Not quite social — possible cases of gregarious
behaviour of immatures of various lineages
of Insecta in 100-million-year-old amber
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The evolution of sociality in insects is a highly discussed topic in biology. Fossil findings are rarely included into the
consideration, although they have a great potential to add also behavioural aspects to evolutionary reconstructions and
can provide information about the minimum age of specific lifestyles in deep time. We briefly summarise concepts
of reconstructing behaviour based on fossils and give a short overview of the concept of eusociality. The focus of
this paper is the description of new findings of fossilised cases of aggregations in Cretaceous Myanmar amber. All
specimens enclosed in these amber pieces are immatures. These findings come from four different lineages of Insecta:
Neuroptera, Dermaptera, Orthoptera and Collembola. Some of these groups are usually not considered as typical
examples for social interactions, but several grades of aggregation behaviour can be observed in all of these groups
in different species living today. Active aggregation behaviour (or gregarious behaviour) can be seen as part and
prerequisite of further social behaviour. Therefore, the investigation of this aspect can add new insights for a more
comprehensive understanding of the evolution of complex strategies of social behaviour. « Key words: eusociality;
sub-sociality; gregarism; fossilised behaviour; Cretaceous.
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on fossils

The myriads of modern-day representatives of Euarthro-
poda, such as spiders, beetles, centipedes, lobsters and
all their relatives, show an extremely wide range of dif-
ferent lifestyles and behavioural strategies. The evolution
of these strategies, e.g. regarding feeding habits, repro-
duction, investment in offspring, sociality and many more,
is a frequently treated subject in numerous studies. Most
of them are naturally focussed on investigations of mod-
ern-day organisms (e.g. Tallamy 1984, Wilson & Holl-
dobler 2005, Mas & Kolliker 2008, Nowak et al. 2010).
The reconstruction of behaviour based on fossils for
including these into evolutionary reconstructions is more
challenging and only indirect, as direct observation is not
possible. Yet, it still provides important additional data.
Indications of behavioural aspect in fossils seem to be
relatively rarely preserved (e.g. Rust ef al. 1999; Wedmann
et al. 2007; Wappler et al. 2015; Wang et al. 2015, 2016;
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below). However, there are several points which can be
considered for a reconstruction of behavioural aspects
based on fossils:

(1) Phylogenetic position: If a fossil can be identified to
a specific ingroup in which all modern representatives
possess a specific strategy or lifestyle (Witmer 1995),
we can assume a similar lifestyle for the fossil. For
example, if a fossil specimen can be identified as in-group
representative of a group of which all modern forms are
exclusively eusocial, we can infer that the fossil specimen
was a representative of an also eusocial species. This
approach has been summarised as the “extant phylogenetic
bracket” concept of Witmer (1995; Boucot 1990: p. 5).
However, the concept in the context of behavioural re-
construction allows only drawing rough conclusions as
the fossil representative might not have yet evolved the
specific specialisation, or it might have lost (secondarily)
this feature. Also, for a reconstruction of evolutionary
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intermediate steps this approach is not applicable as it is
only usable if there are no evolutionary changes in the
strategies within the group. Yet, in combination with other
points the phylogenetic position can provide the first hint
for further investigations.

(2) Trace fossils: Trace fossils (ichnofossils) have been
discussed extensively in different contexts in the litera-
ture, such as locomotion pattern or feeding traces (e.g.
Bromley 1996, Miller 2007, Boucot & Poinar Jr 2010).
Also, for the reconstruction of raptorial behaviour,
based e.g. on fossilised injuries of the prey, trace fossils
can be useful (e.g. case of bitten trilobite from the
Cambrian; Babcock 2003, Fatka ef al. 2015). Relating to
reproductive strategies, trace fossils could give some hints
if in consequence of the behaviour distinct structures arise
which can be preserved as fossils. This can be, e.g. case
of insect nests (Cantil et al. 2018) or traces of oviposition
(Béthoux et al. 2004, Pott et al. 2008, Sarzetti et al. 2009,
Petrulevicius et al. 2011, Genise et al. 2017, summarised
in Na et al. 2014).

The limitation for the usage of trace fossils for the
reconstruction of behaviour is in many cases reduced to
the question — Who caused the traces? If the causer is
not preserved right next to the trace, it is hardly possible
to identify the corresponding species, but maybe at least
a larger group.

(3) “Frozen behaviour”: The so-called “frozen behaviour”
means cases of fossils, which are preserved in a specific
moment, such as mating, oviposition (but most of these
cases probably represent a stress-induced egg-laying),
feeding, and others. One of the most famous examples
is that of the “fighting dinosaurs” (Velociraptor and
Protoceratops), which were first mentioned by Kielan-
Jaworowska & Barsbold (1972). Cases of “frozen be-
haviour” within insects are especially known from amber
inclusions (examples in Boucot 1990, Grimaldi 1996,
Arillo 2007, Boucot & Poinar Jr 2010, Grohn 2015,
Fischer & Hornig 2019, Hornig et al. 2019). Amber is
kind of predestined for these cases as the dying progress
is that fast when the insects are trapped in the still viscid
resin that they are often preserved in nearly life-like
conditions (Arillo 2007).

(4) Functional morphology: Specific lifestyles and be-
havioural strategies are linked to several specific complex
characters, so a specialized morphology can give hints
for behavioural aspects. However, reconstructions of the
evolution of behavioural aspects and lifestyles cannot
completely be drawn by the consideration of only one
morphological character but can be supported by several
combinations of specific key features (for example,
very simplified: specialised appendages for raptorial
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lifestyle). For interpretation of these structures, which
might be linked to a specific lifestyle, in-depth knowledge
of modern-day species is of advantage. This approach is
following aspects of the actualism concept (summarised
in Flemming 2004; examples in Haug, J.T. ef al. 2012;
Hornig et al. 2018).

(5) Group fossilisation: Several fossils preserved closely
to each other could be explained in the light of different
interactions, for example: (a) male and female of the
same species may have been fossilised while mating
(e.g. Boucot & Poinar Jr 2010, Grohn 2015, Fischer &
Hornig 2019 and discussion therein). Such cases demand
the clear identification of the sex of the fossils. Such an
explanation only works for finds of adults and cannot
explain other cases, e.g. groups of immatures; (b) many
individuals forming a swarm may have been fossilised
together (e.g. Boucot & Poinar Jr 2010; Haug, J.T. et al.
2013; Wang et al. 2014). In such cases we expect to find
a certain structure concerning the developmental stages
of the individuals (discussion in Haug, J.T. et al. 2013);
(c) several individuals may have been feeding on a similar
food source (e.g. Haug, J.T. et al. 2017) and then become
fossilised together; (d) individuals have been living in
a group that was actively held together and have been
fossilised together (e.g. Fu et al. 2018). These can include
species with different types of social behaviour, such as
gregarism, sub-sociality, semi-sociality or eusociality.

Sociality: eusocial insects

The group Insecta is not only famous for being extraor-
dinarily species-rich, but also for having various rep-
resentatives that exhibit a so-called eusocial type of
behaviour in today’s living species, i.e. they live in
colonies or insect societies. Among these colony-forming
insects are astonishingly many representatives of ingroups
of Hymenoptera. These include: (a) all species of ants (e.g.
Hoélldobler & Wilson 1990); (b) many lineages of bees
(Apidae), including species of sweat bees (Halictidae;
more precisely species of Halictus Latreille, 1804 and
Lasioglossum Curtis, 1833; e.g. Danforth et al. 2003,
Gibbs et al. 2012), species of stingless bees (Meliponini;
e.g. Schultz et al. 2001), all honey bees in the strict
sense (Apis Linnaeus, 1758; e.g. Seeley 2009), species
of orchid bees (Euglossini; Dressler 1982) and species
of bumblebees (Bombus Latreille, 1802; e.g. Goulson
2003); (c) eusocial “true” wasps (Vespidae, e.g. Pickett &
Carpenter 2010), including all paper wasps (Polistinae) as
well as hornets and yellow jackets (both representatives of
Vespinae; (d) few species of Microstigmus Ducke, 1907
(e.g. Ross & Matthews 1989), a group of digger wasps
(“Crabronidae”).



Besides the many species of eusocial hymenopterans
there is one eusocial species of beetles (Austroplatypus
incompertus Browne, 1971; Coleoptera; e.g. Smith et al.
2009), several eusocial species of aphids (Aphididae; e.g.
Stern & Foster 1996), few species of thrips (Thysanoptera;
more specifically of the groups Kladothrips Froggatt,
1906 and Oncothrips Karny, 1911; e.g. Crespi 1992),
and, more famous, all species of termites (Isoptera; e.g.
Thorne 1997), factually eusocial cockroaches (Inward
et al. 2007).

The concept of eusociality

Eusocial behaviour as a phenomenon has gained quite
some attention over the recent decades. Already Darwin
was puzzled by this very special type of cooperative
behaviour, which seemed to be altruistic and was hence
difficult to understand in his evolutionary framework.
The ground-breaking thoughts of Hamilton and Maynard
Smith with their kin-selection theory changed and
finally resolved this issue. It properly anchored eusocial
behaviour, as well as other types of social behaviour,
in a well-formulated theoretical frame of evolutionary
thinking. Since then, the phenomenon of eusociality has
still received a lot of attention, leading to the fact that,
unlike many other types of social interaction, eusociality
is well delineated from a conceptual point of view, i.e.
it can be recognised based on a set of several distinct
features, generally summarised under three major criteria:

(1) Division of labour. Some individuals (or only one
individual) within a group of organisms living together
reproduce (“queens”), some do not (“workers, soldiers”).
This is also referred to as the formation of castes. Castes
can usually be recognised not only by differentiation of
behaviour, but additionally by differences in morphology,
leading for example to a distinct soldier morph, at least in
many of the more highly derived eusocial species.

(2) Generations overlap. More specifically, the offspring
generations overlap within the group, i.e. there are at least
two generations of offspring, unlike in sub-social species
in which there is often only one generation of offspring at
a time.

(3) Cooperative care for not-direct offspring. This is
usually coupled to the aspect before, meaning that one
generation of offspring cares for the next. In less highly
specialised forms of eusociality (often unfortunately
termed “primitive eusocial”) this might also refer to a part
of the system in which several reproductive individuals
are present, and these care for the offspring also of other
individuals.
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The concept of eusociality, expanded

Besides the often-cited three major aspects (outlined
right above), additional phenomena seem to be related
to eusociality. These can be either understood as a direct
consequence (“effect”) of living in a eusocial group or
representing possible pre-adaptations (“cause”). These
phenomena include:

(4) Unusually high relatedness of the offspring. This seems
to be a major factor in all eusocial forms. Apparently, this
high degree of relatedness may be caused by different
mechanisms: (a) it may be caused by a haplo-diploidy sex
determination mode as in Hymenoptera, i.e. females are
diploid while males hatch from unfertilised eggs and are
haploid. This leads to an asymmetric scheme of relatedness,
with sisters being closer related among each other than
they would be with their own offspring; (b) all individuals
might represent clones as in Aphididae; in such a system
it becomes meaningless if the one individual cannot
reproduce as it will be genetically identical to all offspring
in any case; (¢) all individuals may show a high degree of
inbreeding as in Isoptera and Thysanoptera. Comparable
to the case of clones, this leads to a high degree of genetic
similarity. As a remark: Thysanopterans are interesting in
this aspect as they are similar to hymenopterans in using
haplo-diploidy for sex determination, yet as inbreeding
is present, they have male workers/soldiers, which is un-
known in hymenopterans.

(5) A limited availability of a nest or cost-intense nest. If
building a nest or defending it is especially cost-intense it
appears to be highly beneficial to do so in a group. Also,
if an existing structure will be used as a nest but its avail-
ability is strongly limited, it seems to be of advantage
to share this nest. Yet, this aspect is coupled to the next
point.

(6) Presence of structures of the individuals that can be
used in group defence actions. This is related to the aspect
of cooperatively defending a highly valuable nest (“fortress
defence”) against competitors. Sometimes such structures
are either only present or especially hypertrophied in
the soldier morphs. Such defending structures include:
(a) a venom sting as in aculeatan hymenopterans. Although
most ants do no longer possess such a sting, representatives
of early branching off lineages within ants retain such
a sting. It appears to be substituted by other types of chem-
ical defence in more derived lineages of ants; (b) spiny,
partly enlarged front legs as in representatives of Aphididae
and Thysanoptera; (c) enlarged mandibles as present in
representatives of Isoptera, but also some representatives
of Hymenoptera.

As to be expected, there are additional representatives
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of the species-rich group Insecta that do not exhibit all of
these characters, but only some or a single of these.

The various types of sociality within Euarthropoda,
which do not fulfil the criteria of eusociality, are distinctly
less represented in the literature. This is also reflected
by inconsistent use of terminology of these types, such
as sub-, semi-, or quasi-social and several synonymous
terms, which might be misleading (Costa 2018). All these
named terms are at least associated with the presence of
parental or cooperative brood care (e.g. Eickwort 1981,
Tallamy & Wood 1986, Costa 2018).

However, also other types which do not include brood
care, including communal or gregarious behaviour of
nymphs/larvae with or without adults (see above), represent
types of different grades of social behaviour. Aggregation
behaviour, or gregarism, of young and/or adults is quite
common in modern day forms of Euarthropoda, for
example within Insecta, such as Blattodea (cockroaches),
Dermaptera (ear wigs), Auchenorrhyncha (tree hoppers
and relatives) and Coleoptera (beetles; Pitman & Vité 1969,
Sauphanor & Sureau 1993, Harari ef al. 1994, Bell et al.
2007, Santiago-Blay et al. 2012, Camacho et al. 2014).
Living in such groups can have several advantages for the
individuals: better food availability for young, protection
against predators orinconvenientenvironmental factors (e.g.
dryness) (e.g. Bell et al. 2007 for Blattodea). This behav-
ioural mode can be seen as pre-requisite for the evolution-
ary development of further social and eusocial lifestyles.

The evolution of eusociality and the fossil
record

Species with different types of social behaviour are of
critical interest for understanding which selective pressures
shaped the evolution of eusociality. This is related to
the fact that it is unlikely that all features characterising
eusociality evolved at once (“in one go”). More likely,
these characters evolved in a stepwise manner. Hence,
we should expect that ancestors of lineages with eusocial
forms exhibited sub-social or semi-social behaviour.

The fossil record is a major source of information for
many aspects of evolutionary reconstructions. Fossils may
provide minimum ages for inferring the age of certain
evolutionary lineages. Also, morphological specialisations
can be recognised in a fossil, providing minimum ages for
the presence of certain characters (different from inferring
the age of lineages; ¢f. Haug, J.T. & Haug, C. 2017). As
stated above, more rarely the fossil record also provides
clues about behavioural aspects of a once-living species
(e.g. Rust et al. 1999; Wedmann et al. 2007; Haug, J.T.
et al. 2012; Wappler et al. 2015; Wang et al. 2015, 2016;
Barden & Grimaldi 2016; Hornig ef al. 2017, 2018, and
references above).
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Recognising types of sociality in fossils is quite chal-
lenging (see discussion in Hornig et al. 2016). Yet, one
aspect of fossils is especially interesting in this aspect: the
occurrence of several individuals of the same species at
the same spot leading to a fossil preservation of several
individuals in close proximity, as indeed certain findings
could represent cases in which groups of social (sub-,
semi-social or gregarious) insects have become fossilised
together. Aggregations of fossil forms of Euarthropoda,
which might have resulted from active gregarious
behaviour, have been rarely described in the literature
(e.g. Paterson et al. 2008, Engel 2009, Hornig et al.
2016). However, only based on the case of a fossilisation
of a group of individuals, it cannot clearly be concluded
that this species showed a kind of social behaviour (e.g.
discussion in Haug, J.T. et al. 2017), therefore it is crucial
considering other possible interpretations (see above) and
an extensive comparison to extant species.

Amber has an especially large potential to provide
instances in which several individuals can be found
together and provide enough details of the individuals to
properly evaluate the case.

We report here several examples of cases in which
conspecific individuals have become trapped together
in 100-million-year-old Myanmar amber (also called
Burmese amber). All cases represent groups of immatures.
We discuss how far these fossils could represent indica-
tions of social behaviour in these species.

Material and Methods

Material. — In total, five pieces of amber were studied in
detail. All specimens were collected in the Hukawng Valley,
Kachin State, Myanmar. One amber piece was legally
purchased on ebay.com from the trader burmite-researcher.
It is now part of the collection of the Palaco-Evo-Devo
(PED) Research Group, Ludwig-Maximilians-Universitét
Miinchen (LMU Munich), Germany (registered collection,
see Evenhuis 2021), under repository number PED 0083.
The amber piece was not further processed after purchase.
Four other pieces are part of the collection of one of the
authors (PM) under repository numbers BUB 3150, 3162,
3193, and 3391. The raw amber pieces were first cut with
a Dremel 3000. Afterwards they were polished with wet
sandpaper, first grade 200 and then subsequently grade
600, 1000 and 5000. The final polishing was performed
with Sidol metal polish. All specimens are available for
further study on request.

Methods. — The specimens were documented with
composite imaging under different white light conditions,
one specimen additionally with autofluorescence. The
white-light microscopic images were recorded with
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Figure 1. Amber piece with at least six owlfly-like larvae (repository number PED 0083). A — composite image of the group of animals. B — same
as in A, but background manually removed to allow an easier recognition. C — colour-marked version of one of the specimens in B (specimen 6).
D — simplified depiction of group defence in modern-day owlfly larvae (modified after Henry 1972). Abbreviations: 1-6 — number of specimen;

at — antenna; eh — eye hill; hc — head capsule; sc — scolus; sy — stylet.

a Keyence VHX-6000 (as in Haug, J.T. ef al. 2018)
equipped with a 20-2000x objective, either under ring
illumination or under coaxial cross-polarised illumination.
Black and white background colour was used. To achieve
an optimal result, every image was recorded with dif-
ferent exposure times (HDR; Haug, C. et al. 2013).
For autofluorescence images, a Keyence BZ-9000 was
used (see Haug, J.T. et al. 2011 for autofluorescence
imaging).

Each image detail was documented as a stack, with
the single images of the stack (frames) being recorded in
different focal levels on z-axis to overcome limitations
in depth of field. The frames of each stack were fused to
achieve an entirely sharp image detail. Several adjacent
stacks were recorded in x-y-axis to overcome limitations
in the field of view. All image details were stitched to
a final panorama image (e.g. Haug, J.T. et al. 2008; Kerp
& Bomfleur 2011).
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Results
Neuropteran larvae, pieces 1 and 2

Amber piece 1 (repository number PED 0083; Fig. 1)
contains five complete larval representatives of Neuro-
ptera, as well as an anterior body and part of a trunk; these
may either belong to one individual or even to two. The
minimum assumption is that there are six neuropteran
larvae in this piece of amber. The larvae in amber piece
1 are equal in size, with an entire body length of about
2mm (without appendages). Amber piece 2 (repository
number BUB 3391; Fig. 2) contains three representatives
of Insecta, a small beetle and two larval representatives of
Neuroptera. Also, the neuropteran larvae in amber piece 2
are equal in size, with an entire body length of about
1.8 mm (without appendages).

The neuropteran larvae can be identified as such based
on their massive mouth parts forming a pair of gently
curving stylets (with a length of about 1.3 mm in amber
piece 1; about 1 mm in amber piece 2). The overall
appearance of the larvae resembles that of owlfly and
antlion larvae (Ascalaphidae + Myrmeleontidae) based
on numerous characters: (a) the head is strongly square-
shaped in dorsal or ventral view as typical for larvae of
Ascalaphidae and their closely related groups; (b) stylets
carry two prominent teeth each, as known for larvae of
Ascalaphidae and Myrmeleontidae; (¢) trunk segments 2
and 3, hence mesothorax and metathorax, have prominent
protrusions dorsally.

The rather large head (about 0.8 mm in amber piece 1;
0.5 mm amber piece 2) in comparison to the relatively
small trunk (about 1.2 mm in amber piece 1; 1.3 mm
amber piece 2) indicates that these specimens are in early
larval stages.

Remarks to phylogenetic position. — There have been
several neuropteran larvae described from Cretaceous
amber so far (e.g. Wang et al. 2016; Liu et al. 2016, 2018;
Badano et al. 2018; Haug, C. et al. 2019; Haug, J.T. et al.
2019a, b, 2020a, b; Haug, G.T. et al. 2020). For many
neuropteran groups and species, larvae have been described
in detail (in contrast to many other insect groups), so more
comprehensive data about larval morphology is available
for extant representatives. However, larval specimens
found in Myanmar amber show distinct variation in
morphology compared to today living species. Character
combinations that were found in neuropteran larvae, also
particularly in myrmeleontiformian larvae, cannot be
found in any extant form. Badano et al. (2018) assumed an
ingroup position within Myrmeleontidae + Ascalaphidae
for specimens of several fossil species described based
on larvae, namely Electrocaptivus xui Badano, Engel &
Wang, 2018 in Badano et al. (2018), Burmitus tubulifer
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Badano, Engel & Wang, 2018 in Badano et al. (2018),
Diodontognathus papillatus Badano, Engel & Wang,
2018 in Badano et al. (2018), Mesoptynx unguiculatus
Badano, Engel & Wang, 2018 in Badano et al. (2018), and
Adelpholeon lithophorus Badano, Engel & Wang, 2018
in Badano ef al. (2018) in Myanmar amber. The enclosed
larvae of specimens PED 0083 and BUB 3391 differ
in morphology from most of these: Electrocaptivus xui
namely differs in mandibular shape and position of two
tooth-like protrusions of the mandible. Burmitus tubulifer
possesses three distinct mandibular teeth (in contrast to
two teeth in the here presented specimen). Mesoptynx
unguiculatus and Adelpholeon lithophorus differ in head
shape (i.e. head longer than wide in M. unguiculatus and
Adelpholeon lithophorus; head slenderer in posterior
region than in here described nymphs); an enlarged tarsal
claw of M. unguiculatus is not present in specimens
of PED 0083 and BUB 3391; prominent projection at
the base of the mandible as in 4. lithophorus are not
recognisable in PED 0083 and BUB 3391.

Diodontognathus papillatus shows distinct similarities
to the morphology of larvae of both specimens, including
shape and length of head and mandible, two mandibular
teeth with several thin setae in between, antennae length
less than one third of the mandible and globose eye
tubercles (the latter is given as diagnostic for the species in
Badano et al. 2018). However, cylindrical protuberances
with setae seem not to be present at the head capsule of
the larvae in PED 0083 and BUB 3391, which was given
as main diagnostic feature of Diodontognathus papillatus
by Badano et al. (2018). However, as the presence of
two mandibular teeth seems rather uncommon and due
to several similarities of the morphology especially to
Diodontognathus, a close phylogenetic relationship to
Diodontognathus Badano, Engel & Wang, 2018 in Badano
et al. 2018, Mesoptynx Badano, Engel & Wang, 2018 in
Badano et al. 2018, and Adelpholeon Badano & Engel,
2018 in Badano et al. 2018 of the larvae in PED 0083 and
BUB 3391 seems plausible.

Besides these, there are adult forms of Ascalaphidae
and other neuropteran groups known from the Cretaceous
(especially from the Crato Formation in Brazil), but it is
not possible up to present knowledge to correlate these
with known larval forms. For the Crato Formation as an
example, the only known larvae of Myrmeleontiformia
cannot be clearly identified to a modern linage due to the
preservation (Herrera-Florez et al. 2020).

Dermaptera
Amber piece 3 (repository number BUB 3150; Fig. 3)

contains four similar-sized (about 1.8 mm without ap-
pendages) specimens of varying degrees of preservation.
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Figure 2. Amber piece with two owlfly-like larvae (repository number BUB 3391). A — composite image of the group; note the small beetle as
syninclusion. B — colour-marked version of the left specimen in A. Abbreviations: a — abdomen; eh — eye hill; hc — head capsule; sc — scolus; sy — stylet;

ta — tarsus; te — trunk end; ti — tibia.

The specimens can easily be identified as representatives
of Dermaptera, earwigs, based on the morphology of the
cerci (with about 0.5 mm length). These are prominent
gently inward curved and lack sub-divisions; they appear
rigid and sturdy. Head is prognathous and drop-shaped,
with no ocelli apparent. The antennae, which is about
I mm in length, is subdivided into at least 10 elements.
Two tarsal elements of all legs are well recognisable,
but there might be a third smaller element which cannot
be located clearly. There are no elytrae or hind wings
apparent, also no genital structures apparent.

Remarks to phylogenetic position. — An ingroup pos-
ition of the specimens enclosed in BUB 3150 within
Neodermaptera is assumed based on the absence of ocelli
and subdivision of tarsi into less than five elements. An
ingroup position of Karschiellidae and Diplatydae can be
excluded, as the cerci of the specimens described herein
are not subdivided. Also, Arixeniidae and Hemimeridae
can be excluded, as these groups show a morphological
adaptation to a parasitic lifestyle (Haas 2003, Ren ef al.
2018).

Ren et al. (2018) reported two first-instar nymphs
in Myanmar amber, which show several similarities in
morphology, although they differ in size (3.45-3.50 mm in
Ren et al. 2018 vs. 1.8 mm of the herein reported nymphs).
Based on the morphology of neck (“forficuloid neck” in
Ren et al. 2018) and cerci, Ren et al. (2018) suggested
a possible ingroup position of their specimens within
Anisolabididae but could also not exclude a relationship
to Labiduridae. However, as dermapterans (adults and
nymphs) are still rarely described in Cretaceous amber
(e.g. Engel & Grimaldi 2014, Ren et al. 2017, 2018,
Mao et al. 2020) and data about the morphology of early
nymphs are lacking, a further reaching interpretation of
the here reported nymphs to a specific dermapteran in-
group remains uncertain.

Orthoptera
Amber piece 4 (repository number BUB 3193; Fig. 4)

contains three small “orthopteroid” appearing individuals.
In all three, the thorax appendage 3 (hindleg) is signifi-
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cantly larger than the two anterior ones. Also, the femur
(most proximal of the more elongate leg elements) is
proximally thicker, appearing swollen. This indicates that
all three are representatives of Orthoptera. Two specimens
are of the same size (1 and 2; about 1.1 mm in body length
without appendages), the third specimen is significantly
larger (about 2.1 mm), but otherwise appears rather
similar. In all three, the antenna is rather long (about 1.1
mm), especially in the larger one (about 1.6 mm). This
could indicate that these are representatives of Ensifera.
Cerci are well apparent, but not especially long (about
0.3mm and 0.2 mm respectively), no traces of developing
wings apparent.

Remarks to phylogenetic position. — Although the group
Orthoptera is very species-rich (more than 29,000
described species, Cigliano et al. 2021), representatives
of Orthoptera have been rarely described in Myanmar
amber up to now. Ross (2020) listed 11 formally described
orthopteran species in total (in Ross 2021 no additional
species were reported).

Many of the described species are representatives
of the, today extinct, group Elcanidae (e.g. Poinar et al.
2007, Pefnalver & Grimaldi 2010, Fang et al. 2015, Heads
et al. 2018, Kocarek 2020) which are characterised by
distinct tibial spurs. These tibial spurs are not present at
the here described specimens (Fig. 3, BUB 3150), so an
ingroup position within Elcanidae can be excluded.

As no developing wings are visible, the orthopteran
nymphs enclosed in specimen BUB 3193 likely represent
early instars (note: while it cannot be fully excluded that
these could be wingless forms, their habitus differs from
representatives of lineages where such entirely wingless
forms are known). There are no characters visible such
as a tympanum (hearing organ at the front leg) or colour
pattern. An ingroup position within Gryllotalpidae can
be excluded by the morphology of the forelegs. Besides
this, a further interpretation of the enclosed nymphs
remains rather speculative. However, based on tarsal
morphology and number of elements (less than four),
a shorter tibia than femur at the hindleg (Poinar ef al. 2020
and references therein) and general habitus, an ingroup
position within Gryllidae seems plausible.

Grimaldi et al. (2002) reported eight specimens (six
of the group Grylloidea), two nymphs putatively of the
group Grylloidea have been depicted. Recently, a late
instar of a female specimen of Gryllidae (Poinar ef al.
2020) was described (Pherodactylus micromorphus
Poinar Jr., Su & Brown, 2020). The here described
orthopteran nymphs (BUB 3193) cannot be conclusively
interpreted as representatives of any formally described
species (or genus) in Myanmar amber, as they differ
significantly in morphology, or the known specimens
represent adults or late immature stages. Due to the lack
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of data of orthopterans in Myanmar amber, but also of the
morphology of early extant orthopteran nymphs, a further
reaching interpretation is currently not possible.

Collembola

Amber piece 5 (repository number BUB 3162; Fig. 5)
contains several dozens of specimens, among them 71
very tiny specimens all of the same size (about 0.35 mm
without appendages) and shape. All the 71 specimens
have very short antennae and only a few abdomen
segments. This combination indicates that all the small
specimens are springtails, hence representatives of the
group Collembola. Further prominent syninclusions are,
for example, an orthopteran and a fulgoromorphan.

Remarks to phylogenetic position. — An ingroup position
of the collembolan specimen within Symphypleona
and Neelipleona can be excluded by the presence of
distinct visible segmentation of abdominal segments
and general habitus. The first thoracic segment is well
visible, abdominal segments are similar in length, and
a prominent furcula is not visible, which would also
exclude species within the group Entomobryomorpha
(Christiansen & Nascimbene 2006, Sanchez-Garcia &
Engel 2016). Therefore, the individuals enclosed in amber
piece BUB 3162 most likely represent Poduromorpha.
Thus, as details of mouthparts, antennae and other fine
structures are not accessible due to optical irregularities
of the amber and the small size of the specimens, a further
reaching interpretation is not possible.

Fossil representatives of Collembola can be found
in various deposits and time epochs in the fossil record
(summarised in Sanchez-Garcia & Engel 2016). Nearly
all descriptions of Collembola in Myanmar amber are
included in the extensive study of Christiansen & Nascim-
bene (2006), in which 122 specimens were described,
including 36 specimens of Poduromorpha (four of these
could be identified further by the authors).

Discussion
Case 1: Sociality in Neuroptera

Observation in the modern fauna. — Usually the group
Neuroptera is not considered when discussing sociality.
Especially many of the larvae are known to be strictly soli-
tary predators. They appear to be highly aggressive and
territorial; hence they are to be expected not to be grouping
together. Finding two larvae close together is therefore
rather unusual. Yet, there are some exceptions to the solitary
lifestyle among modern day representatives of Neuroptera.
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Figure 3. Amber piece with four earwig nymphs (repository number BUB 3150). A — composite image of the group of animals. B — colour-marked
version of A. Abbreviations: 1-4 — number of specimen; a — abdomen; at — antenna; cr — cercus; fe — femur; hc — head capsule; Ip — labial palp;

md — mandible; mp — maxillary palp; t — thorax; ta — tarsus; ti — tibia.

Larvae of Nevrorthidae have been reported to occur
in high abundances in fast-running streams in the extant
fauna (Malicky 1984), leading to closer proximity of
the individuals. It may therefore not be surprising that
also cases are known in which several individuals of
these larvae have been found in a single piece of amber
(Wichard et al. 2009; Haug, J.T. et al. 2020a).

Another good chance to find several individuals of
neuropterans together in amber is the moment of hatching.
Eggs are often laid in groups by the mother, hence when
hatching the individuals will be in close proximity
before dispersing (see discussion in Hornig et al. 2016).
Indeed, Pérez-de la Fuente et al. (2019) recently reported
such a spectacular case of hatching neuropteran larvae
preserved in Lebanese amber.

In some cases, the neuropteran larvae will furthermore
stay together after hatching, at least for some time, right
where they hatched. Such behaviour is known for the
larvae of certain owl flies (Ascalaphidae; Henry 1972).
Eggs have been laid by the mother on a twig, and the
larvae will remain on this twig closely together. If small
prey becomes available, it will be consumed by a single
individual, no sharing has been observed between the
larvae. Yet, if larger predators approach, all individuals
will perform a type of group defence: all of the larvae will
open their massive mandibulo-maxillary stylets to fear off
the predator (Henry 1972: fig. 9; simplified in Fig. 1D;
Aspock & Aspock 2007: abb. 41). Some type of defence
has been reported for a variety of owlfly larvae (West-
wood 1888, Froggatt 1907, Ghosh 1913, Tillyard 1926),
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yet it remains unclear whether this is in all cases such
a coordinated group defence as reported by Henry (1972).
Before moulting to the second larval stage, individuals
will leave the twig apparently disperse to live a strictly
solitary life. Yet, there is an indication that also adult
owlflies may form stable groups, coming together at
specific roosting sites (Gomes-Filho 2000).

Interpretation of the fossils. — The (at least) six specimens
of owlfly-like larvae in close proximity preserved in
a single piece of amber are challenging to interpret at first
glance (Fig. 1). Most modern owlfly larvae are aggressive,
also against their kin; hence it is extremely unlikely to
even find two of them close together. An exception would
be the moment of hatching. This seems unlikely to be the
case here. All specimens appear well sclerotised, hence
have already spent some time after hatching. If hatching
would not have been highly strictly synchronised, it would
not be expected to find six specimens close together. It
seems therefore more likely that the fossil larvae spent at
least some time actively aggregated together. The presence
of scoli, setiferous structures on their anterior trunk,
indicates that these should acquire camouflage at a certain
point in their life. Yet, none of the specimens shows
indication of camouflaging. This would be compatible
with these specimens representing stage 1 larvae still
forming a group with their siblings, similar to modern
owlfly larvae. In fact, even the arrangement in the amber
is reminiscent of the positioning of modern day defending
owlfly larvae (Fig. 1D, redrawn after Henry 1972). This
makes an interpretation of the amber piece as representing
such a case of group defence at least plausible.

The other amber piece is less simple to interpret (Fig. 2).
In how far could the finding of two owlfly-like larvae in
a single piece of amber be interpreted as an indication of
social behaviour? As pointed out, usually these predatory
larvae are aggressive, fierce and solitary predators. Hence
we should in principle not expect two of these larvae close
enough together to find them in a single, rather small
piece of amber. So, could these two larvae be just freshly
hatched and simply not yet having dispersed? Unlike in
the other amber piece, there are only two of them; hence
this could be more likely. Yet, both specimens apparently
have camouflaging objects on their back which must have
been actively collected, hence it is more than unlikely that
these larvae have just hatched.

Could these two larvae be part of a defending group?
There are so far only few depictions of groups of de-
fending owlfly larvae, yet in all cases, the condition of
the larvae is quite clearly different from the specimens in
amber at least in one aspect: the group-defending larvae
lack camouflaging objects (Henry 1972: fig. 9; simplified
in Fig. 1D; Aspock & Aspock 2007: abb. 41), hence as in
amber piece 1.
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This is not surprising, as there seems to be a clear
correlation: owlfly larvae are “naked” when sitting on
twigs, ground-living forms are carrying camouflaging
objects (Henry 1977). As the individuals performing
group defence in the modern fauna sit on a twig, they
are naked; as they do also not leave the twig before their
group defence, they do not have the opportunity to collect
objects for camouflaging. When leaving the defending
group, the individuals will start collecting debris for
building up their camouflaging (Henry 1977). At least
in some species performing coordinated group defence,
the dispersal appears to be strictly synchronised (Henry
1977). In such a case we could expect that around the
abandoned twig owlfly larvae remain in closer association
while they assemble their “camouflaging cloak™.

We can therefore speculate that the two fossil larvae
are indeed in this special phase of their life. Both of
them have a similar morphology, indicative of an early
stage owlfly larva; also the size is compatible with this
assumption. Both have already camouflaging debris on
their back, and still they have apparently been trapped in
close association to each other.

A mere by-chance co-occurrence of the two owlfly
larvae of the same type and the same developmental stage
seems more unlikely. Taken together these two pieces, we
conclude that the fossils provide an indirect indication that
temporary gregarious behaviour known in modern owlfly
larvae was already performed by more distantly related
lacewing larvae back in the Cretaceous.

Case 2: Sociality in Dermaptera

Observation in the modern fauna. — Many derived species
of earwigs are known to provide extensive brood care
and also show other types of sub-social behaviour (e.g.
Gilinther & Herter 1974, Lamb 1976). As a pre-requisite,
the immature earwigs must live in groups, otherwise the
mother could not care for her offspring (see discussion in
Hornig et al. 2016). These groups seem to stay also together
when the mother is absent, at least during the first nymphal
stage. Many species disperse shortly before moult-
ing to the next stage. Only in few species also stage two
nymphs remain in groups with the mother (Lamb 1976).

There is not only interaction between the mother and
the offspring, but there is also interaction between the
siblings, including exchange of food (Falk ez al. 2014,
Kramer et al. 2015). The group formation in earwigs
is therefore not only directly coupled to the care of the
mother; even if the mother is absent, the immature earwigs
have clear advantages by staying in a group.

Interestingly, group defence, as discussed above, has
not been reported in earwig immatures. The formation of
dense defence positions especially in groups of immatures
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Figure 4. Amber piece with three orthopteran nymphs (repository number BUB 3193). A — composite image of the group of animals. B — fluorescence
image of the group of animals. C — colour-marked version of B. Abbreviations: 1-3 — number of specimen; a — abdomen; at — antenna; cr — cercus;
hc — head capsule; t — thorax.

appears to be highly advantageous (e.g. Jolivet et al.
1990, Dury et al. 2014). Also earwigs indeed possess an
effective structure to fear off predators, their cerci. These
are not yet as massive and fierce-appearing as in adults,
yet already nymphs are able to grasp prey with their cerci,
and they also show aggressive behaviour using their cerci
(Matzke & Klass 2005). Still earwigs do not use these
structures in a group defence.

Instead, earwigs seem to disperse when disturbed
(Matzke & Klass 2005) and re-aggregate later. It is quite
astonishing that, although the group works effectively
together and all members of it possess structures that
could be used for defence, this is not used to perform
a coordinated defence. This is especially astonishing
as it appears to be a very effective strategy in so many
other groups (Henry 1972, Jolivet et al. 1990, Dury et al.
2014). Apparently, such group defence must be coupled to
a specific cost, acting against the presence of it in a group
such as Dermaptera.

Interpretation of the fossils. — The amber piece clearly
includes four nymphal earwigs (Fig. 3). All appear quite
similar, and differences can well be interpreted as caused
by preservational effects. The specimens could therefore
well represent several individuals from a group of nymphs

that hatched from the same clutch. Engel (2009) reported
a comparable find, remains of four nymphs preserved
in a small piece of French Cretaceous amber. Engel
(2009) argued that based on the elongated shape of the
proximal elements of the antenna the specimens could
only represent early stage nymphs, most likely first instar
nymphs. The same morphology can be seen in the here
reported specimens. Unfortunately, many details are not
accessible in the here reported specimens. Yet, it appears
that the tarsi are not subdivided into five tarsus elements,
but only into two or three; ocelli seem to be absent. This
would indicate an ingroup position within Neodermaptera.

Engel (2009) argued that the specimens in the piece
of amber he described being preserved close together is
indicative for parental care (see discussion in Hornig et al.
2016). As discussed above, the mother might in fact have
already abandoned the nymphs, but they could still have
stayed together; this also applies for the here presented
fossil. In any case, earwigs apparently have performed
a kind of social behaviour 100 million years ago.

Specimens in BUB 3150 represent a rare case of
several early (presumably first) instar dermapterans
preserved in one amber piece, which is an important
finding for reconstruction of the evolution of brood care
within the group.
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Case 3: Sociality in Orthoptera

Observation in the modern fauna. — Different repre-
sentatives of Orthoptera are well-known for forming
groups, i.e. showing gregarious behaviour. This seems to
be strongly coupled to the density of individuals, which
appears to be limited by different factors, such as food
availability (e.g. Szinwelski et al. 2015). Some species are
specifically famous for their facultative adult gregarious
forms forming gigantic swarms with enormous ecological
and also socio-economical impact, most notably
Schistocerca gregaria (Forskal, 1775) (e.g. Simpson et al.
2001, 2002) and Locusta migratoria Linnaeus, 1758 (e.g.
Ellis 1953, Greenwood & Chapman 1984).

Forming groups appears to be beneficial in several
aspects for orthopterans. Aggregation apparently prohibits
dehydration (Yoder et al. 2002), i.e. group formation
changes the micro-climate (Bell et al. 2007; see also
discussion in Hornig et al. 2016). It has furthermore been
observed that immature (= nymphal) orthopterans living
in a group develop faster, i.e. need fewer instars to reach
adulthood (Watler 1982). The exact cause seems to be still
unclear. Food sharing between siblings or extended care
by the mother seem not to be present in such groups. The
aggregation of immatures is active, i.e. they use chemical
traits (McFarlane et al. 1983), more precisely phero-
mones (Nagel & Cade 1983) to keep the coherence of the
group.

Similar to the case in earwigs it is partly surprising that
there is no group defence behaviour known it orthopterans.
As lain out for earwigs, orthopterans are capable of
defending themselves effectively. Their third thoracic
appendages or hindlegs bear numerous spines and are able
to perform a destructive defensive kicking motion (Field
1980, Burrows & Wolf 2002). With the same musculature
also an escape jump can be performed. It seems more
likely that threatened groups of orthopterans will disperse
by escape jumps and later re-aggregate (comparable to
earwigs).

Interpretation of the fossils. — The three orthopteran
nymphs are preserved closely together, even overlaying
each other (Fig. 4). The nymphs differ significantly in size.
This indicates that they are different nymphal stages. The
literature gives no detailed information about the structure
of modern groups of nymphs, but it seems reasonable
that such groups include individuals of different stages.
It seems not too common to have several orthopterans in
a single piece of amber. Hence the fossil piece is a rare
case. Still this case is less simple to interpret compared
to the ones above. Larvae of Ascalaphidae and nymphs
of Dermaptera in later stages are known to be highly
aggressive and territorial. Hence, it is unlikely to find
them together just by chance. Modern orthopterans are
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not known to show such a strong aggressiveness. It could
therefore well be possible that the three nymphs did not
actively aggregate but were just embedded together by
chance because there were rather high abundances of
individuals. It remains therefore partly unclear if the fossil
specimens are indicative of active aggregation behaviour.
Still the find is rare, and it is still possible that we face
active aggregation in orthopterans already 100 million
years ago.

Case 4: Sociality in Collembola

Observation in the modern fauna. — Springtails (Col-
lembola) are even less recognised for showing social
behaviour than the groups discussed above. Despite that,
springtails are well known to be attracted by chemical
substances (e.g. Salmon et al. 2019), resulting in aggre-
gations of individuals (e.g. Usher 1969, Verhoef &
Nagelkerke 1977). This includes interspecific chemical
factors (kairomones) such as excreta of earthworms
(Salmon & Ponge 2001), but also active intraspecific
chemical factors, i.e. pheromones (Purrington et al.
1991, Manica et al. 2001, Benoit et al. 2009). The active
aggregation appears to provide several benefits for the
springtails: 1) Living in groups appears to change the
micro-climate and with this reduces water loss (as also
discussed for Orthoptera). 2) It increases mate access.
As many springtails are part of the soil fauna, mobility is
limited by the environment and hence finding a possible
mate is more challenging. Actively stabilising groups is
therefore beneficial in this aspect. 3) Partly coupled to
point 2, active aggregation overall stabilises populations
of Collembola in areas with adequate food and moisture
resources. Furthermore, the same pheromone triggers egg-
laying of females. In combination, it will allow immatures
to develop in optimal habitats. Springtails are not known
to show further-reaching aspects of interaction. There is
no report on brood care, food sharing or group defence.

Interpretation of the fossils. — The amber piece includes
a vast number of specimens (more than 70; Fig. 5),
possibly representing Poduromorpha. All specimens
appear to be more or less of the same, rather small size.
They are, based on their size, most likely immature forms.
The amber piece also shows quite some syninclusions:
(a) a rather large and not very well-preserved specimen,
most likely a representative of Auchenorrhyncha (close
to specimen 10); (b) a larger specimen, possibly a nymphal
stage of Orthoptera (close to specimen 71); (c) a smaller
beetle (close to specimen 28); (d) a possible spider (close
to specimen 13); (e) isolated legs most likely of representa-
tives of Insecta (one, for example, close to specimen 9);
(f) a lot of dirt.
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Figure 5. Amber piece with >70 individuals of Collembola (repository number BUB 3162). A — composite image of the group of animals.
B-D — close-up images of several individuals shown in A. Abbreviations: 1-71 — number of specimen.

The amber piece most likely formed at the ground,
preserving a piece of the soil fauna. However, as rafting
in open water was observed in Collembola linked with
huge aggregations of individuals (e.g. Hawes et al. 2008),
also capturing of the collembolans in fresh resin on water
surface would be in principle possible, as also other marine
arthropods are known from Myanmar amber (e.g. Schédel
et al. 2021). The fact that all specimens have the same size
could indicate that all specimens originated from a single
clutch of eggs. The close association of the specimens may

therefore not represent a case of active aggregation, but
instead a time phenomenon, i.e. they might simply not yet
have dispersed. Still, we can also suggest that these forms,
like their modern representatives, actively grouped together
to stabilise their population and future mating chances.
The amber piece is at least compatible with such an inter-
pretation. There are two similar cases described for Col-
lembola; one piece of Spanish amber (of Albian age) with
45 individuals (Sanchez-Garcia et al. 2018) and a further one
of Dominican amber (Miocene; Poinar Jr & Poinar 1999).

81



Bulletin of Geosciences * Vol. 97, 1, 2022

Conclusions

Preserved cases of fossil representatives of Insecta per-
forming possible active gregarism have rarely been
described in the literature. This is not necessarily due
to only rare findings of fossilised groups of conspecific
individuals (with more than three individuals), but
possibly due to the point that gregarism (or aggregation
behaviour) of fossil species appears to be rarely regarded
as sufficiently important to be reported.

The four cases discussed here may all represent the
active aggregation of immature representatives of Insecta.
The individual cases are more or less well-founded yet
remain possible cases without strong indications for
sociality. This is not only caused by the fact that fossil
finds are difficult to interpret. It is also caused by our
still quite limited knowledge of extant counterparts. This
is astonishing as all discussed cases show behaviour
aspects associated with eusocial behaviour, a phenom-
enon of central interest for evolutionary-ecological
research.

All the cases discussed here indicate that there is no
strict order in the evolution of social behaviour. Modern
larvae of Ascalaphidae, i.e. owlflies, do not show most
of the aspects of social behaviour, but perform a highly
specialised type of group defence. Nymphal orthopterans
and even more so earwigs show more aspects of social
behaviour, yet do not perform group defence. This is partly
astonishing as both are in principal equipped to perform
such actions. It therefore seems that the behavioural
aspects characterising eusociality can evolve in a rather
mosaic-like pattern.

The fossils presented here provide possible minimum
ages for such types of behaviour in these groups.
Especially in the case of owlfly relatives this seems well
founded. Also, in the case of earwigs it seems likely, and
also represents the second such record (Engel 2009). For
orthopterans and collembolans, the interpretation as cases
of active aggregation is possible but not compelling.

Finding fossils together in a single piece of amber
should always trigger the question: why are these two (or
more) specimens preserved together? Furthermore, the
findings presented here should trigger more research on
extant animals; currently, our knowledge on the evolution
of sociality is still heavily underdeveloped.
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