawing was re-figured 
by New (1991, fig. 34.12a) labelled “Austrocroce sp.” and 
Monserrat (2008, fig. 11d), labelled “Carnarviana”.

27) Mansell (1983b, fig. 14) provided a  drawing of 
a larva (specimen 31, Fig. 2) of Moranida peruviensis 
Mansell, 1983. Total length (including stylets) according 
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to scale was about 7.8 mm. The drawing was re-figured 
by New (1989, fig. 148 c) labelled “Moranida peruviensis 
(long-necked Crocinae)” and Monserrat (2008, fig. 11k), 
labelled as “Moranida”. 

Mansell (1983b, fig. 15) also provided a drawing of 
a larva (specimen 32, Fig. 2) of Amerocroce boliviana 
Mansell, 1983. Total length (including stylets) according 
to scale was about 7.6 mm. The drawing was re-figured by 
Monserrat (2008, fig. 11j), labelled as “Amerocroce”. 

Mansell (1983b, fig. 25) provided a drawing of a larva 
(specimen 33, Fig. 2) of Veurise bruchi Navás, 1927a. 
Total length (including stylets) according to scale was 
about 6.3 mm. The drawing was re-figured by Monserrat 
(2008, fig. 11g), labelled as “Veurise”.

28) Monserrat (1983a) provided drawings of larvae of  
Necrophylus arenarius Roux, 1833, all labelled “Ptero
croce capillaris”. Monserrat (1983a, fig. 4) depicted a first 
stage larva (specimen 34, Fig. 2), as well as some details 
of the egg and the hatching process (Monserrat 1983a, 
figs 1–3). A simplified drawing was provided by Herrera-
Flórez et al. (2020b, fig. 5b). Total length (including 
stylets) according to scale was about 2.15 mm.

He also provided a drawing of a later stage (3?) larva 
(Monserrat 1983a, fig. 5; specimen 35, Fig. 2), as well 
as numerous details of the larva (Monserrat 1983a, figs 
6–16). Total length (including stylets) according to scale 
was about 9.1 mm. The anterior region of the drawing of 
the entire larva was re-figured in Gepp (1984, fig. 18b). 
The entire drawing was re-figured by Monserrat (2008, 
fig. 11l), labelled as “Necrophylus = (Pterocroce)”, and 
Monserrat et al. (2012, fig. 6a), labelled as “Necrophylus 
arenarius Roux, 1833”.

29) Monserrat (1983b, fig. 2) provided a drawing of 
a  stage 1 larva (specimen 36, Fig. 2) of Josandreva  
sazi Navás, 1906. Additionally, numerous details were  
provided (Monserrat 1983b, figs 1, 3a–d, 4, 5). Total 
length (including stylets) according to scale was about  
1.7 mm.

Monserrat (1983b, fig. 6) also provided a drawing of 
a stage 2 larva (specimen 37, Fig. 3) of the same species. 
Also here numerous additional details were provided 
(Monserrat 1983b, figs 7–11). Total length (including 
stylets) according to scale was about 5.5 mm.

Furthermore, Monserrat (1983b, fig. 12) provided 
a drawing of a stage 3 larva (specimen 38, Fig. 3) of the 
same species. Total length (including stylets) according to 
scale was about 6.3 mm. Additionally, close-ups on setae 
on various body regions were provided (Monserrat 1983b, 
figs 13a–e, 14). The drawing of the larva was re-figured 
by Monserrat (2008, fig. 11a), labelled as “Josandreva”, 
and Monserrat et al. (2012, fig. 6b), labelled “Josandreva 
sazi Navás, 1906”.

30) Miller & Stange (1989) provided micrographs of 
a larva (specimen 39, Fig. 3) of Moranida manselli Miller 
& Stange, 1989 in dorsal (Miller & Stange 1989, fig. 1) and 
ventral view (Miller & Stange 1989, fig. 2). Additionally, 
a close-up on the anterior region was provided (Miller & 
Stange 1989, fig. 3). No indication of size was provided. 
Drawings based on the photographs in dorsal and ventral 
view were depicted in Heckman (2017, fig. 2.30) labelled 
“Moranida manselli”.

31) New (1989, fig. 148 b) re-figured specimen 29 [label
led “Austrocroce mira (short-necked Crocinae)”], i.e. the  
drawing of Austrocroce mira by Mansell (1983a). Mansell  
(1983a, fig. 148 c) also re-figured specimen 31 [labelled 
“Moranida peruviensis (long-necked Crocinae)”], i.e. the 
drawing of Moranida peruviensis by Mansell (1983b).

32) New (1991, fig. 34.12a) re-figured specimen 30 
(labelled as “Austrocroce sp.”), i.e. the drawing of Car
narviana cretata by Mansell (1983a, fig. 54).

33) Tröger (1993, abb. 2) re-figured specimen 2, i.e. the 
drawing by Schaum (1857), labelled as “Necrophilus 
arenarius Roux”.

34) Aspöck & Aspöck (1999) figured two specimens. 
They provided a micrograph of a larva (specimen 40, 
Fig. 3) of Laurhervasia setacea (Klug, 1836) (Aspöck & 
Aspöck 1999, Abb. 53). The image was originally shot by 
Peter Duelli. Size was given as 5 mm. The image was re-
figured by Grimaldi & Engel (2005, fig. 9.17). Grimaldi 
& Engel (2005, fig. 54) also provided a micrograph of 
a larva (specimen 41, Fig. 3) of Necrophylus arenarius 
Roux, 1833, labelled as “Pterocroce capillaris (Klug)”. 
A simplified drawing was provided by Herrera-Flórez et al.  
(2020b, fig. 5g). Size was given as 9 mm. 

35) Hölzel (1999, fig. 4) provided a drawing of a larva 
(specimen 42, Fig. 3) of Necrophylus arenarius Roux, 
1833, labelled as “Pterocroce capillaris (Klug, 1836)”. 
A simplified drawing was provided by Herrera-Flórez  
et al. (2020b, fig. 5e). No indication of size was provided.

36) Grimaldi & Engel (2005, fig. 9.17) re-figured speci- 
men 40, i.e. the micrograph of Laurhervasia setacea  
(Klug, 1836) from Aspöck & Aspöck (1999, fig. 53). 

37) Suludere et al. (2006, fig. 7) provided a micrograph of 
a larva (specimen 43, Fig. 3) of Dielocroce baudii (Grif­
fini, 1895). Total length (including stylets) according to 
scale was about 2.8 mm. Additionally, a micrograph of the 
egg (Suludere et al. 2006, fig. 1), numerous SEM close-
ups of the egg (Suludere et al. 2006, figs 2–6) and also of 
the larva (Suludere et al. 2006, figs 8–17) were provided. 
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38) Aspöck & Aspöck (2007, fig. 38) provided a micro
graph of a larva (specimen 44, Fig. 3) of Tjederia nama
quensis Mansell, 1977. The photograph was provided by 
Peter Duelli. Size was given as 5 mm. 

39) Satar et al. (2007, fig. 7) provided a micrograph of 
a larva (specimen 45, Fig. 3) of Croce schmidti (Navás, 
1927b) in dorsal view. Additionally, SEM images were 
provided, an overview in latero-dorsal view (Satar et al. 
2007, fig. 8), as well as numerous close-ups (Satar et al. 
2007, figs 9–14). Only the micrograph is considered, as 
it remains unclear whether the SEM overview was taken 
from the same specimen or not, yet this seems likely. Only 
the SEM micrograph is provided with a scale. Total length 
(including stylets) according to this scale is slightly less 
than 1 mm. The image was re-figured by Monserrat (2008, 
fig. 9f), labelled “Croce schmidti”. A simplified drawing of 
the specimen was provided by Haug et al. (2019a, fig. 4). 

40) Monserrat (2008, fig. 9f) re-figured specimen 45, i.e. 
the micrograph of Croce schmidti (Navás, 1927b) by Satar 
et al. (2007, fig. 7), labelled “Croce schmidti”.

Monserrat (2008, fig. 9i) also provided a micrograph 
of a stage 3 larva (specimen 46, Fig. 3) of Necrophylus 
arenarius Roux, 1833. No indication of size was provided. 

Additionally, Monserrat (2008, fig. 9j) provided  
a micrograph of a larva (specimen 47, Fig. 3) of Laurher
vasia setacea (Klug, 1836). Also close-ups of anterior 
region (Monserrat 2008, fig. 9k) and head (Monserrat 2008,  
fig. 9l) were depicted. No indication of size was given.

Monserrat (2008) furthermore provided several 
incomplete specimens of larvae of Dielocroce hebraea 
Hölzel, 1975, including a quite complete head (Monserrat 
2008, fig. 10a; specimen 48, Fig. 3), incomplete head 
capsules (Monserrat 2008, figs 10b–d) and an exuvium 
(Monserrat 2008, fig. 10g; specimen 49, Fig. 3) as well 
as a close-up on the head of the latter (Monserrat 2008,  
fig. 10h). No indications of size were provided.

Monserrat (2008) also re-figured numerous specimens: 
specimen 38 (Monserrat 2008, fig. 11a; drawing by 
Monserrat 1983b), labelled “Josandreva”; specimen 
6 (Monserrat 2008, fig. 11b; drawing by Imms 1911), 
labelled “Croce”; specimen 29 (Monserrat 2008, fig. 11c;  
drawing by Mansell 1983a), labelled “Austrocroce”; 
specimen 30 (Monserrat 2008, fig. 11d; drawing by Mansell 
1983a), labelled “Carnarviana”; specimen 27 (Monserrat 
2008, fig. 11e; drawing by Mansell 1981a), labelled 
“Concroce”; specimen 25 (Monserrat 2008, fig. 11f;  
drawing by Mansell 1980), labelled “Thysanocroce”; 
specimen 33 (Monserrat 2008, fig. 11g; drawing by Mansell 
1983b), labelled “Veurise”; specimen 23 (Monserrat 2008, 
fig. 11h; drawing by Mansell 1980), labelled “Laur
hervasia”; specimen 19 (Monserrat 2008, fig. 11i; drawing 
by Mansell 1977), labelled “Tjederia”; specimen 32  

(Monserrat 2008, fig. 11j; drawing by Mansell 1983b), 
labelled “Amerocroce”; specimen 31 (Monserrat 2008,  
fig. 11k; drawing by Mansell 1983b), labelled “Moranida”; 
specimen 35 (Monserrat 2008, fig. 11l; drawing by 
Monserrat 1983a), labelled “Necrophylus = (Pterocroce)”; 
specimen 10 (Monserrat 2008, fig. 11ma; drawing by 
Withycombe 1923), labelled “Dielocroce”; specimen 11 
(Monserrat 2008, fig. 11mb; drawing by Withycombe 
1923), labelled “Necrophylus = (Pterocroce)”; specimen 
12 (Monserrat 2008, fig. 11mc; drawing by Withycombe 
1923), labelled “Necrophylus = (Pterocroce)”.

41) Monserrat et al. (2012) re-figured specimen 34 (Mon
serrat et al. 2012, fig 6a), i.e. a drawing by Monserrat 
(1983a), labelled as “Necrophylus arenarius Roux, 1833” 
and specimen 38 (Monserrat et al. 2012, fig. 6b), i.e. 
a drawing by Monserrat (1983b) labelled “Josandreva 
sazi Navás, 1906”.

42) Aspöck & Aspöck (2014, fig. middle left on page 25) 
provided a micrograph of a larva (specimen 50, Fig. 3) of 
Necrophylus arenarius Roux, 1833, labelled “Pterocroce”. 
No indication of size was provided.

43) Tusun & Satar (2016) provided micrographs of 
a larva (specimen 51, Fig. 3) of Dielocroce ephemera 
(Gerstaecker, 1894). Additionally, Tusun & Satar (2016) 
provided numerous details of the larva with SEM images 
(figs 3–18). Head was stated to measure 0.35 mm.

44) Heckman (2017, fig. 2.30) re-figured specimen 39, 
i.e. images of Miller & Stange (1989), but as drawings, 
labelled “Moranida manselli”.

45) Badano et al. (2017, fig. 1c) figured two specimens 
of Necrophylus arenarius Roux, 1833, labelled as “Ptero
croce capillaris (Klug)”, showing intraspecific predation. 
The specimens are shown in a slightly oblique angle and in 
front of a sandy background, providing only little contrast 
against the bodies, which is natural due to a  certain  
camouflaging effect. We can therefore not reliably redraw 
these specimens and cannot further consider them here.

46) Badano et al. (2018, fig. 1d) provided a micrograph 
of a larva (specimen 52, Fig. 3) of Necrophylus arenarius 
Roux, 1833, labelled as “Pterocroce capillaris (Klug)”. 
Another micrograph shows a larva in lateral view (Badano 
et al. 2018, fig. 2). It is unclear whether it is the same 
specimen as in the other figure (Badano et al. 2018, fig. 1d)  
and therefore not further considered here. They also depict 
details of head and neck (Badano et al. 2018, fig. 6a),  
possibly of the same specimen. A simplified drawing was 
provided by Herrera-Flórez et al. (2020b, fig. 52c). No 
indication of size was provided.
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47) Herrera-Flórez et al. (2020b) provided micro- 
graphs (Herrera-Flórez et al. 2020b, figs. 2, 3) and 
a drawing  (Herrera-Flórez et al. 2020b, fig. 5a) of a larva 
(specimen 53, Fig. 3) of Necrophylus sp. Total length 
(including stylets) according to scale was 8.7 mm. The 
authors suggested that the larva was a stage 2 specimen. 
They also provided simplified versions based on sev- 

eral specimens  of Necrophylus arenarius Roux, 1833, 
specimen 34 (Herrera-Flórez et al. 2020b, fig. 5b), i.e. 
a drawing by Monserrat (1983a); specimen 52 (Herrera-
Flórez et al. 2020b, fig. 5c), i.e. a drawing by the authors; 
specimen 1 (Herrera-Flórez et al. 2020b, fig. 5d), i.e. the 
drawing by Roux (1833); specimen 42 (Herrera-Flórez 
et al. 2020b, fig. 5e), i.e. the drawing by Hölzel (1999); 
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Figure 3. Larvae of thread-winged lacewings from the literature, continued. Numbers refer to specimen numbers in the text. • 37, 38 – Josandreva 
sazi Navás, 1906. • 39 – Moranida manselli Miller & Stange, 1989. • 40, 47 – Laurhervasia setacea (Klug, 1836). • 41, 42, 46, 50, 52 – Necrophylus 
arenarius Roux, 1833. • 43 – Dielocroce baudii (Griffini, 1895). • 44 – Tjederia namaquensis Mansell, 1977. • 45 – Croce schmidti (Navás, 1927b). •  
48, 49 – Dielocroce hebraea Hölzel, 1975. • 51 – Dielocroce ephemera (Gerstaecker, 1894). • 53 – Necrophylus sp. Drawings simplified from: 37, 38 –  
Monserrat (1983b); 39 – Miller & Stange (1989); 40, 41 – Aspöck & Aspöck (1999); 42 – Hölzel (1999); 43 – Suludere et al. (2006); 44 – Aspöck & 
Aspöck (2007); 45 – Satar et al. (2007); 46–49 – Monserrat (2008); 50 – Aspöck & Aspöck (2014); 51 – Tusun & Satar (2016); 52 – Badano et al. 
(2018); 53 – Herrera-Flórez et al. (2020b). Drawings not to scale.



specimen 14 (Herrera-Flórez et al. 2020b, fig. 5f), i.e. 
a drawing by Pierre (1952);  specimen 41 (Herrera-Flórez 
et al. 2020b, fig. 5g), i.e. an image by Aspöck & Aspöck 
(1999).

Fossil larvae with long necks

As above, all occurrences are listed chronologically. Also, 
re-figured cases are included chronologically despite the 
redundancy (see above).

48) Xia et al. (2015) figured four specimens of lacewing 
larvae with long necks. All are preserved in amber from 
Myanmar, also known as Burmese amber. We could not 
find any hint to a scale or length on the pages related to 
the specimens, but we cannot fully exclude that we might 
have overlooked such information in other parts of the 
book as the text is entirely in Chinese. 

Specimen 54 (Xia et al. 2015, upper fig. on page 99; 
Fig. 4) appears rather complete. It is depicted in dorso-
lateral view. The stylets are therefore more difficult to view, 
but appear to bear five teeth each. As the specimen is seen 
laterally, it could not be further considered here for shape  
analysis.

Specimen 55 (Xia et al. 2015, lower fig. on page 99; 
Fig. 4) is less complete. Parts of thorax and the entire 
abdomen are missing. The preserved part is accessible in 
dorsal view. Each stylet bears four teeth.

Specimen 56 (Xia et al. 2015, upper fig. on page 100;  
Fig. 4) is rather complete, only the legs are not well access- 
ible. It is accessible in dorsal view. Each stylet bears ten 
teeth. 

Specimen 57 (Xia et al. 2015, upper fig. on page 100;  
Fig. 4) is rather complete, only the legs are not well access- 

ible. It is depicted in slightly lateral view. Each stylet 
bears four teeth.

49) Zhang (2017) figured three specimens of lacewing 
larvae with long necks. All are preserved in amber from 
Myanmar, also known as Burmese amber. We could not 
find any hint to a scale or length on the pages related to 
the specimens, but we cannot fully exclude that we might 
have overlooked such information in other parts of the 
book as the text is in Chinese.

Specimen 58 (Zhang 2017, fig. on page 400; Fig. 4) 
appears rather complete. It is depicted in dorsal view. 
Each stylet bears nine teeth. A close up of the head is also 
provided (Zhang 2017, fig. on page 401).

Specimen 59 (Zhang 2017, upper fig. on page 402; 
Fig. 4) also appears rather complete. It is accessible in 
dorsal view. Each stylet bears four teeth.

Specimen 60 (Zhang 2017, upper fig. on page 402; 
Fig. 4) appears rather complete, yet the terminal end is 
outside the field of view. It is depicted in dorsal view. 
Each stylet bears four teeth.

50) Haug et al. (2019a) provided several micrographs 
and details of a fossil lacewing larva with a long neck 
(Haug et al. 2019a, figs 1,2; specimen 61; Fig. 4), as well 
as simplified drawings (Haug et al. 2019a, fig. 3a) and 
a more detailed restoration (Haug et al. 2019a, fig. 4). 
The specimen measured 6.75 mm. Each stylet bears three 
teeth. They also provided a drawing based on specimen 45 
(Haug et al. 2019a, also in fig. 4), i.e. the larva of Croce 
schmidti (Navás, 1927b) by Satar et al. (2007, fig. 7), but 
referencing to the re-figuring of Monserrat (2008, fig. 9f).  
Satar et al. (2007, figs 3 and 4) additionally provided 
a simplified version of specimen 28, i.e. larva of Tjederia 
brevicornis Mansell, 1981 by Mansell (1981b).
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Figure 4. Fossil lacewing larvae with long necks from the literature. Numbers refer to specimen numbers in the text. Drawings simplified from:  
54–57 – Xia et al. (2015); 58–60 – Zhang (2017); 61 – Haug et al. (2019a; SMNS BU-340). Drawings not to scale.



Additional extant larvae of Crocinae

Given the relative rarity of larvae of Crocinae in the lit­
erature, we amended our dataset with images taken by 
colleagues and hobby photographers that have docu­
mented such larvae out in the field. Such type of data is 
comparable to numerous published specimens such as 
specimens 40, 41, 44, or 50. We have used images from 
photography repositories in comparable studies (Haug & 

Haug 2019) and consider such images as a valuable amend- 
ment.

51) A larval specimen of Dielocroce hebraea Hölzel, 1975 
(specimen 62, Fig. 5A) was photographed by one of the 
authors (GW). The specimen was photographed alive, the 
measured body length is 8.2 mm.

52) A larval specimen of Necrophylus arenarius Roux, 
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Figure 5. Additional larvae of thread-winged lacewings and a fossil lacewing larva with long neck. • A, D – Dielocroce hebraea Hölzel, 1975; A – 
specimen 62; D – specimen 65, image kindly provided by Asadolla Hosseini Chegeni. • B, C. Necrophylus arenarius Roux, 1833; B – specimen 63,  
image kindly provided by Ana Rita Gonçalves; C – specimen 64, image kindly provided by Adrià Miralles. • E, F. – fossil larva with long neck 
(specimen 66), images kindly provided by www.fossilmall.com; E – ventral view; F – dorsal view. Images not to scale. 
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1833 was photographed by Ana Rita Gonçalves (speci- 
men 63, Fig. 5B). The specimen was photographed alive 
in the field, no direct indication of size is available.

53) A larval specimen of Necrophylus arenarius Roux, 
1833 was photographed by Adrià Miralles (specimen 64, 
Fig. 5C). The specimen was photographed alive in the 
field, no direct indication of size is available.

54) A  larval specimen of supposedly Dielocroce he
braea Hölzel, 1975 was photographed by Asadolla Hos­
seini Chegeni (specimen 65, Fig. 5D). The specimen 
was photographed alive, no direct indication of size is 
available.

Additional fossil larvae with long necks

Fossil representatives of long-necked lacewing larvae are 
even rarer than their modern counterparts. We therefore 
expand the data set by several specimens, partly from non-
public collections. Of these specimens, only the outlines 
are considered for analysis. Hence the data availability 
is comparable to the case of modern specimens photo­
graphed in the field. Some of the specimens could 
be acquired for public collections. All specimens are 
preserved in 100 million years old amber from Myanmar 
(“Burmese amber”).

55) Photographs of one larval lacewing specimen with 
a  long neck were provided by the team from www.
fossilmall.com (specimen 66, Fig. 5E, F). The specimen 
measured about 11 mm. Each stylet bears four teeth. There  
are two apparent syn-inclusions: a smaller one, possibly 
a beetle, and a more prominent one, a  jumping brist- 
letail.

56) Specimen BUB 1803 is part of the collection of one of 
the authors (specimen 67, Fig. 6A, B). The specimen has 
a total length of 2.94 mm. Each stylet bears ten teeth.

57) Specimen BUB 1804 is part of the collection of one of 
the authors (specimen 68, Fig. 6C, D). The specimen has 
a total length of 2.68 mm. Each stylet bears eight teeth.

58) Specimen PED 0085 (specimen 69, Fig. 7) is part of 
the collection of the Palaeo-Evo-Devo (PED) Research 
Group, Ludwig-Maximilians-Universität München (LMU 
Munich), Germany. The specimen has a total length of 
10.17 mm. Each stylet bears four teeth.

59) Specimen PED 0250 (specimen 70, Fig. 8) is part of 
the collection of the Palaeo-Evo-Devo (PED) Research 
Group, Ludwig-Maximilians-Universität München (LMU 

Munich), Germany. The specimen has a total length of 
7.76 mm. Each stylet bears eight teeth.

Shape analysis

Mandible. – Principal component 1 (PC1) explains 70.4%  
of the overall shape variation (Suppl. Text 1). It is dom­
inated by aspects of the curvature, shape of the distal tip 
and, to a certain degree, by the presence of teeth along the 
median edge. A low value represents a proximally straight 
and only distally curved mandible, with a rather strong tip 
and teeth in the distal region of the mandible. A medium 
value represents a mandible that is more curved, tapering 
towards the tip and lacking teeth. A high value is not 
represented in the true data set; hence this shape is not 
explored (Suppl. Fig. 6).

Principal component 2 (PC2) explains 9.9% of the 
overall shape variance (Suppl. Text 1). It is dominated by 
the shape of the distal tip and presence of teeth along the  
median edge. A low value represents a mandible with 
teeth and a thinner tip. A medium high value represents 
a mandible without teeth and a somewhat thicker tip. 
A high value represents a mandible with teeth and a rather 
massive tip (Suppl. Fig. 6).

The first two principal components explain more than 
80% of the overall shape variance. Further PCs are not 
explored here, as their influence is relatively low. All PC 
scores are given in the supplement (Suppl. Tab. 2).

Head. – Principal component 1 (PC1) explains 40% of 
the overall shape variation (Suppl. Text 2). It is dominated 
by aspects of the head capsule shape on the anterior end. 
A low value represents a heart-shaped head, while the 
high value represents a rather square-shaped head (Suppl. 
Fig. 7). 

Principal component 2 (PC2) explains 22.5% of the 
overall variation (Suppl. Text 2). It is dominated by the 
head capsule shape on the posterior end. Low values 
represent a mostly rectangular head with widened occipital 
area, while high values represent a mostly triangular head, 
with the triangle facing anteriorly (Suppl. Fig. 7). 

The relatively low proportion of the variation ex­
plained by these two principal components can be explain­
ed by the complex and varying shape of the head capsule. 
All PC scores are given in the supplement (Suppl. Tab. 3).

Neck. – Principal component 1 (PC1) explains 94.3% of the 
overall shape variation (Suppl. Text 3). It is dominated by 
aspects of the neck width. A low value represents a narrow 
neck, while a high value represents a broader, more  
square-shaped neck (Suppl. Fig. 8). 

Principal component 2 (PC2) explains 2.3% of the  
overall variation (Suppl. Text 3). It is dominated by the neck  
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shape at its ends. Low values represent a neck with wide 
rear end, while high values represent a mostly spindle-
shaped neck which widens at the middle (Suppl. Fig. 8). 

The first two principal components explain more than 
95% of the overall shape variance. Further PCs are not 
explored here, as their influence is relatively low. All PC 
scores are given in the supplement (Suppl. Tab. 3).

Trunk. – Principal component 1 (PC1) explains 73.3% of 
the overall shape variation (Suppl. Text 4). It is dominated 
by aspects of the trunk at the posterior end. A low value 
represents a spindle-shaped trunk. High values represent 
a trunk with narrow anterior end and very wide posterior 
end (Suppl. Fig. 9). 

Principal component 2 (PC2) explains 8.7% of the 
overall variation (Suppl. Text 4). It is dominated by the 

presence or absence of a narrower anterior region. Low 
values indicate the absence of such a region (i.e. the trunk 
is simply spindle-shaped), while high values indicate  
the presence of a distinct, narrow anterior region (Suppl.  
Fig. 9). 

The first two principal components explain more than 
80% of the overall shape variance. Further PCs are not 
explored here, as their influence is relatively low. All PC 
scores are given in the supplement (Suppl. Tab. 3).

Total shape. – Principal component 1 (PC1) explains 
64.9% of the overall shape variation (Suppl. Text 5). It is 
dominated by aspects of the abdomen width. A low value 
represents a body with a rounded abdomen. High values 
represent a body with elongated, oval abdomen (Suppl. 
Fig. 10). 
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Figure 6. New fossil lacewing larvae with long necks. A, B – specimen 67 (BUB 1803); A – composite image; B – colour-marked version of  
A. C, D – specimen 68 (BUB 1804); C – composite image; D – colour-marked version of C. Abbreviations: ad – abdomen; at – antenna; cv – cervix 
(sclerotised part of neck); hc – head capsule; lp – labial palp; ms – mesothorax; mt – metathorax; pt – prothorax; sy – stylet. 
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Principal component 2 (PC2) explains 22.3% of the 
overall variation (Suppl. Text 5). It is dominated by the 
general width of the body. Low values represent a wide 
head on a wide body, while high values represent a narrow 
head on the narrow body (Suppl. Fig. 10). 

The first two principal components explain more than 
80% of the overall shape variance. Further PCs are not 
explored here, as their influence is relatively low. All PC 
scores are given in the supplement (Suppl. Tab. 3).

Scatter plots

The different scatter plots of the principal components 
describing the shapes of various structures reveal re-

occurring patterns: 1) the modern larvae can be roughly 
differentiated into the long-neck types and the short-
neck types in most plots; 2) the fossil long-necked larvae  
differ in many aspects from the modern ones. In more 
details:

Mandible. –The truly long-necked larvae (Necrophylus, 
Dielocroce) cluster very tightly together (Fig. 9A). 
A single exception is the larva of Dielocroce berlandi 
depicted by Pierre (1952; specimen 13 in Fig. 1; see also 
further below). Also the larvae with moderately long necks 
(Tjederia, Thysanocroce, Laurhervasia, Amerocroce, 
Moranida) cluster together with long necked forms. 
Even some of the larvae with short necks cluster here, 
yet most of these {Concroce–Croce group: Concroce + 
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Figure 7. New fossil lacewing larvae with long necks, continued. Specimen 69 (PED 0085). A – composite image; B – colour-marked version of A; 
C – close-up on head; D – colour-marked version of right side of C, note arrows indicating teeth and arrow heads marking stemmata; E, F – close-up 
on locomotory appendages (walking legs). Abbreviations: ad – abdomen; cv – cervix (sclerotised part of neck); fe – femur; hc – head capsule; ms – 
mesothorax; mt – metathorax; pt – prothorax; sy – stylet; ta – tarsus; ti – tibia. 
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[(Austrocroce + Carnarviana) + (Josandreva + Croce)]} 
are widely distributed in the upper middle to upper left 
area of the morphospace, indicating a higher variability in 
the mandible shape. The tight cluster represents mandibles 
without teeth that are gently curved and quite slender. 
The more widely distributed data points represent more 
massive mandibles with small teeth (often also termed 
pseudo-teeth, e.g. Lu et al. 2019; yet we feel unable to 
reliably make this distinction).

The area occupied by fossil larvae has very little over­
lap with the area occupied by modern forms (Fig. 9A). 
The fossils combine rather slender overall shape with 
numerous prominent teeth. Fossil larvae occupy more or 
less two separate areas. Most plot in the middle left area 
rather close to the modern short-necked larvae. One of 
the modern larvae plots among these fossils. It is one of 
the larvae of Croce fillipennis depicted by Ghosh (1910; 
specimen 4 in Fig. 1). The mandibles appear here very thin, 
quite unlike other depictions of larvae of the same species. 
Therefore, it seems possible that the drawing of this 
larva by Ghosh (1910) is an artistic deviation rather than  

reflecting a true morphology. This interpretation would 
mean that although there are modern larvae with teeth in 
the mandibles, the mandibles still differ considerably from 
those of the fossils. This is especially true for the other fos- 
sil larvae which plot far lower left. The fossil larvae closer 
to the modern forms have only few teeth, the ones plot- 
ting lower left have a high number of still prominent teeth.

Head. – For the shape of the head the separation into two 
groups is very apparent (Fig. 9B). The heads on the left 
side of the plot are more triangular, while the ones on the 
right side are more square-shaped. The short-necked larvae 
plot in the right side of the morphospace, the modern long-
necked forms and the fossils plot in the left side. Only the 
one larva of Dielocroce berlandi (Pierre 1952; specimen 
13 in Fig. 1) plots among the short-necked forms.

The larvae with intermediate necks plot separately. 
Some plot with the long-necked forms, others with the 
short-necked ones. This means that we basically lack 
intermediate forms here. One fossil also plots on the right 
side, yet it is one of the more difficult to interpret ones 
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Figure 8. New fossil lacewing larvae with long necks, continued. Specimen 70 (PED 0250). A – composite image; B – colour-marked version of A; 
C – close-up on locomotory appendages (walking legs). Abbreviations: ad – abdomen; cv – cervix (sclerotised part of neck); cx – coxa; fe – femur;  
hc – head capsule; ms – mesothorax; mt – metathorax; pt – prothorax; sy – stylet; ta – tarsus; ti – tibia; tr – trochanter. 
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(Xia et al. 2015; specimen 57), as it is preserved slightly 
obliquely. It remains therefore partly unclear whether the 
head of this specimen is actually more square-shaped. 

Neck. – The shape of the neck also allows to separate 
two distinct groups (Fig. 9C). The larvae plotting in the 
left part of the morphospace are the long-necked forms 
(Necrophylus, Dielocroce), the ones with intermediate 
necks, and the fossil ones. They all cluster tightly 
around a  straight line, indicating that shape aspects 
represented by PC1 and PC2 are strictly correlated in 
these larvae. Among the long-necked forms only the 
larva of Dielocroce berlandi (Pierre 1952; specimen 13 
in Fig. 1) plots, as in other shapes, with the short-necked 

larvae. Among the larvae with intermediate necks, that of 
Thysanocroce damarae (Mansell 1980; specimen 25 in 
Fig. 2) plots among the short-necked forms. Indeed, the 
neck is rather short.

Trunk. –The shape of the trunk does not allow to separate 
distinct sub-groups among the modern larvae (Fig. 9D). 
Also some of the fossils plot close to the modern larvae, 
yet most of them plot clearly away from the modern 
ones, indicating that most of the fossil larvae have quite 
a different body shape. The shape of the trunk is less well 
suited for shape analysis as it is strongly dependent on the 
ontogenetic stage and how well the animal is fed. Hence 
even within the same species and within the same stage 
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Figure 9. Scatter plots of the principal components (PCs) 1 and 2 of different morphological structures. A – mandible; B – head; C – neck; D – trunk. 
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we can expect quite variability here. Still, the trunk shape 
reveals a rather principle difference between the modern 
forms and the fossil ones.

Total body. – The shape of the entire body separates the 
long-necked forms well from the short-necked forms (Fig. 
10A; again, except for the larva of Dielocroce berlandi; 
Pierre 1952; specimen 13 in Fig. 1). The larvae with 
intermediate necks plot in between the two other groups, 
partly overlapping with them. Only two of the fossil larvae 
plot close to some of the long-necked and intermediate 
forms. Most fossil larvae separate well from all modern 
ones plotting in the lower right of the morphospace.

Head vs. neck. – Two very distinct groups can be separated  
(Fig. 10B). In the lower left the long-necked larvae form 
a rather tight cluster together with most fossil larvae and 
one part of the larvae with intermediate necks, although, 
as above, the larva of Thysanocroce damarae (Mansell 
1980; specimen 25 in Fig. 2) plots strongly separated, 
deep among the short-necked larvae. The other not so 
tight cluster is formed by the short-necked larvae, the 
remaining larvae with intermediate necks, the larva of 
Dielocroce berlandi (Pierre 1952; specimen 13 in Fig. 1),  
and a single fossil larva (Xia et al. 2015; specimen 57),  
which again is the one that is more challenging to  
interpret.
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Figure 10. Scatter plots of the principal components (PCs) of different morphological structures, continued. A – total body; B – head vs. neck; C – 
mandible vs. neck; D – trunk vs. neck. 
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Mandible vs. neck. – There are three quite distinct groups 
apparent in this scatter plot (Fig. 10C). In the upper left 
a very tight cluster is formed by the modern long-necked 
larvae and those with intermediate necks. On the right side, 
more loosely, the short-necked forms (Concroce–Croce 
group) plot again together with the larva of Dielocroce 
berlandi (Pierre 1952; specimen 13 in Fig. 1) and Thysa- 
nocroce damarae (Mansell 1980; specimen 25 in Fig. 2).  
The fossil larvae form a separate cluster in the lower left.

Trunk vs. neck. – The overall occupied area is strongly 
L-shaped (Fig. 10D). In the lower right, the short-necked 
forms plot (together with the larva of Dielocroce berlandi; 
Pierre 1952; specimen 13 in Fig. 1; and Thysanocroce 
damarae; Mansell 1980; specimen 25 in Fig. 2). In the 
lower left, the long-necked larvae and those with inter­
mediate necks plot. In the upper left, the fossil larvae plot.

Total vs. neck. – The plot largely resembles that of trunk vs.  
neck, yet with more variance along the y-axis (Fig. 11A).

Head vs. mandible. – The modern forms plot in a distinct 
L-shape, quite well separating long-necked larvae plotting 
along a vertical line and the short-necked forms along 
a horizontal line (Fig. 11B). The larvae with intermediate 
necks partly overlap with both. The L-shaped area oc- 
cupied by the modern larvae is in the right part of the 
morphospace, with the corner of the L in the upper right part.  
The fossil larvae plot distinctly separate in the lower left. 

Discussion

General coarser phylogenetic frame

According to the phylogeny of Lu et al. (2019), Veurise 
is the sister group to all other groups within Crocinae, the 
Concroce–Croce group being the sister group to all the 
rest. This indicates that the ancestral larva of Crocinae 
had a rather short neck, a more square-shaped head and 
more massive mandibles. This is congruent with the 
morphology of larvae of the sister group of Crocinae, 
Nemopterinae, as they all have this principle morphology. 
Larvae of Nemopterinae additionally have small teeth in 
the mandibles, comparable to larvae of the Concroce–
Croce group. This indicates that the presence of teeth is 
likely an ancestral feature; the absence in larvae of Veurise 
is a novelty and a convergence to the group Necrophylus 
+ Dielocroce.

The size of the teeth already became smaller in the 
lineage towards the, unfortunately unnamed, group 
{Tjederia+ (Thysanocroce + Laurhervasia) + [(Amero
croce + Moranida) + (Necrophylus + Dielocroce)]}. The 
reduction of teeth size seems to be also coupled to on- 
togeny, the teeth in first stage larvae are more pronounced 
(see also discussion in Haug et al. 2019a).

Concerning the fossils, the situation is still compli- 
cated. Lu et al. (2019) considered the fossil long-necked 
larvae as larvae of Nemopteridae (as also Xia et al. 2015, 
Zhang 2017). Makarkin et al. (2017) suggested that these 
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Figure 11. Scatter plots of the principal components (PCs) of different morphological structures, continued. A – total body vs. neck; B – head vs. 
mandible.
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larvae were those of highly specialised antlion-like forms 
of Araripeneuridae. 

Haug et al. (2019a) provided the first detailed account 
on a long-necked fossil larva and discussed the possible 
phylogenetic position of such larvae. They pointed out 
that the larvae may indeed be considered as larvae of 
Crocinae, yet then we need to assume that several charac­
ters must have evolved convergently. Another possible 
interpretation is that they are closer to the early lineage of 
Myrmeleontiformia; in this case, the long neck would need  
to be considered a convergence. Also in other lineages of 
Neuroptera, e.g. in Nevrorthidae, the larvae have rather  
elongate neck regions (recently reviewed in Haug et al. 
2020b). Yet, on the other hand, the similarities of modern 
long-necked larvae of Crocinae and the fossil larvae 
include also the very narrow and slim morphology not 
seen in other lineages. Unfortunately, our new observa- 
tions, as well as the phylogenetic frame discussed above, 
do not improve this situation significantly, but may give 
some hints. 

Our quantitative approach further supports the notions 
by Haug et al. (2019a) that the fossil larvae are quite 
different from modern larvae of Crocinae, especially in 
the combination of morphological aspects as not occurring 
today (“Chimera”). In this respect, it will be important to 
also consider some of the other peculiar fossil lacewing 
larvae in the future. It is planned to further increase the 
frame for the analysis. The larvae of the Superfang-type 
(Haug et al. 2019b) and related forms (Badano et al. 2018) 
might be especially considered. The long-necked larvae 
with a higher number of teeth especially resemble these 
other larvae in this aspect and in the overall mandible 
shape. For example, the strongly L-shaped occupied area 
in the morphospace trunk vs. neck (Fig. 10D) might be 
seen as indicating a certain “impossible” morphology in 
the unoccupied area. Yet, exactly this area might be well 
filled by the Superfang-type larvae.

However, at least some of the Superfang-like forms 
differ from the long-necked larvae in possessing empodia. 
Although we cannot see the distal tips of the locomotory 
appendages in all fossil long-necked larvae (e.g. the one 
from Haug et al. 2019a), at least in those where they are 
accessible, there seem to be no empodia. 

Still, presence of empodia is likely a rather ancestral 
feature, being secondarily lost in numerous lineages. Also 
for Myrmeleontiformia, we must assume the presence 
of empodia as apparent in larvae of Psychopsidae (see 
Haug et al. 2020a and references therein for a recent 
summary). Absence of empodia in at least some of the 
long-necked larvae gives a weak signal that they could 
indeed be closer related to, or even are representatives 
of Crocinae. If they are interpreted as representatives of 
an early branch of Myrmeleontiformia, we would need 
to assume an independent loss of the empodia. Yet, this 

remains a weak argument as empodia have been lost 
repeatedly in numerous lineages.

Phylogenetic interpretation of some specific 
larvae

The pattern of the larva of Dielocroce berlandi (Pierre 
1952; specimen 13 in Fig. 1) repeatedly plotting strongly 
separated from other larvae of the group Necroyphylus + 
Dielocroce indicates that this larva might indeed not be 
a representative of Dielocroce. The species was originally 
described based on the larval specimen and later re-
interpreted as an ingroup of Dielocroce. Hence, we have 
no direct correlation further supporting the idea that this 
larva is indeed a representative of the group Necrophylus 
+ Dielocroce. Neck shape, head shape and mandible 
shape (with a tooth!) are clearly very different from all 
other larvae of this group. Therefore, we see it as more 
likely that this specimen is not the larva of a species of 
Dielocroce, but of a species either closer related to the 
Concroce–Croce group, or even an ingroup of the latter. 

Also the larva of Thysanocroce damarae (Mansell 
1980; specimen 25 in Fig. 2) is very different from 
supposedly closely related forms. It remains unclear 
whether the three specimens mentioned by Mansell (1980) 
were bred from eggs, or how they were associated with the 
supposed adults. Hence, it is not completely unlikely that 
the systematic interpretation of specimen 25 is incorrect as 
well, but it seems less likely than in the case of specimen 
13 (see above). If the interpretation of specimen 25 as larva 
of Thysanocroce damarae is correct, and also the close 
relationship of Thysanocroce, Tjederia and Laurhervasia 
is correct, this has severe consequences: We need to 
assume that we see significant evolutionary reversals in the 
larval morphology of Thysanocroce, as this larva shows so 
many traits otherwise seen in Veurise and the Concroce–
Croce group, indicating that these are plesiomorphic traits 
for the latter two. Yet, for Thysanocroce this would then 
represent an apomorphic condition. Already Mansell 
(1980) had noted this significant difference.

Life styles and morphology: the long-necked 
forms

Especially the long-necked larvae appear to be rather 
restricted in their morphology. In other words, having 
a long neck appears to demand for a certain morphology 
of the head and the mandibles. This indicates that there is 
a certain functional coupling, most likely as an adaptation 
to a specific life style.

We have a rather good idea how these long-necked 
forms hunt for prey from field and lab observations on 

451

Gideon T. Haug et al. • The morphological diversity of long-necked lacewing larvae (Myrmeleontiformia)



larvae of two Dielocroce species made by one of the 
authors (GW). The larvae live in caves or shaded rock 
notches, or under rock shelves overhanging thick patches  
of dry dusty clay. They take advantage of the fine clay 
substrate for camouflage by burrowing into it in a back
wards movement. The long neck accounts for greater 
head manoeuvrability and assists in the burrowing action 
by moving clay particles to cover the tracks of the larva. 
Because a bite to the abdomen can cause a fatal injury, 
the larva often scans the burrowing area with its head to 
ensure it is not already taken by another larva. Larvae are 
often seen fighting over a burrowing spot, suggesting that 
they are somewhat territorial; therefore, they try to avoid 
conflict by examining the area before burrowing. The 
long-necked larvae are sit-and-wait predators that wait 
under the fine substrate in ambush for passing arthropods. 
The larvae share their habitat with sand cockroaches, 
silverfish, and ants, but also venomous assassin bugs and 
spiders. When a potential prey of the right size walks over 
the larvae, it swiftly emerges from the substrate, impales it 
with its sickle-shaped jaws and injects it with venom. The 
long neck allows the larva to keep its distance and avoid 
contact with a struggling prey that can damage the soft 
abdomen of the larva.

Life styles and morphology: the short-necked 
forms and intermediates

The morphological structures appear less confined in 
short-necked forms, yet also here the neck shape appears 
to have a certain coupling to a certain type of mandible 
morphology and head shape. 

It is interesting to note that the forms with intermediate 
necks do only rarely occupy an area in between the long-
necked and short-necked forms (e.g. Fig. 10A). More 
often they separate rather distinctly into two sub-groups, 
of which one clusters closely to the long-necked forms 
and the other closely to the short-necked ones (e.g. Figs 
9B, 10B). This supports that there is a certain functional 
coupling between neck shape, head shape and mandible 
shape and only certain areas of the morphospace represent 
functional (adaptive?) morphologies.

Life styles and morphology: the fossils

The fossil long-necked forms differ in their morphology 
and especially in the combination of certain features, 
leading them to plot in certain morphospaces quite apart 
from all the modern forms. The fossil forms clearly dem- 
onstrate that the seeming coupling indicated by looking 
at the extant forms cannot be strictly functional or evolu­
tionary, as some of the fossils indeed combine an elongate 

neck with a quite different mandible morphology. Yet, 
the seeming stricter coupling in modern forms might be 
related to their specific life habits. The difference between 
modern and fossil forms clearly indicates that they had 
quite different life styles.

This should not come as a surprise. All modern larvae 
of Crocinae live in rather arid regions. At least the long-
necked forms spend their time partly buried in the sand. 
This is not a good habitat for being preserved in amber. 
Especially organisms living closer to the trees possibly 
producing resin as well as a rather close association to 
water seems to be advantageous for preservation in  
amber.

The long-necked fossil larvae (“Chimera-type larvae”)  
appear to be not very rare. We have considered 13 speci­
mens here, more have been seen by the authors offered by 
various traders. We can therefore assume that these larvae 
indeed had a certain affinity to habitats in which they had 
a chance to be rather regularly preserved in amber. Hence, 
already the fact that these larvae are present in ambers 
indicates a quite different life style for the fossil larvae. 
It also explains the (so far) absence of fossils resembling 
the modern larvae of Crocinae to a higher degree, possibly 
indicating a similar life style. 

Also the fossils show quite a diversity of shape of 
mandibles, already recognisable by the two rather distinct 
subtypes; if simply comparing the occupied areas, it seems 
at least as large as the area occupied by the extant ones, 
although there are comparably few specimens. Hence, we 
should also expect a certain diversity of lifestyles in the 
fossil forms. 

For an easier reference, we suggest to restrict the ex­
pression ‘Chimera-type larvae’ to the fossil larvae with 
only few teeth, as these have mandibles resembling those 
of Ascalaphidae. We suggest to use the nick name ʻDeca
dent-larvaʼ for those with numerous teeth as at least some 
of them (specimens 56, 67) indeed possess ten teeth 
(“deca” meaning ten, “dent” meaning tooth).

Assessing the diversity of long-necked 
lacewing larvae

For other ingroups of Myrmeleontiformia, we can quite 
directly compare modern representatives with their fossil 
counterparts. Larvae of silky lacewings (Psychopsidae) 
seem not to have changed their habitat since the Cretaceous, 
and so we have several larvae in the Cretaceous, but also 
in the Eocene, as well as in the modern fauna (Haug et al. 
2020a). Likewise, we find numerous forms resembling 
modern larvae of owlflies (Ascalaphidae) in Cretaceous, 
Eocene and also Miocene ambers (MacLeod 1970, 
Weitschat & Wichard 2002, Wang et al. 2016, Badano 
et al. 2018, Herrera-Flórez et al. 2020a). In the case of 
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Psychopsidae we know in fact many more fossil larvae 
than larvae in the modern fauna (Haug et al. 2020a). 

For Crocinae the case is different. For most lacewing 
groups we know the larvae of about 10% of the species 
(cf. Gepp 1984). In Crocinae we know significantly more 
than that. On the other hand, the fossils seem to be rarer 
than in some of the other groups. Also, it appears that 
modern larvae of Crocinae are restricted to habitats not 
easily preserving fossils. We therefore could have had 
such larvae back in the Cretaceous, but simply have no 
record of them. There is so far a single adult of Crocinae 
in amber from Myanmar (Lu et al. 2019) and it appears 
to be a representative of an early diverged group, sister to 
all modern forms; hence phylogenetic bracketing (Witmer 
1995) cannot be used to suggest that this species had 
larvae similar to those of the modern forms. Indeed, it 
cannot be fully excluded that one of the long-necked fossil 
larvae is a larval form of this species.

The fossil larvae apparently had morphologies and 
most likely also ecologies no longer represented in the 
modern fauna. As we have found these larvae so far ex­
clusively in amber from Myanmar, but not in any younger 
amber, we need to assume that these forms have become 
extinct possibly already in, or at the end of the Cretaceous. 

Given this situation, we can make only limited state­
ments about the changes in diversity of long-necked 
lacewing larvae:

1) We cannot exclude that part of the morphologies 
and occupied habitats remained stable, as we cannot 
expect to find larvae with modern type morphologies in 
the fossil record.

2) We can recognise that there was a morphology, and 
most likely ecology, represented by fossil long-necked 
larvae that became extinct.

3) Due to statement 1), it remains unclear whether 
there was a shift from tree-associated habitats (as indicated 
by the fossil larvae) to a more arid habitat.

4) While we can recognise a loss of diversity (under 
statement 2), it remains unclear, due to the systematic 
uncertainties of the fossil larvae, whether this loss indeed 
concerns Crocinae; it definitely represents a decline of 
diversity of Myrmeleontiformia.

5) Although typologically we can only roughly 
distinguish two types of fossil larvae (many teeth, few 
teeth), the quantitative shape analysis indicates that even 
these two already represent quite varying morphologies, 
although less diverse than the morphologies of the 
modern-day Crocinae larvae. Yet, given the rather unequal 
sample sizes we did not apply sample size correction, 
which might indeed reveal a relatively larger variation in 
the Cretaceous. This is planned for a future study, after 
further increasing the sample sizes.

6) Part of the uncertainties will be less problematic 
when we can increase the analysis to include further 

lineages of Myrmeleontiformia. Also additional specimens 
of long-necked larvae likely to accumulate in the next 
years should make the sample sizes more comparable to 
the modern ones. 

Conclusions

(1) Our knowledge of extant larval forms of Crocinae is 
better than that of many other groups of Neuroptera.

(2) The basic distinction into two types of larvae of Cro- 
cinae, namely long-necked and short-necked forms 
(basically already used by MacLeod 1964), does not 
have phylogenetic meaning, but may represent two 
different functional strategies. Short-necked forms may be 
ancestral, yet it appears that this type of larva also evolved 
secondarily within the long-necked forms.

(3) Fossil forms do not fall into any of these groups; they 
share certain similarities of neck and head shape with 
the long-necked forms, but are very different concerning 
mandible and trunk shape.

(4) Fossil forms may be larvae of Crocinae, yet it remains  
uncertain if they represent a now extinct, highly special­
ised lineage.

(5) Fossil larvae must have had a quite different ecology 
than the modern larvae of Crocinae.

(6) Fossil larvae with long necks and their specific com
bination of characters went extinct. With them, we have 
lost a certain diversity of morphology and ecology. Al­
though it remains unclear whether this concerns the 
diversity of Crocinae, it definitely concerns the diversity of 
Myrmeleontiformia.
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