
Citation: Lukashevich, E.D. Where

the Immatures of Triassic Diptera

Developed. Diversity 2023, 15, 582.

https://doi.org/10.3390/d15040582

Academic Editors: Uwe. Kaulfuss

and Luc Legal

Received: 1 April 2023

Revised: 14 April 2023

Accepted: 19 April 2023

Published: 21 April 2023

Copyright: © 2023 by the author.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

diversity

Review

Where the Immatures of Triassic Diptera Developed
Elena D. Lukashevich

Borissiak Paleontological Institute, Russian Academy of Sciences, Moscow 117647, Russia;
elukashevichhh@gmail.com

Abstract: Immature Diptera are more diverse and abundant in fresh water than any other insect order.
The question arises whether the earliest dipterans, known from the Upper Buntsandstein of Europe
(early Anisian, Middle Triassic), already developed in water and whether such mode of life was inher-
ited from the ancestor of the order or if, alternatively, the dipteran larvae were ancestrally terrestrial.
Nematoceran immatures have become common and diverse in the Mesozoic fossil record since the
Middle Jurassic, but the vast majority of them represent only two culicomorphan families, Chaobori-
dae and Chironomidae. Earlier records and records of immatures of other families from the Mesozoic
are extremely rare. A total of four larvae and about 30 pupae have been described from Anisian
assemblages of France and Spain. Among these, one larva clearly belongs to Culicomorpha, the
infraorder most closely associated with fresh waters, and one larva to Bibionomorpha, the infraorder
most closely associated with terrestrial habitats, while the rest are hard to classify. Nevertheless,
most of the pupae are morphologically similar to the semi-aquatic pupae of extant Limoniidae and
Ptychopteridae from wet habitats. The oligopneustic respiratory systems of the Anisian larvae and
their apparently allochthonous burial also suggest their semi-aquatic development, which appears
to have been the ancestral mode of life of Diptera. The absence of dipteran immatures in lacustrine
Konservat-Lagerstätten of the Madygen and the Cow Branch Formations (Ladinian–Carnian and
Norian, respectively) is explained by the aquatic conditions being unfavorable for insect immatures
and invertebrates in general.

Keywords: Anisian; Grès à Voltzia; larvae; phytotelmata; respiratory system; semi-aquatic mode
of life

1. Introduction

Diptera is the most aquatic of all insect orders, even though the majority of dipteran
species develop in terrestrial habitats. If all the free-living dipterans that require a wet
environment during the larval stage are classified as aquatic, then “forty-one (26%) of
the 158 families of Diptera have aquatic representatives. These 41 families are scattered
throughout the dipteran phylogeny and include nearly 46,000 aquatic species worldwide
. . . , representing about 30% of all formally described species of Diptera. Thus, Diptera
have more aquatic representatives than any other order of insects—at least three times
more than the Coleoptera and Trichoptera” [1]. Among the nematocerans, to which this
review will be limited, the share of aquatic taxa is even higher. More than half of the
nematoceran families have such members; these include all 17 families of Psychodomorpha,
Culicomorpha, and Tipulomorpha, with the exception of Trichoceridae (the infraorder
concept generally follows the classification of Hennig [2,3]). Additionally, selected species
of some bibionomorphan families (e.g., Bibionidae, Scatopsidae, Cecidomyiidae, Sciaridae)
are known to be water dependent [4,5].

Immatures of only a few nematoceran families use dissolved oxygen for respiration
and are strictly aquatic. For example, the larvae and pupae of Blephariceridae and Simuli-
idae dwell in streams without any contact with the atmosphere. The larvae of all the six
extant genera of Chaoboridae are also strictly aquatic, but, in some of these genera, they
are capable of aquatic respiration and never rise to the water surface to breathe, while,
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in others, the larvae rise to the surface to take in oxygen directly from the atmosphere.
Moreover, the chaoborid Mochlonyx velutinus (Ruthe, 1831) alternates the two modes of
larval respiration between its two annual generations [6].

Much more often, the larvae of large families, such as Limoniidae, Psychodidae,
Chironomidae, and Ceratopogonidae, occur in a wide variety of habitats, ranging from
entirely terrestrial to strictly aquatic ones, including lakes and rivers [5,7]. The larvae of
only a few nematoceran taxa can live at depths exceeding their own body length, while
the majority is restricted to edges of pools and streams and other habitats very near water
level, where they can reach the atmospheric air by spiracles at the abdominal apex [8]. For
example, the larvae of the psychodid subfamily Psychodinae are strictly aquatic in some
species, but, in the vast majority of species, they develop in diverse semi-aquatic habitats
on exposed muddy shorelines “where conditions fluctuate between aquatic and terrestrial
according to seasonal and climatic variation . . . Some burrow in marginal accumulations
of mud and silt; others creep between layers of fallen leaves . . . , in films of water over half
submerged leaves or stones . . . , among fluviatile mosses and filamentous algae on rocks
. . . , in water filled tree-holes and other phytotelmata” [9] (p. 754).

2. Hypothetical Ancestral Lifestyle of Dipteran Larvae

The question arises whether the dipteran larvae have been ancestrally terrestrial or
aquatic and whether paleontological data can solve this long-standing issue. Edwards [10]
considered feeding on decaying organic matters, such as rotten wood or rich humus, as
ancestral for dipteran larvae, whereas the lineages with aquatic larvae have derived from
the terrestrial ones. Hinton [11] argued that the development of spiracles during the
ontogenesis clearly indicated that the larvae of the first dipterans had been submerged, but
a reduction of legs could rather occur in the larvae living not in water but in a liquid or
semi-liquid nutritious substrate. “The ancestral dipterous larva could hardly have been
aquatic, since among recent insects there is not a single instar of larva losing its legs after
it has become aquatic; and the complete absence of legs in the Order is one of its most
conspicuous features. I believe that the prototype of the Diptera had a larva which lived in
liquid or semi-liquid decaying vegetable matter, possibly fungi” [11] (p. 469).

Kovalev [12] suggested that the first dipteran larvae dwelt under bark of submerged
rotting trees, such as the larvae of extant Eutanyderus Alexander, 1928 from Australia [13].
He came to this idea by observing a resemblance between nematoceran wings from the
Triassic locality Dzhailoucho (Madygen Formation, Kyrgyzstan) and the wings of Tany-
deridae (the family not found at this locality). My own experience of collecting tanyderid
larvae and pupae in Chile and Australia [14,15] suggested that such a boring mode of life
is indeed widespread among extant Tanyderidae of the Southern Hemisphere. Both larvae
and pupae stay inside submerged rotting logs until the adult moult; thus, as a rule, neither
larval nor pupal exuviae move into the water.

For a long time, Triassic deposits yielded only adult dipterans, usually as isolated
wings. At first sight, the hypothetical ancestral lifestyle, suggested by Kovalev, would well
explain not only the loss of the larval legs, useless under the bark, but also the rarity of the
oldest dipteran immatures in the fossil record. However, new Triassic findings allow us to
take a fresh look at this problem.

3. Larval Respiratory System and Mode of Life

The respiratory system seems to be the key to life in water. Seven types of tracheal
systems are recognized in Diptera after Keilin [16]. Three of these are polypneustic, with
numerous functional spiracles: holopneustic, with 10 pairs (on the prothorax, metathorax,
and each of eight abdominal segments); peripneustic, with 9 pairs; and hemipneustic, with
8 pairs. The remaining four types are oligopneustic: amphipneustic, with two pairs of
spiracles, anterior and posterior; propneustic and metapneustic, with only one pair, anterior
or posterior, respectively; and apneustic, without functional spiracles. Keilin came to the
conclusion that all holometabolous larvae have 10 pairs of spiracles during all stages, but
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some spiracle pairs usually remain non-functional. Holopneustic larvae occur rarely, for
example, in the dipteran families Bibionidae, Cramptonomyiidae, and Pachyneuridae [11,
17,18]. Polypneustic respiratory systems are ancestral for holometabolous larvae. They are
typical of Mecoptera [11], including the only extant mecopteran family with aquatic larvae,
Nannochoristidae (hemipneustic) [19]. Among dipteran larvae, polypneustic systems are
known only in the larvae of Bibionomorpha, which are terrestrial. This can be viewed as an
argument in favor of the terrestrial development of the first Diptera.

The larvae of Bibionomorpha are predominantly terrestrial and, therefore, are not
usually included in manuals on freshwater Diptera [20,21]. However, the larvae of some
bibionomorphans develop in phytotelmata, i.e., small water-filled cavities on terrestrial
plants such as tree holes and leaf bases of Bromeliaceae, and other water environments.
Even some holopneustic bibionid larvae occur in semi-aquatic conditions. For example,
Pentethria funebris Meigen, 1804 has been collected from wet soil along the side of a brook [5,
22]. Peripneustic and hemipneustic respiratory systems of various bibionomorph larvae do
not seem to preclude aquatic or semi-aquatic life. The larvae of some Cecidomyiidae and
Sciaridae occur in water-filled bamboo stumps [23], and the larvae of some Scatopsidae are
aquatic [24]. The larvae of the scatopsid Holoplagia richardsi (Edwards, 1934) occur in water-
filled tree holes together with typical dendrolimnobic psychodids, Telmatoscopus advena
(Eaton, 1893). Other scatopsid larvae have been found to be madicolous, developing in
small springs and brooklets inside a very thin, not exceeding 1–2 mm, film of flowing water
together with the larvae of Ephemeroptera, Trichoptera, and Psychodidae. “Compared
with those of terrestrial Scatopsidae, the aquatic larvae apparently do not display any
peculiar adaptation to aquatic life. The respiratory system is apparently peripneustic in the
last instar as in all other known genera of the family and there is no unusual regression
either of the tracheal system or of the spiracles” [24] (p. 49).

The indication “in the last instar” is very important. During the course of larval
development, the number of functional spiracles often increases [11]. Among Diptera, this
has been described in detail, for example, in Tanyderidae: the larvae of Tanyderus pictus
Philippi, 1865 progressively change from the apneustic 1st instar through the metapneustic
2nd instar to the amphipneustic 3rd and 4th instars (Figures 27–30 and 33–41) in [14].

Polypneustic dipteran larvae also pass during their development through oligop-
neustic stages [16]. Usually the youngest stage is metapneustic, with only the posterior
spiracles functional, as in the first instar of Bibionidae [25]. The second-instar larvae of
Bibio Geoffroy, 1764 and Dilophus Meigen, 1803 also lack a complete set of functional spir-
acles [26]. The developmental sequence metapneustic–amphipneustic–peripneustic has
been recorded in Scatopsidae [11] and can be presumed for other bibionomorphan families
developing in aquatic and semi-aquatic habitats. Hinton concluded [11] (p. 466) that “a
metapneustic first instar is an adaptation to life in fluids, and its common occurrence in
the Diptera is further evidence that the archetype of the Diptera had a larva that lived
in fluids”.

The last-instar larvae of Tipulomorpha, Psychodomorpha, and Culicomorpha are
oligopneustic (Table 1). Such respiratory systems occur in both aquatic and terrestrial larvae.

In a broad general way, the degree to which the functional spiracles are reduced
indicates the degree to which the larva is adapted to life in water [11]. Thus, it is not
surprising that only the 4th instar is hemipneustic in the mecopteran family Nannocho-
ristidae, whereas the first three aquatic instars are apneustic, with all of their spiracles
non-functional [19]. In other Mecoptera and in numerous other insect orders, terrestrial
larvae are polypneustic in all instars since the first one [11,27,28].
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Table 1. Respiratory systems in the last larval stage and finds of Mesozoic immatures in aquatic
families of Tipulomorpha, Psychodomorpha, and Culicomorpha sensu Hennig.

Family Amphipneustic Metapneustic Apneustic Other Types Mesozoic
Larvae Mesozoic Pupae

Limoniidae + + pp
Pediciidae +
Tipulidae +

Cylindrotomidae +

Ptychopteridae + ll pp
Tanyderidae + + l
Psychodidae + + l

Blephariceridae +
Deuterophlebiidae +
Nymphomyiidae +

Dixidae +
Corethrellidae +
Chaoboridae + + lll ppp

Culicidae +
Chironomidae + + lll ppp

Ceratopogonidae +
Simuliidae + ll p

Thaumaleidae +

l—larva; p—pupa; ll and pp—more than 5 specimens of larvae or pupae, respectively; and lll and ppp—more than
100 specimens of larvae or pupae, respectively.

4. Larval Respiratory System in Mesozoic Members of Extant Families

It would be worth comparing the tracheal systems of extinct and extant members of the
extant families; however, Mesozoic larvae are so insufficiently known that no comparison
can yet be made. Nematoceran immatures have become common and diverse in the
Mesozoic fossil record since the Middle Jurassic, but the vast majority of them represent
only two culicomorphan families, Chaoboridae and Chironomidae [29,30] both known
from the Triassic [31,32]. Mesozoic records of larvae of other extant families are extremely
rare and, to my knowledge, only a few such larvae have been described (Table 1). These
represent three oligopneustic respiratory types:

- amphipneustic, larvae of Jurassic Tanyderidae [33];
- metapneustic, hypothesized for Jurassic (and probably Cretaceous) Ptychopteridae

and Jurassic Psychodidae, based on the presence of a long respiratory tube at the apex
of their abdomens, possibly with a pair of posterior spiracles at the apex, as in extant
members [29,34];

- apneustic, larvae of Cretaceous Simuliidae [35].

In all these cases, the tracheal systems are similar to those of the recent members of each
family. Additionally, two large larvae of a supposed trichocerid “Trichonomites” aquaticus Kalug-
ina, 1986 have been described, without any mention of the tracheal system, from the Lower
Cretaceous of Mongolia [36]. Later, the species was synonymized under Paleotrichocera mon-
golica Kalugina, 1986, the only trichocerid species at the locality, based on its compact head
capsule and the secondary partition of abdominal segments typical of Trichoceridae [37].
The authors agreed that the proportions and length of the larvae suggested an aquatic
habitat. “Recent terrestrial larvae are of more stout, compact shape. If our interpretation
were right, then this species would be exceptional among Trichoceridae in having aquatic
larvae” [37] (p. 72).

Re-examination of the holotype in the course of the present study revealed the pres-
ence of a distinct pair of large posterior spiracles and, possibly, a pair of smaller, anterior
spiracles (Figure 1). Thus, the larva appeared to be amphipneustic, as in the recent Tri-
choceridae. However, its familial affinity is doubtful because the pattern of abdominal
pseudo-segmentation is rather similar in the larvae of three families, Trichoceridae, Psy-
chodidae, and Anisopodidae. In extant Trichoceridae, larval abdominal segments are
each secondary subdivided by folds into two or three subequal parts. In contrast, in the
larva under discussion, one incomplete ring in the anterior one-third of each of the seven
abdominal segments looks like a narrow tergal plate or a dorsal creeping welt (Figure 1),
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similar to those of the psychodid genus Trichomyia Haliday in Curtis, 1839, which is a
specialized wood-borer (Figure 59) in [17]. Moreover, the Cretaceous larva is also micropi-
lose, thin, more than 10× as long as wide, without terminal setae, and less sclerotized,
similar to Trichomyia [38]. A Cretaceous adult Trichomyia has been described from Burmese
amber [39] but has not been confirmed yet. However, the larvae of Trichomyia are distinctly
smaller; moreover, no members of Psychodidae or Psychodomorpha are known from the Lower
Cretaceous of Western Mongolia [36]. Thus, wood-boring can be hypothesized, but the larvae
cannot be classified with confidence, and the synonymy proposed by Krzemińska et al. [37] is
not accepted herein.
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Figure 1. Larva of “Trichonomites” aquaticus Kalugina, 1986, holotype, from Gurvan (Early Cretaceous);
SEM photo, uncoated specimen, LVSTD detector. (a) head and thorax on the counterpart. (b) total
view of the part. (c) apex of the abdomen on the part. (d) first abdominal segments on the part. Scale
bars, 1 mm. Arrows mark the anterior and posterior spiracles.
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Lacustrine deposits are the main source of paleoentomological material [40]. There-
fore, the abundance of fossil immatures of Chaoboridae and Chironomidae appearing in
the record since the Middle Jurassic clearly indicates that at least these culicomorphans
dwelt in aquatic, usually lacustrine, habitats. The rarity of other nematoceran immatures
suggests their occasional, allochthonous burial. Apparently, they developed far from the
taphonomic window, for example, in lotic habitats (streams and seeps), phytotelmata, or
riparian wetlands (edges of streams and marshes), where the extant members of Simuliidae,
Tanyderidae, Psychodidae, and Ptychopteridae occur [21].

5. On the Absence of Dipteran Immatures in Some Triassic Lacustrine
Konservat-Lagerstätten

Molecular data have placed the origin of the crown group and main infraorders
of Diptera at approximately 265–267 Ma [41]. Such an estimated Permian origin is not
supported by fossil record. No Diptera have yet been found in the Permian, despite the
fact that numerous Permian localities have yielded a great number of diverse insect fossils.
The latter included some 10,000 impressions from Russia, housed at the Paleontological
Institute in Moscow. The oldest dipterans are known since the early Middle Triassic,
i.e., the Upper Buntsandstein (early Anisian) of Spain, Germany, and France [42–46].

The fossil record of Diptera in the Triassic is poor: only a little over a dozen sites
from all continents except Antarctica have yielded dipterans [47]. Most such sites have
yielded but a few dipteran wings. Diverse and relatively numerous dipterans have been
collected only at three localities: the Grès à Voltzia in France (early Anisian), the Madygen
Formation in Kyrgyzstan (Ladinian–Carnian), and the Cow Branch Formation in the USA
(Norian) [43,48,49]. Sediments at the two latter localities appear to have been formed in
lakes with harsh water conditions, which adversely affected aquatic organisms.

In lacustrine sediments of the Cow Branch Formation, no gill-bearing nymphs of
the amphibiotic orders Odonata, Plecoptera, Trichoptera, and Ephemeroptera have been
found (and no adult mayflies), which strongly suggests poor water quality [50]. Indeed,
sedimentological and geochemical analyses reconstructed the ancient “Lake Solite” as
saline, alkaline, and probably shallow. It could have been similar to modern dolomite
lakes of South Australia, where the water is toxic to gill-bearing nymphs, aquatic larvae,
and other sensitive groups [51]. Therefore, the diversity of adults combined with the lack
of immatures of Diptera at the Cow Branch Formation [49] suggested that the dipterans
developed some place nearby but not in the lake.

The diversity of adults and the lack of immatures of Diptera in lacustrine sediments
of Dzhailoucho, the northern area of the Madygen Formation [48], can be explained in a
similar way. Amphibiotic Odonata, Plecoptera, and Trichoptera account for only 1% of
more than 20,000 fossil insects collected there and about 10% of some 500 described species,
being represented exclusively by adults. No adult Ephemeroptera and only two fragments
of mayfly nymphs have been reported among specimens collected there by expeditions of
the Paleontological Institute of the Soviet (now Russian) Academy of Sciences, Moscow,
in 1957–1971 [52]; one nymph was listed later [53]. In fact, one of those nymphs does not
belong to mayflies [54], and another has been erroneously reported from Dzhailoucho,
while it actually came from Lower Jurassic deposits overlying the Madygen Formation in
the southeastern area of Madygen (Sinitshenkova, pers. comm., 2023). No nymphs have
been found at Dzhailoucho during more recent (2006–2009) expeditions either (Bashkuev,
pers. comm., 2023). The complete absence of immatures of amphibiotic insects suggests
that water characteristics of the ancient lake at Dzailoucho have been unfavorable for them.
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One recent find may be interpreted as contradicting the above hypothesis. An isolated
wing from Dzhailoucho has been described as Triassomyia Lukashevich, 2022, the first
record of Culicomorpha at the locality and the oldest known representative of Chaoboridae,
one of those few families with extant species developing exclusively in water and never
in wet ground or other semi-aquatic habitats [32]. Since the Middle Jurassic, chaoborids
flourished in Jurassic and Early Cretaceous fresh waters of Asia; their immatures and/or
adults often quantitatively dominate in taphocenoses [29,30]. In contrast, no immatures and
only two chaoborid wings have been described from the Lower Jurassic [55,56] and a single
wing from the Triassic [32]. The absence of larval imprints from a collection usually leaves a
chance that the larvae have been overlooked in the field since they are often small, delicate,
and transparent in a fossilized state. However, the absence of immatures of Chaoboridae
cannot be explained by such a collection bias. The head capsules with mandibles of the
chaoborid larvae and their anal fans are easily spotted in the field by an expert collector
(such as all PIN paleoentomologists who worked in Dzhailoucho). Moreover, the lion’s
share of chaoborid imprints usually represent the pupae—dark, rather rigid, and, unlike
the larvae, not easily damaged during transportation. Chaoborid pupae often dominate in
insect taphocenoses, whereas no chaoborid immatures have been found at Dzhailoucho in
the field or, subsequently, in the lab. Most probably, Triassomyia larvae developed in small
and/or temporary water bodies near the large lake at Dzhailoucho, which helped them
avoid pressure of abundant and diverse fish predators, as has been observed in some extant
chaoborids [57]. Such ecology may account for the extreme rarity of Triassic chaoborids in
lacustrine deposits.

In a comprehensive paper by Voigt and coauthors, the second trophic level of the food
pyramid at the Madygen Formation is represented by molluscs, crustaceans, aquatic insects,
and insect larvae, the latter being illustrated as a chaoborid (Figure 15) in [58]. In fact,
only ostracods are known from Dzhailoucho in large numbers; only a single specimen of
conchostracans and kazacharthrans each, and no insect immatures, bivalves, or gastropods
have been recorded there [58].

As for the Coleoptera, which constitute more than half of the insects collected at
Dzhailoucho, different opinions have been expressed about their habitats. It is usually
assumed that most beetles from the Madygen Formation had been unspecialized aquatic or
semi-aquatic predators and detritivores occurring on both sides of the shoreline, although
no forms adapted for swimming have been found among them [53,59]. Most of these
beetles have been classified as Schizophoridae and Triaplidae; however, neither of these
families display specific adaptations typical of aquatic beetles. For example, the “schiza”—an
elytro-thoracic interlocking device—can scarcely be a reliable indicator of aquatic or semi-
aquatic modes of life; moreover, it has not been recorded in most Schizophoridae from
Dzhailoucho [60,61].

6. Anisian Diptera

The oldest known fossil Diptera come from European Anisian deposits of similar age.
The fossiliferous beds of the Estellencs Formation of Mallorca, Spain are dated as Aegean,
which are slightly older than the Röt Formation in Germany and the Grès à Voltzia of the
Vosges (hereinafter referred to as the Vosges) in France, both dated as Bithynian [44,62–65].
The number of collected dipterans varies between the localities dramatically: a single wing
was found in the Röt Formation [45], a single larva and two pupae at the Pedra Alta site
(upper part of the Estellencs Formation) [46], and about 70 adults, 30 pupae, and 3 larvae
in the Vosges [66].

The assemblage of Anisian insects of the Vosges is diverse, and, among the nematocer-
ans, three of the four infraorders sensu Hennig [2,3], Tipulomorpha, Psychodomorpha, and
Bibionomorpha have been described based on adults [42,43]. No adult Culicomorpha, the
infraorder most closely associated with fresh waters, were found.

Among these three Anisian outcrops, only in the Rőt Formation, the fossil fauna is
not distinctly aquatic. The only autochthonous element in that assemblage, which may
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have been associated with water, are quite numerous Dasyleptus Brongniart, 1885 (Monura),
whose lifestyle was probably semi-aquatic [67]. There is no evidence of other aquatic insects,
such as mayfly nymphs, in the Rőt Formation [44]. In contrast, in both the French Vosges
and the Spanish Pedra Alta site, diverse aquatic communities occurred without doubts. For
outcrops of the Vosges a deltaic area is reconstructed, an environment transitional from
nearshore to terrestrial, with unstable and occasionally harsh conditions, with numerous
shallow drying pools, thus “it is evident that organisms must have suffered great variations
in temperature, oxygen and salinity as time passed” [68]. Nevertheless, these unstable
pools were suitable for numerous insect immatures, including nymphs of eight families
of Ephemeroptera [69]. Sinitshenkova [70] characterized the Anisian insect assemblages
of France and Spain as assemblages of one type: “taxonomically diverse assemblages
dominated by various mayflies (including the burrowing ones), with considerable diversity
of other aquatic insects and absence of aquatic bugs, recorded from deltaic sediments and
probably representing the fauna of slow-flowing lowland channels and small ponds with
soft bottom”. This conclusion was recently confirmed based on new data [65]. Such rich
aquatic assemblages must have preserved dipteran larvae if they occurred in or near water
during that time.

Indeed, Grauvogel [71] noted dipteran pupae among his finds in the first paper on the
fauna of the Grès à Voltzia of the Vosges; later, numerous dipteran larvae were reported by
Marchal-Papier [72]. As a result, the share of Diptera in the total number of collected insect
specimens of the Vosges was estimated as 5.3%, which was unusually high for Triassic
assemblages, with more than half of these being larvae [72], which is a unique case in
the Triassic. Our revision of the Vosges collection demonstrated that numerous pupae
(about 30, mostly exuviae) were diverse and, undoubtedly, belonged to Diptera [66]. This
contradicts the hypothesis suggested by Kovalev [12] discussed above that the earliest
dipteran larvae developed and pupated inside submerged tree trunks. At the same time,
only three dipteran larvae have been confirmed, whereas many supposed ones turned out
to represent other orders, mostly Ephemeroptera; thus, the previous estimate of the share
of Diptera was at least twice the real value [66].

Two of three larvae from the Vosges are nematoceran without a doubt, but the third
larva (gen. sp. 7) lacks the head capsule; thus, its attribution is unclear; all three described
larvae are metapneustic (Figure 2). One larva, Anisinodus Lukashevich et al., 2010, turned
out to be a member of Chironomoidea of an uncertain family. Therefore, this most aquatic
infraorder is now known from as early as the Anisian [66]. It is worth to mention that only
madicolous midges Thaumaleidae are amphipneustic at the last larval stage among extant
Chironomoidea, whereas Simuliidae, Ceratopogonidae, and the vast majority of Chirono-
midae are apneustic (Table 1). Only several extant genera with metapneustic larvae have
been recorded among Chironomidae: the posterior spiracles on the abdominal segment
VIII are functional in madicolous larvae of some closely related genera of Podonominae,
Afrochlus Freeman, 1964, Archaeochlus Brundin, 1966, and Austrochlus Cranston, 2002. Their
larvae develop in small temporary streams shortly after seasonal rains flood the vegetative
soil on rocks; they aggregate in shallow films of water or occupy moist interstitial spaces
in the moss, keeping their posterior spiracles at the water surface [73–75]. “Metapneustic
spiracles are probably beneficial in these hygropetric or moss habitats, where dissolved
oxygen may be scarce” [75] (p. 326).
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of Anisinodus crinitus Lukashevich et al., 2010. (b) gen. sp.7; no. 9073, apex of the abdomen. (c,d) gen.
sp. 8; no. 9347, apex of the abdomen on the counterpart and total view of the part. The arrows mark
the posterior spiracles.
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Such modes of life during the larval stage are currently widespread among Diptera:
immatures of over 40 recent dipteran families develop in semi-aquatic habitats. In most of
these families, the larvae depend on the atmospheric air and cannot survive prolonged sub-
mersion in water; thus, they are usually restricted to very shallow water or wet shores [66].
As already mentioned above, most species of the large families, such as Limoniidae, have
metapneustic larvae, which rise to the water surface to breathe atmospheric air (Table 1).
Fully aquatic larvae are less common; they can occur in the benthic zone of fast-flowing
rivers and streams, being apneustic and living entirely submerged [7].

During the early Anisian, Central Europe and Iberia (including Mallorca) have been
areas of the palaeoequatorial Pangaea with similar, semiarid climates [65]. A deltaic
area with slow-flowing lowland channels in wet warm climate was reconstructed for the
Vosges [62,68] and meandering rivers and floodplain for the Estellencs Formation [65].
Both deltaic environments, apparently, provided ample microhabitats for semi-aquatic
development, such as wet or saturated mats or cushions of mosses and liverworts, fallen
leaves, and organic-rich mud along edges of streams, lakes, small oxbow ponds, and other
water bodies. Yet, another possible niche could have been phytotelmata in diverse Anisian
plants, common in the outcrops of European Buntsandstein [68], such as the herbaceous
fern Neuropteridium Weiss, 1869, the cycadophyte Zamites Brongiart, 1828, the shrubby
conifer Pelourdea Seward, 1917 and diverse horsetails. For example, the broad clasping leaf
bases of Pelourdea [76] and numerous broken stems of horsetails collected water and could
be colonized by diverse dipteran larvae such as water-filled funnels of recent Bromeliaceae
and bamboo stumps, respectively [4,23]. The larvae developing in such microhabitats could
have become buried and fossilized only by chance, possibly when flood waters uprooted
herbaceous or shallow-rooted plants and transferred them downstream.

Anisian Diptera are, evidently, too diverse to represent the common ancestor of the
order, but some of them could have preserved the ancestral mode of life. The morphologies
of, at least, some of the numerous nematoceran pupae (not associated with any of the three
larvae) from the Vosges do not contradict semi-aquatic scenarios. The most abundant pupae,
Voltziapupa Lukashevich et al., 2010, have well-sclerotized bodies, relatively well-developed
armatures of transverse rows of spines or isolated large spines on the abdominal segments,
and long unbranched respiratory horns with apical widening. Although the Vosges pupae
cannot be classified even at the infraorder level, their mode of life can be hypothesized
based on their morphological similarity with pupae of the extant Ptychopteridae and
Limoniidae, which occur in wet microhabitats near water margins with soft substrate
(fine-particulate detritus, mud) and breathe atmospheric air through their long, apically
widened respiratory horns [66]. Similar pupae of Ptychopteridae and Limoniidae have
been described from the Jurassic and Cretaceous deposits of Eurasia [77–79]. For example,
the pupae of Limoniidae (sometimes several pupae on one slab) with well-sclerotized
bodies, transverse rows of large tubercles on each abdominal segment, and long respiratory
horns with apical widening have been described from the Upper Jurassic locality Shar Teg
(Mongolia) (Figure 12) in [78].

Most of the modern classifications and phylogenetic systems of Diptera follow Hen-
nig [3] in recognizing the five major groups, Tipulomorpha, Psychodomorpha, Culico-
morpha, Bibionomorpha, and Brachycera. However, recent studies disagreed in various
details concerning the composition and relationships of the nematoceran infraorders [80].
Sometimes authors considered the two highly specialized small families Deuterophlebiidae
and Nymphomyiidae as the most basal among the extant fly lineages [80], but their unique
morphologies are difficult to interpret phylogenetically. The separation of Tipulomorpha
has been considered the first divergence in dipteran history already by Hennig [2,3], and
many recent phylogenetic analyses (including those that examined both extant and extinct
taxa) also recovered Tipulomorpha as a sister group to the remaining Diptera [48,49,81].
From the traditional point of view, which I share [82], the most abundant pupae from the
Vosges, Voltziapupa, combining the characters of both Tipulomorpha and Psychodomorpha,
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must be close to the pupae of ancestral dipterans. Therefore, they could have preserved the
ancestral mode of life.

Among the limited material collected at the Pedra Alta site, no dipteran adults, a
single dipteran larva, and two pupae have been found. At least one pupa has been assigned
to Voltziapupa cf. cornuta Lukashevich et al., 2010, described from the Vosges [46]. It is
not surprising—the plants and insects of the Estellencs Formation show close affinities
with those of the Upper Bundsandstein of central Europe. For example, the assemblages
of Ephemeroptera are similar between all three Anisian outcrops, including three species
from Mallorca, which have originally been described from the Vosges [65,69]. Additionally,
collections from the French and the Spanish Buntsandstein share common certain larvae
with, apparently, swimming hind legs, referred to as the “Sialidae-type” larvae, which
remain undescribed [83].

A perfectly preserved single larva, Protoanisolarva Peñalver et al., 2022, with an amphip-
neustic respiratory system, has been described as a member of Anisopodoidea. Morpholog-
ical similarities between Protoanisolarva and the larvae of extant Anisopodidae suggested a
similar biology, i.e., terrestrial habitats, rich in decaying organic matter, along pool margins,
with probable feeding on fungal mycelia and/or fungal fruiting bodies [46]. Any conclu-
sions about widespread mycetophagy as early as the Triassic and about larval development
in semi-liquid fungal fruiting bodies as the ancestral for Diptera are premature because only
a single fungal fossil, hyphae of Palaeofibulus Osborn et al., 1989 (Basidiomycota), has thus
far been described, only from Antarctica (Fremouw Formation, Early Triassic) [84,85]. Most
larvae of the recent Anisopodidae are, indeed, terrestrial and have amphipneustic tracheal sys-
tems [46]. However, the larvae of a common and widespread extant genus Sylvicola Harris, 1776
have been found in a great variety of situations, where fermenting organic matter was available.
These included phytotelmata, such as water-filled tree holes, leaf bases of Bromeliaceae [86],
and fallen leaves of the New Zealand nikau palm, Rhopalostylis sapida Wendl et Drude, 1878,
where the larvae of Sylvicola co-occured with the larvae of Psychodidae, Limoniidae, and
Culicidae [87].

The extant family Anisopodidae has been known since the Early Jurassic (Sine-
murian) [88], while members of anisopodid stem group, family Protorhyphidae, now
extinct, had been widely distributed in the Triassic assemblages of Eurasia and North
America, with the oldest occurrence in the Vosges [43]. Peñalver and coauthors reasonably
pointed out that Protoanisolarva may be a representative of Protorhyphidae [46]; however,
undoubted protorhyphid larvae remain unknown. Semi-aquatic development cannot be ruled
out for the Triassic Protorhyphidae; however, in any case, these nematocerans must have
occurred near water, as indicated by multiple records of their adults in Triassic outcrops.

It is logical to conclude that the larvae and pupae of Diptera dwelt in wet environments
from the beginning. I agree with Hinton that the ancestor of the Diptera had larva that lived
in liquid or semi-liquid decaying plant matter. At least some of the Anisian immatures
of Diptera most probably preserved this ancestral mode of life and occurred near edges
of small temporary streams, oxbow lakes, and marshes, in accumulations of mud and
silt, or among filamentous algae and fluviatile mosses. The metapneustic tracheal system,
found in three of the four Anisian larvae, is now the most common during the first larval
stage because the common ancestor of Diptera lived in liquid or semi-liquid medium with
occasional contact with the air. This mode of life has also been preserved in numerous
recent nematoceran families. It has been described for the anisopodid larvae by Edwards
and Keilin [86] (p. 9) as follows: “The early stages . . . are passed in situations where
there is plenty of wet decaying and fermenting matter . . . These situations may be merely
sodden or may be actually under water; the larvae are able to swim actively as well as
crawl, and so long as they have occasional access to the air the amount of water present
is immaterial”. Development in deeper water, without access to the atmospheric air, has
evolved secondarily multiple times in different families with apneustic larvae, sometimes as
a rule and sometimes as an exception within the family. The exceptional rarity of dipteran
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larvae and pupae in Triassic lacustrine deposits indirectly confirms their allochthonous
origin due to dwelling in wet but not lacustrine environments.
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