
Citation: Amaral, A.P.; Gombos, D.;

Haug, G.T.; Haug, C.; Gauweiler, J.;

Hörnig, M.K.; Haug, J.T. Expanding

the Fossil Record of Soldier Fly

Larvae—An Important Component

of the Cretaceous Amber Forest.

Diversity 2023, 15, 247. https://

doi.org/10.3390/d15020247

Academic Editors: Uwe. Kaulfuss

and Luc Legal

Received: 4 January 2023

Revised: 4 February 2023

Accepted: 6 February 2023

Published: 9 February 2023

Copyright: © 2023 by the authors.

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

Article

Expanding the Fossil Record of Soldier Fly Larvae—An
Important Component of the Cretaceous Amber Forest
André P. Amaral 1,† , Denis Gombos 1,†, Gideon T. Haug 1, Carolin Haug 1,2,*, Joshua Gauweiler 3,
Marie K. Hörnig 3,4 and Joachim T. Haug 1,2

1 Faculty of Biology, Biocenter, Ludwig-Maximilians-Universität München (LMU Munich), Großhaderner Str. 2,
82152 Munich, Germany

2 GeoBio-Center at LMU, Richard-Wagner Str. 10, 80333 Munich, Germany
3 Zoological Institute and Museum, Cytology and Evolutionary Biology, University of Greifswald,

Soldmann Str. 23, 17489 Greifswald, Germany
4 Medical Biology and Electron Microscopy Center, University Medical Center Rostock, Strempel Str. 14,

18057 Rostock, Germany
* Correspondence: carolin.haug@palaeo-evo-devo.info
† These authors contributed equally to this work.

Abstract: Larvae of soldier flies and their closest relatives (Diptera: Stratiomyomorpha) are important
decomposers of organic material, including wood, that take part in carbon cycling. They also play
a certain role in the modern-day animal and human food industry, representing economic value.
Larvae of Stratiomyomorpha are considered to be rather rare in the fossil record. Indeed, only very
few larvae have been reported so far. Here, we demonstrate that larvae of Stratiomyomorpha are
in fact abundant in the Cretaceous, at least in Myanmar amber (about 100 million years old), based
on more than 100 amber pieces containing larvae. The specimens could be differentiated into three
morphotypes, two already described in a previous work, and a new one. For one morphotype, three
larval stages could be distinguished by analysing the dimensions of the head capsules. A quantitative
analysis of body shapes indicates a lower morphological diversity of the fossil sample in comparison
to the extant fauna, but suggests that they might have had a different ecology in the past. It appears
that the data set is not yet saturated, i.e., that more fossil larvae of this group, including different
morphologies, are expected to be found.

Keywords: Diptera; Stratiomyomorpha; Myanmar amber; morphospace; quantitative morphology

1. Introduction

Insecta is an ingroup of Euarthropoda with an extremely high species richness. Most
of this richness is concentrated in a single ingroup of Insecta, namely Holometabola [1], the
group which includes, among others, bees, beetles, and butterflies. This group is character-
ized by highly specialized early post-embryonic stages, larvae (see [2] for challenges of the
term), and the often very differently appearing adults.

One of the more species-rich ingroups of Holometabola, with about 159,000 formally
described species, is Diptera, the group of flies [3]. Flies can be found in great quantities in
almost every habitat; they only struggle to prevail in greater numbers in the marine realm,
and the Arctic and Antarctic areas [4]. This distribution shows their strong evolutionary
adaptability and success. Larvae of Diptera contribute to a large extent to most modern
terrestrial and freshwater ecosystems, for example, by purifying water or decomposing
dead organic matter [5]. They also function as an important food source for aquatic and
terrestrial predators. In short, with the diversity of their ecological roles the existence of
flies including their larvae is indispensable in nearly any continental ecosystem.

Stratiomyomorpha is one of the ingroups of Diptera, more precisely of Brachycera,
the group of true flies. The group Stratiomyomorpha includes three major lineages in
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the extant fauna: Xylomyidae, wood soldier flies; Stratiomyidae, true soldier flies; and
Panthophthalmidae, giant timber flies [6,7]. Although being one of the smaller ingroups of
Diptera, Stratiomyomorpha still has quite a high species diversity and includes more than
3000 formally described species [4].

Larvae of Stratiomyidae live in either aquatic or terrestrial habitats, decomposing
organic matter. In some cases, it has been reported that they also feed on living plants,
such as grass roots [8]. Larvae of Xylomyidae are commonly found in forests under the
bark of trees [9]. They feed on wood as implied by the name (“xylo” = wood). Larvae
of Panthophthalmidae can be found living on or in dead trees, feasting on accumulated
organic matter or the wood fermentation products in dead timber [10].

Larvae of Stratiomyomorpha have been found as fossils reaching back to the early
Cretaceous of the late Mesozoic era, dated to an age of about 125 million years [11,12]. Such
fossil larvae of Stratiomyomorpha were considered rather rare until Baranov et al. [13]
reported new fossils from various deposits, significantly expanding the record by six new
morphotypes from no less than five different deposits: Kachin amber (Myanmar, Cre-
taceous, 100 million years old), Baltic amber (Eocene, 40–35 million years old), Messel
(Germany, Eocene, 48 million years old), Dominican amber (Miocene, 20–15 million years
old) and Činžat (Slovenia, Miocene, 17–16 million years old). Still, each of these morpho-
types was represented by few individuals (slightly more than 20 specimens in total). Hence,
fossil stratiomyomorphan larvae seemed no longer to be particularly rare, but still could
not be considered abundant.

So far, 17 formally described species of stratiomyomorphans have been recorded in
amber deposits of Myanmar: five species of Stratiomyidae, seven of Xylomyidae, and
five of the exclusively fossil group Zhangsolvidae [14–17]. The fossil larvae could not be
identified as conspecific with any of the species known as adults [12,13].

This study expands the record of stratiomyomorphan larvae found in Cretaceous
Kachin amber, Myanmar, of about 100 million years old. The new finds demonstrate
that such larvae were in fact common and rather abundant in the Mesozoic era, at least
in Myanmar amber. Furthermore, parts of the ontogeny could be reconstructed, and a
quantitative morphological comparison to extant specimens is provided.

2. Materials and Methods
2.1. Material

All specimens examined in this study are part of the Palaeo–Evo–Devo Research Group
Collection of Arthropods, Ludwig Maximilian University of Munich, Germany. The specimens
were legally purchased on the trading platform ebay.com from two traders (burmite-miner
and macro-cretaceous). All fossil specimens reported here are preserved in Kachin amber from
Myanmar, which was dated to an age of about 100 million years [18–20]. In total, 118 amber
pieces with a total of 143 specimens were examined; of these, 131 individuals in 102 amber
pieces were identified as larvae of Stratiomyomorpha (details in Table S1 and File S2). Addi-
tionally, 71 extant specimens retrieved from the literature were included in the analysis. For
details of all specimens, see electronic Supplement (Table S1 and File S2).

2.2. Documentation Methods

All fossil specimens were documented on a Keyence VHX 6000 digital microscope.
Amber pieces were fixed on microscope slides with plasticine and then covered with a
film of Glycerin and a cover slip on top. This evens out the often not perfectly plane
surface of the amber. Images were recorded with different magnifications (100×–500×),
depending on the optical properties (especially transparency) of the amber piece. Different
backgrounds (white or black) and different light conditions (unpolarized ring light, cross-
polarized coaxial light) were tested. All images were recorded as compound images [21].
Single frames were processed and stitched automatically by the built-in software of the
Keyence VHX 6000. For further visual illustration, including manual digital colour-coding,
the resulting compound images were edited with Photoshop CS2.
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2.3. Measurements

In total, four dimensions were measured: (1) the total length of body, (2) the total
width of body, (3) the length of head capsule, (4) the width of head capsule. The total length
of the larvae was measured from the most anterior tip of the labrum to the most posterior
tip of the trunk end. Only the lengths of well-preserved larvae that were relatively straight
were measured [13]. The widths of the bodies were measured on the widest point and
only on the best-preserved and most robust larvae. The length of the head capsule was
measured from the tip of the labrum to the posterior edge of the head capsule [13]. The
width of the head capsule was measured at the widest point of the head capsule.

2.4. Shape Analysis

For shape analysis, black-and-white outlines of the specimens (from either ventral
or dorsal view) were made with Inkscape, which is freeware for editing vector graphics.
The best-preserved halves of each specimen were outlined, copied, mirrored and merged
to obtain a symmetrical shape of the larvae. In cases in which the larvae were slightly
bent, shapes were straightened by outlining each segment of the convex side of the body
and rearranging while maintaining the original features of the larvae [22]. Most shapes
were re-used from Baranov et al. [13], others were based on new material reported here
and from the literature (details in Table S1 and File S2). These shapes were converted into
mathematical functions with the freeware Shape and further processed using a principal
component analysis. Resulting values were plotted for comparison. Plots were edited in
Adobe Illustrator CS2.

3. Results
3.1. The General Structure of Larvae of Stratiomyomorpha Reported Here

Three different morphotypes (1, 2, 7) could be differentiated among 131 specimens
that were documented for this study. The first two morphotypes (morphotype 1, 2) were
already recognised and described by Baranov et al. [13]. A new morphotype (morphotype 7,
referring to the counting of [13]) has some similarities to morphotype 2, but also differs
in certain aspects. In not so well-preserved specimens, it can be difficult to distinguish
between morphotypes 2 and 7 (see details below).

All three morphotypes share certain general features (cf. [13]): Small larva, dorsoven-
trally flattened with a spindle-shaped body, and covered in pellets, presumably of calcium
carbonate (Figure 1F). Body with twelve visible units, head capsule, and eleven trunk
units; three segments of the thorax (prothorax, mesothorax, metathorax) and eight units of
the abdomen (seven abdomen segments and trunk end = compound structure of several
undifferentiated segments; Figure 1A).

Head capsule sclerotized, differing between morphotypes. Mandibular–maxillary
complex located at anterior part of head capsule, with “brush” formed by setae at the apical
part. Posterior parts retracted into thorax (metacephalic rod, paired tentorial arms). In
some cases (only of morphotype 1), anterior paired prothoracic spiracles visible laterally
on the prothorax (Figure 1B). Paired posterior spiracles in trunk end (Figure 1D). Different
shape of setae between the three morphotypes (Figure 1A,C,E,G).

The identity of the specimens was determined based on the synapomorphies recog-
nized by Yeates [6] and the key provided by Teskey [23].
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Figure 1. Overview of general structure and details of larvae of Stratiomyomorpha. (A). Dorsal
view of specimen PED 0789. (B). Prothorax of specimen PED 0819-9; arrows indicate spiracles.
(C). Hair-like setae of PED 0789. (D). Trunk end of specimen PED 0819-9; arrows indicate spiracles.
(E). Spine-like setae on the mesothorax of specimen PED 1007-1 (arrows). (F). Surface structure
(pellets or scales, arrows) of specimen PED 1254. (G). Ventral spine-like setae (arrows) of specimen
PED 0701.

3.2. Morphotype 1
3.2.1. Material Examined

We examined 110 specimens: PED 0490, PED 0497, PED 0511, PED 0548, PED 0550,
PED 0551, PED 0567-1, PED 0567-2, PED 0567-3, PED 0599-1, PED 0599-2, PED 0601, PED
0611-1, PED 0611-2, PED 0611-3, PED 0614, PED 0617, PED 0620, PED 0622, PED 0628, PED
0653, PED 0678, PED 0681, PED 0685, PED 0691, PED 0701, PED 0712, PED 0714, PED 0721,
PED 0729, PED 0738, PED 0743, PED 0749, PED 0752, PED 0760, PED 0761-1, PED 0761-2,
PED 0761-3, PED 0762, PED 0764, PED 0766, PED 0770, PED 0771, PED 0773-1, PED 0773-2,
PED 0773-3, PED 0777, PED 0799, PED 0811-1, PED 0811-2, PED 0811-3, PED 0817, PED
0819-1, PED 0819-2, PED 0819-3, PED 0819-4, PED 0819-5, PED 0819-6, PED 0819-7, PED
0819-8, PED 0819-9, PED 0846, PED 0850, PED 0861, PED 0873-1, PED 0873-2, PED 0921,
PED 0923, PED 0927, PED 0934, PED 0962, PED 0966, PED 0976-1, PED 0976-2, PED 0978,
PED 0987, PED 0990, PED 1001, PED 1007-1, PED 1007-2, PED 1007-3, PED 1010, PED 1014,
PED 1018, PED 1025, PED 1044, PED 1129, PED 1137, PED 1140, PED 1167, PED 1174, PED
1185, PED 1192, PED 1200-1, PED 1200-2, PED 1200-3, PED 1200-4, PED 1247, PED 1274,
PED 1276, PED 1279, PED 1282, PED 1349, PED 1353, PED 1405, PED 1535, PED 1548-1,
PED 1548-2, PED 1560, PED 1567.
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3.2.2. General Description of Morphotype 1

General structure of larvae of Stratiomyomorpha as outlined above. Body longer
and softer appearing (in comparison to morphotypes 2 and 7) despite also being covered
in pellets or scales. Specimens often stretched, crushed or ripped apart. Body mostly
yellowish-brown and slightly transparent; in few cases very dark, pigmented. Head
capsule strongly sclerotized, therefore well-preserved in most cases. Head capsule longer
than wide with labrum, mandibular–maxillary complex and labium visible on the anterior
end of head capsule (see description of individual specimens of morphotype 1). Posterior
part of head capsule with metacephalic rod and paired tentorial arms usually retracted into
thorax, only visible through rather transparent thorax cuticle. Thoracic spiracles on lateral
sides of prothorax (Figure 1B). Segments of thorax with multiple rows of short spine-like
setae dorsally and laterally (Figure 1E). Abdomen segments 1–7 with longer ventral spine-
like setae used for locomotion (Figure 1D). Length and number differ between the segments
(Figure 2A–C). Trunk end with spine-like setae facing posteriorly. Posterior paired spiracles
located on trunk end (Figure 1F). Dimension range: Body length 1.3 mm–12.57 mm (n = 27),
body width 0.5 mm–3.33 mm (n = 71).
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Figure 2. Fossil larva of morphotype 1, specimen PED 0617. (A). Full view of specimen. (B). Colour-
marked. (C). Close-up of surface structure. Abbreviations: a1–a7 = abdomen units 1–7; hc = head
capsule; ms = mesothorax; mt = metathorax; pt = prothorax; te = trunk end.

3.2.3. Short Descriptions of Individual Specimens of Morphotype 1

Each specimen of morphotype 1 is briefly described, including the condition of the
amber piece and preservation quality of the larvae. Visible details of every specimen and
dimensions of the body and head capsule are provided. Although every specimen should
have all the mentioned details available, if the detail was not visible, for example due to
being covered by dirt particles or being only accessible from one side, it is not mentioned.
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(1) PED 0617: Specimen strongly bent on anterior part (Figure 2). Surface structure
apparent. Head capsule well preserved; due to position, length could not be reliably
measured. This also applies to total body length. Short spine-like setae on thorax segments
well developed, longer ventral spine-like setae on abdomen segments well developed.
Paired spiracles at trunk end well apparent. Dimensions: body width 1.58 mm, head
capsule width 0.13 mm.

(2) PED 0685: Specimen appears slightly stretched (Figure 3), partly concealed by
blurry amber and particles. Long ventral spine-like setae on abdomen segments well
developed. Surface structure apparent. Dimensions: body length 8.27 mm, body width
1.05 mm, head capsule length 0.79 mm, head capsule width 0.11 mm.
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Figure 3. Fossil larva of morphotype 1, specimen PED 0685. (A). Full view of specimen. (B). Colour-
marked. Abbreviations: a1–a7 abdomen units 1–7; hc = head capsule; ms = mesothorax.

(3) PED 0701: Specimen torn apart ventrally in the more posterior region, also slightly
bent (Figure 4). Surface structure apparent. Head capsule and thorax well preserved.
Short spine-like setae on thorax segments and longer ventral spine-like setae on abdomen
segments well developed (Figure 4C). Dimensions: body length 5.08 mm, body width
0.57 mm, head capsule length 0.67 mm, head capsule width 0.13 mm.

(4) PED 1200-4: Specimen relatively straight, slightly damaged on lateral side of
abdomen segment 5 (Figure 5). Surface structure apparent (Figure 5D). Head capsule well
preserved (Figure 5C). Two rows of short, spine-like setae per segment of abdomen on
ventral and dorsal sides (Figure 5D). Paired spiracle visible on trunk end. Dimensions:
body length 1.3 mm, body width 0.77 mm, head capsule length 0.28 mm, head capsule
width 0.13 mm.

(5) PED 1276: Specimen visible in lateral view, most detail-rich specimen of morpho-
type 1 (Figure 6). Surface structure apparent. Head capsule and trunk well preserved
(Figure 6F). One anterior spiracle visible on prothorax. Short spine-like setae on thorax seg-
ments and longer ventral spine-like setae on abdomen segments well developed (Figure 6C–E).
Ventral spines on abdomen segment 1 appear shorter; two rows instead of one. Spine-like
setae visible on the trunk end. Dimensions: body length 5.58 mm, body width 1.29 mm,
head capsule length 0.68 mm, head capsule width 0.25 mm.
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tions: a1–a7 = abdomen units 1–7; hc = head capsule; ms = mesothorax; mt = metathorax; pt = prothorax;
te = trunk end.
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Figure 6. Fossil larva of morphotype 1, specimen PED 1276. (A). Lateral view. (B). Colour-marked.
(C–E). Close-up of spine-like setae. (F). Close-up of head capsule. Abbreviations: a1–a7 = abdomen units 1–7;
hc = head capsule; ms = mesothorax; mt = metathorax; pt = prothorax; te = trunk end.

(6) PED 0511: Specimen oblique in the amber (Figure 7A), numerous particles conceal
details. Surface structure apparent. Head capsule and thorax dark pigmented. Ventral
spine-like setae on abdomen segments well developed. Specimen bent in the middle of the
trunk. No measurements possible due to position of the larva.

(7) PED 0628: Specimen bent in the anterior region, torn apart at the posterior end,
slightly concealed by irregularities and particles in the amber (Figure 7B). Surface struc-
ture apparent. Head capsule well preserved. Long ventral spine-like setae on abdomen
segments well developed. Dimensions: body width 1.23 mm, head capsule length 0.84 mm,
head capsule width 0.14 mm.

(8) PED 1349: Specimen oblique in the amber piece, only accessible in antero-dorsal
view (Figure 7E). Surface structure apparent. Head capsule well-preserved. No measure-
ments could be recorded due to the orientation of the specimen.

(9) PED 0490: Specimen accessible only in dorsal view (Figure 7F). Numerous particles
conceal details, surface structure apparent. Head capsule well preserved. Short spine-like
setae on thorax segments well developed. Specimen is crumpled at the posterior part;
total body length could not be measured. Dimensions: body width 1.57 mm, head capsule
length 1.4 mm, head capsule width 0.42 mm.

(10) PED 0548: Specimen accessible only in ventral view (Figure 7G), slightly bent,
surrounded by cracks/air inclusions that conceal details. Body and head capsule well
preserved. Dimensions: body length 1.3 mm, body width 0.5 mm, head capsule length
0.27 mm, head capsule width 0.11 mm.
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(11) PED 0714: Specimen torn apart in the trunk region, only head capsule, thorax
and abdomen segments 1 and 2 visible and well-preserved. (Figure 7H). Surface structure
apparent. One anterior spiracle apparent in prothorax. Short spine-like setae on thorax
segments and longer ventral spine-like setae on abdomen segments well developed. Total
body length could not be measured. Dimensions: body width 1.39 mm, head capsule
length 0.98 mm, head capsule width 0.15 mm.

(12) PED 0567-1: Specimen ripped apart at the posterior end (Figure 7I), therefore total
body length could not be reliably measured. Surface structure apparent. Head capsule well
preserved. Dimensions: body width 1.2 mm, head capsule length 0.57 mm, head capsule
width 0.15 mm.

(13) PED 0567-3: Specimen cut off at the edge of the amber, only prothorax, mesothorax,
metathorax and abdomen segment 1 apparent (Figure 7J). Head capsule well preserved.
Short spine-like setae on thorax segments well developed. Dimensions: body width 1.7 mm,
head capsule length 1.08 mm, head capsule width 0.32 mm.

(14) PED 0497: Specimen accessible in dorsal and ventral view, better visible in dorsal
view (Figure 8B). Numerous dirt particles in the amber, one large dark object conceals
the head capsule, which is only visible with transmitted light and enhanced brightness
(Figure 8A). Short spine-like setae on thorax segments well developed. Paired posterior
spiracles in trunk end. Trunk is bent by about 90◦ in the middle, so the total body length
could not reliably be measured. Dimensions: body width 1.67 mm, head capsule length
1.8 mm, head capsule width 0.5 mm.
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Figure 8. Several fossil larvae. (A,B). PED 0497. (A). Close-up of head capsule. (B). Overview.
(C). PED 0599-1. (D). PED 0599-2. (E). PED 0550. (F). PED 0611-1. (G). PED 0611-3. (H). PED 0620.
(I). PED 0601. (J). PED 0551. (K). PED 0611-2. (L). PED 0721. (M). PED 0691.

(15) PED 0599-1: Specimen torn off at abdomen segment 2. Head, thorax and abdomen
segment 1 well apparent (Figure 8C). Surface structure apparent. Head capsule well
preserved. Short spine-like setae on thorax segments well developed. Total body width
was measured on the widest point of the last intact segment. Dimensions: body width
2.33 mm, head capsule length 1.4 mm, head capsule width 0.24 mm.

(16) PED 0599-2: Specimen very crumpled (Figure 8D), therefore no measurements of
the body possible. Surface structure apparent. Head capsule well preserved. Long ventral
spine-like setae on abdomen segments well developed. Dimensions: head capsule length
1.14 mm, head capsule width 0.46 mm.

(17) PED 0550: Specimen oblique in the amber (Figure 8E). Head capsule is slightly
stretched. Posterior part of body concealed by particles in the amber; therefore body length
could not be reliably measured. Dimensions: body width 1.76 mm, head capsule length
1.51 mm, head capsule width 0.29 mm.

(18) PED 0611-1: Specimen very darkly pigmented (Figure 8F), dirt particles and blurry
amber conceal most details. Head capsule well preserved. Dimensions: body length 3 mm,
body width 1 mm, head capsule length 0.42 mm, head capsule width 0.2 mm.

(19) PED 0611-3: Specimen is slightly bent, parts concealed by blurry amber (Figure 8G).
Head capsule and trunk well preserved. Long ventral spine-like setae on abdomen seg-
ments well developed. Dimensions: body length 2.18 mm, body width 0.56 mm, head
capsule length 0.67 mm, head capsule width 0.09 mm.

(20) PED 0620: Specimen seemingly dorso-ventrally compressed (Figure 8H), many
cracks and air inclusions in the amber piece concealing details. Trunk end slightly folded
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inwards but still apparent. Head capsule bent by 90◦ to the trunk, but still visible and
well-preserved. Dimensions: body length 5.78 mm, body width 2.63 mm, head capsule
length 1.2 mm, head capsule width 0.13 mm.

(21) PED 0601: Specimen slightly bent, the posterior part is torn apart (Figure 8I).
Surface structure apparent. Head capsule well preserved. Ventral spine-like setae visible on
torn posterior part. Total length of the body could not be reliably measured. Dimensions:
body width 2.18 mm, head capsule length 1.2 mm, head capsule width 0.36 mm.

(22) PED 0551: Specimen accessible in dorsal and ventral view, better visible in ventral
view (Figure 8J), surrounding amber blurry in some areas. Head capsule well preserved, but
partly concealed by irregularities in the amber. Short spine-like setae on thorax segments
well developed, longer ventral spine-like setae on abdomen segments well developed.
Dimensions: body length 8 mm, body width 1.78 mm, head capsule length 1.34 mm, head
capsule width 0.34 mm.

(23) PED 0611-2: Specimen concealed by dirt particles and blurry amber, posterior part
crumpled (Figure 8K). Head capsule and trunk well preserved. Total body length could
not be reliably measured. Dimensions: body width 0.74 mm, head capsule length 0.33 mm,
head capsule width 0.1 mm.

(24) PED 0721: Specimen appears stretched (Figure 8L). Surface structure apparent.
Head capsule, prothorax and parts of mesothorax torn off from the rest of the trunk. Head
capsule well preserved. Short spine-like setae on thorax segments and longer ventral
spine-like setae on abdomen segments well developed. Dimensions: body width 0.58 mm,
head capsule length 0.86 mm, head capsule width 0.14 mm.

(25) PED 0691: Specimen crumpled and damaged (Figure 8M). Surface structure
visible. Head capsule well preserved. Paired anterior spiracles visible on prothorax. Short
spine-like setae on thorax segments well developed. No measurements of the body were
recorded. Dimensions: head capsule length 0.92 mm, head capsule width 0.17 mm.

(26) PED 0622: Specimen strongly bent between abdomen segments 2 and 3 (Figure 9A).
Surface structure apparent. Head capsule well preserved. Ventral spine-like setae on
abdomen segments well developed. The total body length could not be reliably measured.
Dimensions: body width 3.33 mm, head capsule length 1.37 mm, head capsule width
0.27 mm.

(27) PED 0653: Specimen strongly crumpled (Figure 9B), air inclusions and particles in
the amber conceal most details, no measurements of the body were recorded. Head capsule
well preserved. Short spine-like setae on thorax segments and longer ventral spine-like
setae on abdomen segments well developed. Dimensions: head capsule length 1.31 mm,
head capsule width 0.33 mm.

(28) PED 0761-1: Mostly concealed by dirt particles, only head capsule, thorax and
abdomen segment 1 visible (Figure 9C). Surface structure apparent. Head capsule well
preserved. Paired anterior spiracles visible on prothorax. Total body length could not be
measured. Dimensions: body width 1.21 mm, head capsule length 0.98 mm, head capsule
width 0.26 mm.

(29) PED 0729: Specimen very crumpled (Figure 9D). Surface structure apparent.
Head capsule well preserved. Short spine-like setae on thorax segments well developed.
Measurements of the body could not be recorded. Dimensions: head capsule length
1.36 mm, head capsule width 0.17 mm.

(30) PED 0743: Specimen very crumpled (Figure 9E). Surface structure apparent.
Head capsule well preserved. Short spine-like setae on thorax segments well developed.
Measurements of the body could not be recorded. Dimensions: head capsule length
0.75 mm, head capsule width 0.14 mm.
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Figure 9. Several fossil larvae. (A). PED 0622. (B). PED 0653. (C). PED 0761-1. (D). PED 0729. (E). PED
0743. (F). PED 0749. (G). PED 0752. (H). PED 0744-1 and PED 0744-2. (I). PED 0744-3. (J). PED 0771.
(K). PED 0770. (L). PED 0761-2. (M). PED 0762. (N). PED 0761-3. (O). PED 0846. (P). PED 0766. (Q). PED
0811-3. (R). PED 0817. (S). PED 0923.

(31) PED 0749: Specimen very crumpled (Figure 9F). Surface structure apparent.
Head capsule well preserved. Short spine-like setae on thorax segments well developed.
Some of the longer ventral spine-like setae on abdomen segments well developed. No
measurements of the body could be recorded. Dimensions: head capsule length 1.01 mm,
head capsule width 0.33 mm.

(32) PED 0752: Specimen very crumpled and torn apart (Figure 9G). Surface structure
apparent. Head capsule well preserved. Short spine-like setae on thorax segments well
developed. Some of the longer ventral spine-like setae on abdomen segments visible. No
measurements of the body could be recorded. Dimensions: head capsule length 1.43 mm,
head capsule width 0.5 mm.

(33) PED 0771: Only head capsule and thorax visible, rest of trunk torn off (Figure 9J).
Surface structure apparent. Head capsule well preserved. Short spine-like setae on thorax
segments well developed. The total body length could not be measured. Dimensions: body
width 1.53 mm, head capsule length 1.45 mm, head capsule width 0.48 mm.

(34) PED 0770: Specimen strongly crumpled and torn apart (Figure 9K). Surface
structure apparent. Head capsule well preserved. Short spine-like setae on thorax segments
well developed. Total body length could not be measured. Dimensions: body width
1.53 mm, head capsule length 1.09 mm, head capsule width 0.36 mm.
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(35) PED 0761-2: Specimen strongly damaged, one half of the trunk torn off (Figure 9L).
Surface structure apparent. Head capsule well preserved. Short spine-like setae on thorax
segments well developed. Total body length could not be measured. Dimensions: body
width 1.61 mm, head capsule length 1.44 mm, head capsule width 0.26 mm.

(36) PED 0762: Specimen oblique in the amber piece, strongly crumpled (Figure 9M).
Surface structure apparent. Head capsule well preserved. Short spine-like setae on thorax
segments well developed. No measurements of the body could be recorded. Dimensions:
head capsule length 1.41 mm, head capsule width 0.23 mm.

(37) PED 0761-3: Mostly concealed by dirt particles, only head capsule, thorax and
some abdomen segments visible (Figure 9N). Surface structure apparent. Head capsule
well preserved. One anterior spiracle apparent on prothorax. Short spine-like setae on
thorax segments well developed. Dimensions: body width 0.87 mm, head capsule length
0.88 mm, head capsule width 0.25 mm.

(38) PED 0846: Specimen separated into ventral and dorsal halves (Figure 9O). Surface
structure apparent. Head capsule and prothorax well preserved. Short spine-like setae on
thorax segments and longer ventral spine-like setae on abdomen segments well developed.
Paired spiracles visible on trunk end. No measurements of the body could be recorded.
Dimensions: head capsule length 0.77 mm, head capsule width 0.12 mm.

(39) PED 0766: Specimen torn in the posterior region (Figure 9P). Surface structure
apparent. Head capsule well preserved. Short spine-like setae on thorax segments well
developed. No measurements of the body could be recorded. Dimensions: head capsule
length 0.68 mm, head capsule width 0.17 mm.

(40) PED 0811-3: Head capsule and thorax of specimen bent, rest of body straight and
relatively transparent (Figure 9Q). Surface structure apparent. Head capsule well preserved.
Short spine-like setae on thorax segments well developed. Total body length could not be
reliably measured. Dimensions: body width 1.08 mm, head capsule length 0.79 mm, head
capsule width 0.26 mm.

(41) PED 0817: Specimen bent in posterior region, separated into ventral and dorsal
halves (Figure 9R). Surface structure apparent. Head capsule well preserved. Short spine-
like setae on thorax segments and longer ventral spine-like setae on abdomen segments
well developed. Paired spiracles visible on trunk end. Total body length could not be
reliably measured. Dimensions: body width 1.42 mm, head capsule length 0.89 mm, head
capsule width 0.22 mm.

(42) PED 0923: Specimen crumpled and torn apart (Figure 9S). Head capsule appears
inflated. No measurements could be recorded. Short spine-like setae on thorax segments
and longer ventral spine-like setae on abdomen segments well developed. Surface struc-
ture apparent.

(43) PED 0850: Specimen crumpled and torn apart, dirt particles conceal details
(Figure 10A). Head capsule slightly stretched. Long ventral spine-like setae on abdomen
segments well developed. No measurements of the body could be recorded. Dimensions:
head capsule length 1.29 mm, head capsule width 0.19 mm.

(44) PED 0873-1: Specimen crumpled and torn apart from abdomen segment 2 to
trunk end (Figure 10B). Surface structure apparent. Head capsule slightly damaged. Paired
anterior spiracles visible on prothorax. Short spine-like setae on thorax segments and
longer ventral spine-like setae visible on remains of abdomen segments. Total body length
could not be measured. Dimensions: body width 1.42 mm, head capsule length 0.95 mm,
head capsule width 0.25 mm.

(45) PED 1018: Specimen very crumpled, air inclusions cover some parts (Figure 10C).
Surface structure apparent on thorax segments. Head capsule well preserved, with bright
pigmentation. Paired anterior spiracles are visible on prothorax. Short spine-like setae on
thorax segments and longer ventral spine-like setae on abdomen segments well developed.
Total body length could not be reliably measured. Dimensions: body width 1.33 mm, head
capsule length 1.44 mm, head capsule width 0.31 mm.
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Figure 10. Several fossil larvae. (A). PED 0850. (B). PED 0873-1. (C). PED 1018. (D). PED 0873-2.
(E). PED 0962. (F). PED 1137. (G). PED 1560. (H). PED 0987. (I). PED 1167. (J). PED 0921. (K). PED
0934. (L). PED 1001. (M). PED 1140. (N). PED 0990. (O). PED 1109. (P). PED 1279. (Q). PED 1174.
(R). PED 1014. (S). PED 1025. (T). PED 1044.

(46) PED 0873-2: Specimen crumpled and torn apart from mesothorax to trunk end
(Figure 10D). Surface structure apparent. Head capsule stretched. Short spine-like setae on
thorax segments and longer ventral spine-like setae on abdomen segments well developed.
No measurements of body could be recorded. Dimensions: head capsule length 1.71 mm,
head capsule width 0.27 mm.

(47) PED 0962: Specimen separated into ventral and dorsal halves (Figure 10E). Surface
structure apparent. Head capsule well preserved. Paired anterior spiracles visible on
prothorax. Short spine-like setae on thorax segments and longer ventral spine-like setae
on abdomen segments well developed. No measurements of the body could be recorded.
Dimensions: head capsule length 0.69 mm, head capsule width 0.14 mm.

(48) PED 1137: Specimen only accessible in dorsal view, concealed by numerous
bubbles (Figure 10F). Surface structure apparent. Head capsule missing, but width could
be approximated by opening of prothorax. Short spine-like setae on thorax segments well
developed. Dimensions: body width 1.18 mm, head capsule width 0.21 mm.

(49) PED 1560: Specimen torn apart in ventral and dorsal halves from thorax to trunk
end (Figure 10G). Numerous dirt particles and air inclusions conceal details. Surface
structure apparent. Head capsule well preserved. Short spine-like setae on thorax segments
and longer ventral spine-like setae on abdomen segments well developed. Total body
length could not be measured. Dimensions: body width 1.33 mm, head capsule length
0.83 mm, head capsule width 0.12 mm.
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(50) PED 0987: Specimen twisted in the posterior trunk region, concealed by numerous
dirt particles (Figure 10H). Head capsule not completely visible because of state of the
amber and darker pigmentation on the larva. Short spine-like setae on thorax segments well
developed. Total body length and length of head capsule could not be reliably measured.
Dimensions: body width 2.87 mm, head capsule width 0.28 mm.

(51) PED 1167: Specimen crumpled, numerous dirt particles in the amber conceal
details (Figure 10I). Surface structure apparent. Head capsule well preserved but concealed
by blurry amber. Short spine-like setae on thorax segments and longer ventral spine-like
setae on abdomen segments well developed. Total body length could not be measured.
Dimensions: body width 1.35 mm, head capsule length 1.42 mm, head capsule width
0.26 mm.

(52) PED 0921: Specimen visible in ventral view, overall well preserved (Figure 10J).
Long ventral spine-like setae on abdomen segments well developed. Surface structure
apparent. Dimensions: body length 2.95 mm, body width 0.88 mm, head capsule length
0.46 mm, head capsule width 0.08 mm.

(53) PED 0934: Specimen crumpled and torn apart in posterior region (Figure 10K).
Surface structure apparent. Head capsule not fully visible, concealed by dirt particles and
bubbles. Total body length could not be measured. Dimensions: body width 0.61 mm, head
capsule width 0.06 mm.

(54) PED 1001: Specimen torn apart in the posterior region, numerous particles conceal
more details (Figure 10L). Surface structure apparent on thorax segments. Head capsule
slightly bent but overally well preserved. Thorax segments with bright pigmentation. Long
ventral spine-like setae on abdomen segments well developed. Total body length could
not be measured. Dimensions: body width 1.2 mm, head capsule length 1.12 mm, head
capsule width 0.19 mm.

(55) PED 1140: Specimen relatively straight, visible in dorsal view, the largest of
all specimens (Figure 10M). Surface structure apparent. Head capsule well preserved.
Short spine-like setae on thorax segments and longer ventral spine-like setae on abdomen
segments well developed. Dimensions: body length 12.57 mm, body width 3.07 mm, head
capsule length 1.24 mm, head capsule width 0.24 mm.

(56) PED 0990: Specimen poorly recognizable due to numerous particles and bubbles
in the amber piece (Figure 10N). Head capsule mostly covered by bubbles, length of
head capsule could not be measured. Posterior part of trunk completely covered by large
particles. Total body length could not be measured. Dimensions: body width 2.57 mm,
head capsule width 0.45 mm.

(57) PED 1279: Specimen crumpled, numerous particles conceal parts of the head
capsule and most of the thorax (Figure 10P). Surface structure apparent. Head capsule
strongly bent, not fully visible, length could not be measured. Long ventral spine-like setae
on abdomen segments well developed. Dimensions: body width 3.05 mm, head capsule
width 0.33 mm.

(58) PED 1174: Specimen separated into ventral and dorsal halves at posterior part of
abdomen (Figure 10Q). Head capsule missing. Metathorax and abdomen segments 1–3 with
bright pigmentation. Surface structure apparent. Short spine-like setae on thorax segments
and longer ventral spine-like setae on abdomen segments well developed. Dimensions:
body length 6.01 mm, body width 1.25 mm.

(59) PED 1014: Specimen damaged and twisted in posterior part of abdomen, numer-
ous particles and bubbles conceal more details (Figure 10R). Surface structure apparent.
Head capsule well preserved. Short spine-like setae on thorax segments and longer ventral
spine-like setae on abdomen segments well developed. Total body length could not be
reliably measured. Dimensions: body width 2.05 mm, head capsule length 1.55 mm, head
capsule width 0.36 mm.

(60) PED 1025: Specimen only accessible in ventral view, numerous particles conceal
some details (Figure 10S). Surface structure apparent. Head capsule partially concealed by
dirt particles. Short spine-like setae on thorax segments and longer ventral spine-like setae
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on abdomen segments well developed. Paired spiracles visible on trunk end. Dimensions:
body length 5.15 mm, body width 1.57 mm, head capsule length 0.87 mm, head capsule
width 0.18 mm.

(61) PED 1044: Specimen crumpled, trunk end split (Figure 10T). Paired anterior
spiracles visible on prothorax. Surface structure apparent. Head capsule well preserved.
Short spine-like setae on thorax segments and longer ventral spine-like setae on abdomen
segments well developed. Paired spiracles visible on trunk end. Dimensions: body length
6.32 mm, body width 1.21 mm, head capsule length 0.81 mm, head capsule width 0.18 mm.

(62) PED 0819-1: Specimen slightly inflated, separated into ventral and dorsal halves
(Figure 11A). Surface structure apparent. Head capsule well preserved. Paired anterior
spiracles visible on prothorax. Paired posterior spiracles visible on the trunk end. Ventral
spine-like setae on abdomen segments well developed. Body width could not be reliably
measured. Dimensions: body length 3.36 mm, head capsule length 0.69 mm, head capsule
width 0.19 mm.
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(63) PED 0819-4: Specimen partly concealed by other specimens in the amber piece
(Figure 11B). Surface structure apparent. Head capsule well preserved. Paired spiracles on
trunk end apparent. Dimensions: body length 3.88 mm, body width 1.13 mm, head capsule
length 0.61 mm, head capsule width 0.17 mm.

(64) PED 1200-1: Specimen stretched and bent (Figure 11C). Surface structure apparent.
Head capsule well preserved, but partially covered by particles and bubbles. Short spine-
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like setae on thorax segments well developed. Total body length could not be measured.
Dimensions: body width 0.95 mm, head capsule length 0.64 mm, head capsule width
0.13 mm.

(65) PED 0819-2: Specimen slightly bent (Figure 11D). Surface structure apparent.
Head capsule well preserved. Short spine-like setae on thorax segments well developed.
Dimensions: body length 3.51 mm, body width 0.99 mm, head capsule length 0.44 mm,
head capsule width 0.19 mm.

(66) PED 0819-5: Specimen partly concealed by other specimens in the amber piece,
also posterior part torn off (Figure 11E). Surface structure apparent. Head capsule well
preserved. Long ventral spine-like setae on abdomen segments well developed. Total body
length could not be measured. Dimensions: body width 0.71 mm, head capsule length
0.72 mm, head capsule width 0.24 mm.

(67) PED 1274: Specimen crumpled and partly concealed by dirt in the amber (Figure 11F).
Most details not accessible, therefore not measurable.

(68) PED 1247: Specimen stretched, bubbles conceal parts of thorax (Figure 11G).
Surface structure apparent. Head capsule well preserved, but concealed by blurry amber,
length of head capsule could not be measured. Short spine-like setae on thorax segments
and longer ventral spine-like setae on abdomen segments well developed. Spine-like setae
are visible on trunk end. Dimensions: body length 8.3 mm, body width 0.99 mm, head
capsule width 0.28 mm.

(69) PED 0819-3: Specimen slightly bent, slightly stretched, oblique in the amber piece
(Figure 11H). Head capsule well preserved. Ventral spine-like setae on abdomen segments
well developed, appear rather short. Total body length could not be reliably measured.
Dimensions: head capsule length 0.36 mm, head capsule width 0.23 mm.

(70) PED 0819-6: Specimen crumpled and torn apart in trunk region, overlapping
with two specimens (0819-7 and 0819-8; Figure 11I). Surface structure apparent. Head
capsule well preserved, but concealed by other specimen. Total body length could not be
measured. Dimensions: body width 0.75 mm, head capsule length 0.56 mm, head capsule
width 0.25 mm.

(71) PED 0819-7: Specimen overlapping with other specimens in the amber piece
(Figure 11I). Surface structure apparent. Head capsule well preserved. One anterior
spiracle apparent on prothorax. Short spine-like setae on thorax segments and longer
ventral spine-like setae on abdomen segments well developed. Paired spiracles visible in
the trunk end. Dimensions: body length 4.6 mm, body width 1 mm, head capsule length
0.55 mm, head capsule width 0.2 mm.

(72) PED 0819-8: Specimen overlapping with other specimens in the amber piece
(Figure 11I). Surface structure apparent. Head capsule well preserved. Paired anterior
spiracles are visible on prothorax. Short spine-like setae on thorax segments and longer
ventral spine-like setae on abdomen segments well developed. Dimensions: body length
3.75 mm, body width 0.88 mm, head capsule length 0.55 mm, head capsule width 0.17 mm.

(73) PED 0819-9: Specimen accessible in dorsal and ventral view, better visible in
dorsal view, some parts concealed by bubbles (Figure 11J). Surface structure apparent.
Head capsule well preserved. Paired anterior spiracles are visible on prothorax. Paired
spiracles visible on trunk end. Dimensions: body length 4.1 mm, body width 1.29 mm,
head capsule length 0.69 mm, head capsule width 0.15 mm.

(74) PED 1282: Specimen slightly twisted and bent (Figure 11L). Numerous particles
conceal most details. Surface structure visible in some areas of the abdomen. Head capsule
well preserved. Long ventral spine-like setae on abdomen segments well developed. Total
body length could not be measured. Dimensions: body width 1.02 mm, head capsule
length 0.74 mm, head capsule width 0.2 mm.

(75) PED 1185: Specimen separated into ventral and dorsal halves from thorax to trunk
end (Figure 11M). Surface structure apparent. Head capsule well preserved. Short spine-
like setae on thorax segments and longer ventral spine-like setae on abdomen segments
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well developed. Dimensions: body length 7.38 mm, body width 1.55 mm, head capsule
length 0.83 mm, head capsule width 0.19 mm.

(76) PED 1200-2: Specimen slightly bent (Figure 11N). Surface structure apparent.
Head capsule well preserved. Short spine-like setae on thorax segments well developed.
Some small ventral spine-like setae are visible on abdomen segment 6. Dimensions: body
length 5.03 mm, body width 1.42 mm, head capsule length 0.72 mm, head capsule width
0.13 mm.

(77) PED 1567: Specimen damaged on ventral side, slightly twisted (Figure 11O).
Surface structure barely visible. Head capsule well preserved. Two rows of short spine-like
setae visible on dorsal side of abdomen segments, one row of short spine-like setae visible
on ventral parts of abdomen segments. Paired spiracles visible on trunk end. Dimensions:
body length 1.96 mm, body width 0.5 mm, head capsule length 0.29 mm, head capsule
width 0.13 mm.

(78) PED 0567-2: Specimen cut off at the edge of the amber, only prothorax and head
capsule apparent (Figure 12A). Dimensions: head capsule length 1.04 mm, head capsule
width 0.5 mm.
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(E). PED 0773-3. (F). PED 0811-1. (G). PED 0764. (H). PED 0811-2. (I). PED 0978. (J). PED 1200-3.
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(Q). PED 0678. (R). PED 0738. (S). PED 0760. (T). PED 0712. (U). PED 0927. (V). PED 0777.

(79) PED 0681: Specimen torn apart and partly scattered in the amber piece (Figure 12B).
Surface structure apparent. Head capsule well preserved, still attached to prothorax and
mesothorax, this anterior region separated from the rest of the trunk. One anterior spiracle
apparent on prothorax. Short spine-like setae on thorax segments well developed. No
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measurements of the body could be recorded. Dimensions: head capsule length 1.12 mm,
head capsule width 0.41 mm.

(80) PED 0773-1: Multiple crumpled specimens overlapping in this amber piece, only
head capsule of specimen apparent (Figure 12C). Dimensions: head capsule length 0.42 mm,
head capsule width 0.1 mm.

(81) PED 0773-2: Multiple crumpled specimens overlapping in this amber piece, only
head capsule and prothorax of specimen apparent (Figure 12D). Surface structure apparent
on prothorax. Dimensions: head capsule length 0.69 mm, head capsule width 0.15 mm.

(82) PED 0773-3: Multiple crumpled specimens overlapping in this amber piece, only
head capsule and thorax of specimen apparent (Figure 12E). Surface structure apparent on
thorax. Dimensions: head capsule length 0.6 mm, head capsule width 0.14 mm.

(83) PED 0811-1: Specimen very crumpled and torn apart (Figure 12F). Only the head
capsule and the thorax of the specimen well preserved. Surface structure apparent on
thorax. Short spine-like setae on thorax segments well developed. Dimensions: head
capsule length 1.62 mm, head capsule width 0.52 mm.

(84) PED 0764: Specimen very crumpled and torn apart (Figure 12G). Surface structure
apparent. Head capsule well preserved. Short spine-like setae on thorax segments well
developed. No measurements of the body could be recorded. Dimensions: head capsule
length 0.87 mm, head capsule width 0.19 mm.

(85) PED 0811-2: Specimen very crumpled and torn apart (Figure 12H). Only the head
capsule and the prothorax of the specimen well preserved. Surface structure apparent on
prothorax. Short spine-like setae on the prothorax well developed. No measurements on
body could be recorded. Dimensions: head capsule length 1.46 mm, head capsule width
0.26 mm.

(86) PED 0978: Specimen stretched, crumpled, bent at thorax (Figure 12I). Surface
structure apparent. Head capsule stretched and bent, length of the head capsule could
not be reliably measured. Short spine-like setae on thorax segments and longer ventral
spine-like setae on abdomen segments well developed. No measurements of the body
could be recorded. Dimensions: head capsule width 0.21 mm.

(87) PED 1200-3: Specimen mostly concealed by other specimens, only head capsule
and thorax well visible (Figure 12J). Surface structure apparent. Head capsule well pre-
served. Short spine-like setae on thorax segments well developed. No measurements of the
body could be recorded. Dimensions: head capsule length 0.82 mm, head capsule width
0.25 mm.

(88) PED 1353: Specimen separated into ventral and dorsal halves from thorax to
trunk end (Figure 12K). Numerous particles and bubbles conceal details. Surface structure
apparent. Head capsule well preserved, but not completely visible due to dark pigmented
thorax segments, length of the head capsule could not be measured. Short spine-like
setae on thorax segments and longer ventral spine-like setae on abdomen segments well
developed. Dimensions: body width 1.96 mm, head capsule width 0.18 mm.

(89) PED 1535: Specimen only accessible in lateral view, torn apart posteriorly, particles
conceal some details (Figure 12L). Surface structure apparent. Head capsule well preserved,
but partly concealed by blurry amber. Long ventral spine-like setae on abdomen segments
well developed. Dimensions: body length 3.37 mm, body width 0.46 mm, head capsule
length 0.4 mm, head capsule width 0.14 mm.

(90) PED 0614: Specimen oblique within the amber piece, bent in multiple directions
(Figure 12M), numerous cracks and air inclusions conceal most details. Surface structure
barely visible on some parts of the larva. No measurements could be recorded.

(91) PED 1548-1: Specimen torn apart posteriorly, numerous particles and bubbles
conceal details (Figure 12N). Surface structure apparent. Head capsule well preserved,
partially with bright pigmentation. Long ventral spine-like setae on abdomen segments
well developed. Total body length could not be measured. Dimensions: body width
0.61 mm, head capsule length 0.71 mm, head capsule width 0.11 mm.
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(92) PED 1548-2: Specimen torn apart posteriorly, numerous particles and bubbles
conceal details (Figure 12O). Surface structure barely visible. Head capsule well preserved,
partially with bright pigmentation. Paired spiracles barely visible on trunk end. Total body
length could not be measured. Dimensions: body width 0.49 mm, head capsule length
0.33 mm, head capsule width 0.13 mm.

(93) PED 0799: Specimen very crumpled and torn apart (Figure 12P). Numerous
particles conceal most details. Surface structure apparent. Head capsule barely visible and
crumpled. Short spine-like setae on thorax segments and longer ventral spine-like setae on
abdomen segments well developed. No measurements could be recorded.

(94) PED 0678: Specimen strongly crumpled and damaged (Figure 12Q), large cracks
and bubbles conceal most parts of the larva. Trunk end and abdomen segments 6 and 7 are
the only visible, well-preserved parts. Some ventral spine-like setae are visible through the
larva. Surface structure visible on the well-preserved segments. No measurements could
be recorded.

(95) PED 0738: Specimen barely visible, very crumpled, numerous particles in the
amber conceal details of the body (Figure 12R). Head capsule slightly inflated, with bright
pigmentation. No measurements could be recorded.

(96) PED 0760: Specimen torn apart and crumpled (Figure 12S). Surface structure
visible on remnants of the larva. Head capsule mostly covered by cracks and air inclusions.
No measurements could be recorded.

(97) PED 0712: Specimen mostly concealed by large cracks and bubbles (Figure 12T).
Mostly thorax visible. Surface structure apparent. Short spine-like setae on thorax segments
well developed. No measurements could be recorded.

(98) PED 0927: Specimen crumpled, stretched and bent in multiple directions (Figure 12U).
Concealed by numerous dirt particles and blurry amber. Head capsule appears stretched.
No measurements could be recorded.

(99) PED 0777: Specimen twisted, bent, damaged (Figure 12V). Numerous particles
conceal details. Head capsule stretched. No measurements could be recorded.

(100) PED 0861: Specimen damaged (Figure 13B). Surface structure apparent. Only
head capsule, prothorax and mesothorax are well preserved. Short spine-like setae on
thorax segments and longer ventral spine-like setae on abdomen segments well developed.
No measurements could be recorded.

(101) PED 1007-3: Specimen crumpled and torn apart (Figure 13C). Surface structure
apparent. Head capsule partially covered by bubbles, but well preserved. Long ventral
spine-like setae on abdomen segments well developed. Spine-like setae are visible on trunk
end. No measurements could be recorded.

(102) PED 0966: Specimen torn apart and crumpled (Figure 13D). Surface structure
apparent. Head capsule oblique, could not be measured. Long ventral spine-like setae on
abdomen segments well developed. Spine-like setae visible on trunk end. Paired spiracles
visible on trunk end. No measurements could be recorded.

(103) PED 0976-1: Specimen crumpled and torn apart from abdomen segment 2 to
trunk end; oblique in the amber piece (Figure 13E). Numerous particles conceal most parts
of specimen. Surface structure apparent. Ventral spine-like setae visible on abdomen. No
measurements could be recorded.

(104) PED 1010: Specimen very crumpled (Figure 13F). Surface structure apparent.
Head capsule missing. Short spine-like setae on thorax segments and longer ventral
spine-like setae on abdomen segments well developed.

(105) PED 0976-2: Specimen crumpled and torn apart, most parts concealed by particles
(Figure 13G). No measurements could be recorded.
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Figure 13. Several fossil larvae. (A). PED 0822. (B). PED 0861. (C). PED 1007-3. (D). PED 0966.
(E). PED 0976-1. (F). PED 1010. (G). PED 0976-2. (H). PED 1007-1. (I). PED 1129. (J). PED 1192.
(K). PED 1405. (L). PED 1007-2.

(106) PED 1007-1: Specimen torn apart (Figure 13H). Surface structure apparent. Head
capsule and thorax visible and well-preserved. Short spine-like setae on thorax segments
well developed. No measurements could be recorded.

(107) PED 1129: Specimen twisted and mostly concealed by blurry amber (Figure 13I).
Surface structure barely visible. Head capsule missing. Paired spiracles barely visible on
trunk end. No measurements could be recorded.

(108) PED 1192: Specimen crumpled, bent and torn apart (Figure 13J). Details concealed
by numerous particles and dark colour of the amber. No measurements could be recorded.

(109) PED 1405: Specimen crumpled, torn apart at trunk end, accessible in ventral
view (Figure 13K). Large particles conceal major parts of the specimen. Surface structure
apparent. Head capsule and part of prothorax very dark. Long ventral spine-like setae on
abdomen segments well developed. No measurements could be recorded.

(110) PED 1007-2: Only head capsule and prothorax of specimen visible, partially
covered by bubbles (Figure 13L). Surface structure apparent on prothorax. Paired anterior
spiracles visible in prothorax. No measurements could be recorded.

3.3. Morphotype 2
3.3.1. Material Examined

We examined 2 specimens: PED 0789, PED 0821.

3.3.2. General Description of Morphotype 2

General structure of larvae of Stratiomyomorpha as outlined above. Body longer
than wide and more robust (in comparison to morphotype 1), covered in pellets or scales.
Specimens mostly well preserved and straight. Body mostly with bright pigmentation.
Head capsule rather triangular, strongly sclerotized. Head capsule longer than wide,
prominent, with labrum, mandibular–maxillary complex and labium visible on the anterior
end of head capsule. Posterior part of head capsule with metacephalic rod and paired
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tentorial arms usually retracted into thorax, not visible due to bright pigmentation and
surface structure on thorax. Segments of trunk with multiple long hair-like setae, one
pair on each lateral side, multiple on dorsal and ventral sides (Figure 1A). Trunk end with
hair-like setae. Posterior paired spiracles not visible on trunk end. Dimension range: body
length 2.65 mm–3.6 mm (n = 2), body width 1.01 mm–1.23 mm (n = 2).

3.3.3. Short Descriptions of Individual Specimens of Morphotype 2

Each specimen of morphotype 2 is briefly described, including the condition of the
amber piece and preservation quality of the larvae. Visible details of every specimen and
dimensions of the body and head capsule are provided. Although every specimen should
have all the mentioned details available, if the detail was not visible, for example due to
being covered by particles or only accessible from one side, it is not mentioned.

(111) PED 0789: Specimen accessible in dorsal view (Figure 14A,B). Surface struc-
ture apparent, bright pigmentation on the entire body. Head capsule well-preserved
(Figure 14C). Short hair-like setae on head capsule (Figure 14D). Long hair-like setae well
developed on entire trunk. Paired hair-like setae laterally on each trunk segment, one
longer than the other one for each pair. Dimensions: body length 2.65 mm, body width
1.01 mm, head capsule length 0.57 mm, head capsule width 0.35 mm.
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Figure 14. Fossil larva of morphotype 2, specimen PED 0789. (A). Dorsal view. (B). Colour-
marked. (C). Close-up of head capsule. (D). Close-up of lateral hair-like setae. Abbreviations:
a1–a7 = abdomen units 1–7; hc = head capsule; ms = mesothorax; mt = metathorax; pt = prothorax;
te = trunk end.

(112) PED 0821: Specimen accessible in dorsal and ventral view, better visible in dorsal
view (Figure 15). Surface structure apparent, bright pigmentation on the whole body. Head
capsule well-preserved. No setae visible on the whole body. Segments of thorax and
abdomen slightly triangular on lateral sides. Dimensions: body length 3.6 mm, body width
1.23 mm, head capsule length 0.65 mm, head capsule width 0.46 mm.
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3.4. Morphotype 7
3.4.1. Material Examined

We examined 6 specimens: PED 0723, PED 1107, PED 1109, PED 1218, PED 1295,
PED 1346.

3.4.2. General Description of Morphotype 7

General structure of larvae of Stratiomyomorpha as outlined above. Body longer
than wide and more robust (in comparison to morphotype 1), covered in pellets or scales.
Specimens mostly well preserved and relatively straight. Body mostly yellowish-brown.
Head capsule more strongly sclerotized, therefore mostly well-preserved. Head capsule
longer than wide with labrum, mandibular–maxillary complex and labium visible on the
anterior end of head capsule. Posterior part of head capsule with metacephalic rod and
paired tentorial arms usually retracted into thorax, not visible due to dominant surface
structure on thorax. Dorsal body side without setae; ventral body side with spine-like setae
for locomotion. Posterior paired spiracles on trunk end. Dimension range: Body length
1.64–6.95 mm (n = 5), body width 0.71–2.44 mm (n = 5).

3.4.3. Short Descriptions of Individual Specimens of Morphotype 7

Each specimen of morphotype 7 is briefly described, including the condition of the
amber piece and preservation quality of the larvae. Visible details of every specimen and
dimensions of the body and head capsule are provided. Although every specimen should
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have all the mentioned details available, if the detail was not visible, for example due to
being covered by dirt particles or only accessible from one side, it is not mentioned.

(113) PED 1107: Specimen accessible only in ventral view (Figure 16). Numerous
particles conceal details, surface structure apparent. Head capsule well preserved. Ventral
spine-like setae well developed. Dimensions: body length 6.95 mm, body width 2.44 mm,
head capsule length 0.38 mm, head capsule width 0.23 mm.
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Figure 16. Fossil larva of morphotype 7, specimen PED 1107. (A). Ventral view. (B). Colour-marked.
Abbreviations: a1–a7 = abdomen units 1–7; hc = head capsule; ms = mesothorax; mt = metathorax;
pt = prothorax; te = trunk end.

(114) PED 1218: Specimen accessible in dorsal and ventral view, better visible in dorsal
view (Figure 17). Numerous particles conceal details, surface structure apparent. Head
capsule well preserved. Ventral spine-like setae well developed. Dimensions: body length
2.31 mm, body width 1.04 mm, head capsule length 0.38 mm, head capsule width 0.16 mm.

(115) PED 1295: Specimen accessible in dorsal and ventral view (Figure 18). Surface
structure apparent. Head capsule well preserved. Ventral spine-like setae well developed
(Figure 18C). Paired spiracles visible on trunk end. Dimensions: body length 1.64 mm,
body width 0.71 mm, head capsule length 0.18 mm, head capsule width 0.06 mm.
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(115) PED 1295: Specimen accessible in dorsal and ventral view (Figure 18). Surface 
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Figure 17. Fossil larva of morphotype 7, specimen PED 1218. (A). Dorsal view. (B). Colour-marked.
Abbreviations: a1–a7 = abdomen units 1–7; hc = head capsule; ms = mesothorax; mt = metathorax;
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(C). Ventral view. Abbreviations: a1–a7 = abdomen units 1–7; hc = head capsule; ms = mesothorax; 

mt = metathorax; pt = prothorax; te = trunk end. 
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Figure 18. Fossil larva of morphotype 7, specimen PED 1295. (A). Dorsal view. (B). Colour-marked.
(C). Ventral view. Abbreviations: a1–a7 = abdomen units 1–7; hc = head capsule; ms = mesothorax;
mt = metathorax; pt = prothorax; te = trunk end.



Diversity 2023, 15, 247 26 of 40

(116) PED 1346: Specimen accessible in dorsal and ventral view (Figure 19). Bubbles
conceal details on some areas of specimen. Surface structure apparent. Head capsule well
preserved. Ventral spine-like setae well developed (Figure 19A). Dimensions: body length
1.92 mm, body width 1.13 mm, head capsule length 0.27 mm, head capsule width 0.19 mm.
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Figure 19. Fossil larva of morphotype 7, specimen PED 1346. (A). Ventral view. (B). Colour-marked.
(C). Dorsal view. Abbreviations: a1–a7 = abdomen units 1–7; hc = head capsule; ms = mesothorax;
mt = metathorax; pt = prothorax; te = trunk end.

(117) PED 0723: Specimen oblique in the amber piece (Figure 7C). Head capsule
missing. Dark pigmentation on trunk. Surface structure apparent. Some ventral spine-like
setae visible. No measurements could be recorded due to orientation of the specimen.

(118) PED 1109: Specimen accessible in dorsal and ventral view, better visible in
dorsal view (Figure 10O). Bubbles conceal parts of specimen. Surface structure apparent.
Head capsule largely concealed by blurry amber. Ventral spine-like setae well developed.
Dimensions: body length 2.06 mm, body width 0.94 mm, head capsule length 0.09 mm,
head capsule width 0.14 mm.

3.5. Specimens of Morphotype 2 or 7

Some specimens could not be identified as a specific morphotype, they are most likely
morphotype 2 or 7. The specimens do not have all details preserved or accessible that
would allow a clear identification of the specimens.

3.5.1. Material Examined

13 specimens: PED 0480 (2?), PED 0513 (?), PED 0593 (7?), PED 0730 (2?), PED 0806 (7?),
PED 0822, PED 0881 (?), PED 0744-1 (7?), PED 0744-2 (7?), PED 0744-3 (7?), PED 1188 (?),
PED 1254 (7?), PED 1262 (7?).

3.5.2. Short Descriptions of Individual Specimens of Morphotype 2 or 7

Each specimen of morphotype 2 or 7 is briefly described, including the condition of
the amber piece and preservation quality of the larvae. Visible details of every specimen
and dimensions of the body and head capsule are provided. Although every specimen
should have all the mentioned details available, if the detail was not visible, for example
due to being covered by dirt particles or only accessible from one side, it is not mentioned.



Diversity 2023, 15, 247 27 of 40

(119) PED 0480: Specimen accessible in dorsal and ventral view, better visible in dorsal
view (Figure 20). Numerous particles conceal details, surface structure apparent. Head
capsule well preserved. Ventral spine-like setae barely visible. Dimensions: body length
4.33 mm, body width 1.72 mm, head capsule length 0.87 mm, head capsule width 0.32 mm.
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Figure 20. Fossil larva or morphotype 2 or 7, specimen PED 0480. (A). Dorsal view. (B). Colour-
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Figure 20. Fossil larva or morphotype 2 or 7, specimen PED 0480. (A). Dorsal view. (B). Colour-
marked. Abbreviations: a2–a6 = abdomen units 1–7; hc = head capsule; ms = mesothorax;
mt = metathorax; te = trunk end.

(120) PED 0513: Specimen accessible in dorsal and ventral view, better visible in
ventral view (Figure 21). Bubbles and particles conceal most parts of the dorsal side.
Surface structure apparent. Head capsule concealed by bubbles. Ventral spine-like setae
well developed. Multiple spine-like setae on trunk end. Dimensions: body length 3.2 mm,
body width 1.7 mm, head capsule length 0.5 mm, head capsule width 0.23 mm.

(121) PED 0593: Specimen accessible in dorsal view (Figure 22). Numerous particles
and bubbles conceal details, surface structure apparent (Figure 22D). Head capsule well
preserved (Figure 22C). Dimensions: body length 3.48 mm, body width 1.23 mm, head
capsule length 0.79 mm, head capsule width 0.39 mm.

(122) PED 0730: Specimen accessible in dorsal view (Figure 23). Numerous particles
and bubbles conceal details, surface structure apparent. Head capsule well preserved.
Dimensions: body length 3.05 mm, body width 1.16 mm, head capsule length 0.24 mm,
head capsule width 0.28 mm.
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Figure 21. Fossil larva of morphotype 2 or 7, specimen PED 0513. (A). Ventral view. (B). Colour-

marked. Abbreviations: a1–a7 = abdomen units 1–7; hc = head capsule; ms = mesothorax; mt = met-
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(121) PED 0593: Specimen accessible in dorsal view (Figure 22). Numerous particles 
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preserved (Figure 22C). Dimensions: body length 3.48 mm, body width 1.23 mm, head 
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Figure 21. Fossil larva of morphotype 2 or 7, specimen PED 0513. (A). Ventral view. (B). Colour-
marked. Abbreviations: a1–a7 = abdomen units 1–7; hc = head capsule; ms = mesothorax;
mt = metathorax; pt = prothorax; te = trunk end.
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Figure 22. Fossil larva of morphotype 2 or 7, specimen PED 0593. (A). Full view of specimen. (B). 

Colour-marked. (C). Close-up of head capsule. (D). Close-up of surface structure. Abbreviations: 

a1–a7 = abdomen units 1–7; hc = head capsule; ms = mesothorax; mt = metathorax; pt = prothorax; 

te = trunk end. 

(122) PED 0730: Specimen accessible in dorsal view (Figure 23). Numerous particles 

and bubbles conceal details, surface structure apparent. Head capsule well preserved. Di-

mensions: body length 3.05 mm, body width 1.16 mm, head capsule length 0.24 mm, head 

capsule width 0.28 mm. 

Figure 22. Fossil larva of morphotype 2 or 7, specimen PED 0593. (A). Full view of specimen.
(B). Colour-marked. (C). Close-up of head capsule. (D). Close-up of surface structure. Abbreviations:
a1–a7 = abdomen units 1–7; hc = head capsule; ms = mesothorax; mt = metathorax; pt = prothorax;
te = trunk end.
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marked. Abbreviations: a1–a7 = abdomen units 1–7; hc = head capsule; ms = mesothorax; te = trunk 

end. 

(123) PED 0806: Specimen accessible in dorsal and ventral view, better visible in ven-

tral view (Figure 24). Ventral part mostly with bright pigmentation. Surface structure ap-

parent. Head capsule well preserved. Ventral spine-like setae well developed. Dimen-

sions: body length 5.32 mm, body width 2.05 mm, head capsule length 0.43 mm, head 

capsule width 0.21 mm. 

Figure 23. Fossil larva of morphotype 2 or 7, specimen PED 0730. (A). Dorsal view. (B). Colour-
marked. Abbreviations: a1–a7 = abdomen units 1–7; hc = head capsule; ms = mesothorax;
te = trunk end.

(123) PED 0806: Specimen accessible in dorsal and ventral view, better visible in ventral
view (Figure 24). Ventral part mostly with bright pigmentation. Surface structure apparent.
Head capsule well preserved. Ventral spine-like setae well developed. Dimensions: body
length 5.32 mm, body width 2.05 mm, head capsule length 0.43 mm, head capsule width
0.21 mm.

(124) PED 1254: Specimen accessible in ventral view (Figure 25). Surface structure
well apparent (Figure 25F). Head capsule well preserved with mouthparts (Figure 25C,D).
Ventral spine-like setae well developed (Figure 25E). Dimensions: body length 8.05 mm,
body width 3.07 mm, head capsule width 0.33 mm.

(125) PED 1262: Specimen accessible only in dorsal view (Figure 26). Numerous
particles, cracks and bubbles conceal details, surface structure apparent. Head capsule well
preserved, slightly bent. Dimensions: body length 5.06 mm, body width 1.85 mm, head
capsule length 0.55 mm, head capsule width 0.12 mm.

(126) PED 1188: Specimen partly crumpled at the rim, otherwise outstretched (Fig-
ure 7D). Posterior region partly concealed by particles. Head capsule recognisable. Dimen-
sions: body length 2.3 mm, body width 0.96 mm, head capsule width 0.14 mm.

(127) PED 0744-1: Specimen oblique, largely concealed by blurry amber (Figure 9H).
Numerous particles and bubbles conceal most details. Head capsule well preserved.
Partially concealed behind PED 0744-2. No measurements could be recorded.

(128) PED 0744-2: Specimen oblique, largely concealed by blurry amber (Figure 9H).
Numerous dirt particles and bubbles conceal details. Head capsule well preserved. No
measurements could be recorded.

(129) PED 0744-3: Specimen oblique, largely concealed by blurry amber (Figure 9I).
Numerous dirt particles and bubbles conceal details. Surface structure apparent. Head
capsule well preserved. No measurements could be recorded.
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Figure 24. Fossil larva of morphotype 2 or 7, specimen PED 0806. (A). Ventral view. (B). Colour-

marked. Abbreviations: a1–a7 = abdomen units 1–7; hc = head capsule; ms = mesothorax; te = trunk 

end. 

(124) PED 1254: Specimen accessible in ventral view (Figure 25). Surface structure 

well apparent (Figure 25F). Head capsule well preserved with mouthparts (Figure 25C, 
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Figure 24. Fossil larva of morphotype 2 or 7, specimen PED 0806. (A). Ventral view. (B). Colour-
marked. Abbreviations: a1–a7 = abdomen units 1–7; hc = head capsule; ms = mesothorax;
te = trunk end.
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Figure 25. Fossil larva of morphotype 2 or 7, specimen PED 1254. (A). Ventral view. (B). Colour-

marked. (C). Close-up of head capsule. (D). Close-up of head capsule, colour-marked. (E). Close-up 

of ventral spine-like setae. (F). Close-up of surface structure. Abbreviations: a1–a7 = abdomen units 

1–7; hc = head capsule; lr = labrum; ms = mesothorax; mt = metathorax; mx = mandibular–maxillary 
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(125) PED 1262: Specimen accessible only in dorsal view (Figure 26). Numerous par-

ticles, cracks and bubbles conceal details, surface structure apparent. Head capsule well 

preserved, slightly bent. Dimensions: body length 5.06 mm, body width 1.85 mm, head 

capsule length 0.55 mm, head capsule width 0.12 mm. 

Figure 25. Fossil larva of morphotype 2 or 7, specimen PED 1254. (A). Ventral view. (B). Colour-
marked. (C). Close-up of head capsule. (D). Close-up of head capsule, colour-marked. (E). Close-up of
ventral spine-like setae. (F). Close-up of surface structure. Abbreviations: a1–a7 = abdomen units 1–7;
hc = head capsule; lr = labrum; ms = mesothorax; mt = metathorax; mx = mandibular–maxillary
complex; pt = prothorax; te = trunk end.
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marked. Abbreviations: a1–a7 = abdomen units 1–7; hc = head capsule; ms = mesothorax; mt = met-

athorax; pt = prothorax; te = trunk end. 
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(129) PED 0744-3: Specimen oblique, largely concealed by blurry amber (Figure 9I). 
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capsule well preserved. No measurements could be recorded. 
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torn off. Ventral spine-like setae well developed. No measurements could be recorded. 

(131) PED 0822: Specimen partly oblique, posteriorly concealed by blurry amber (Fig-
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Figure 26. Fossil larva of morphotype 2 or 7, specimen PED 1262. (A). Dorsal view. (B). Colour-
marked. Abbreviations: a1–a7 = abdomen units 1–7; hc = head capsule; ms = mesothorax;
mt = metathorax; pt = prothorax; te = trunk end.

(130) PED 0881: Specimen accessible only in ventral view (Figure 11K). Numerous
particles and bubbles conceal details, surface structure apparent. Head capsule and thorax
torn off. Ventral spine-like setae well developed. No measurements could be recorded.

(131) PED 0822: Specimen partly oblique, posteriorly concealed by blurry amber
(Figure 13A). Most details not accessible. No measurements possible.

3.6. Larval Stages

Since the number of specimens identified as morphotype 1 is much larger than for
the other two morphotypes, the larval development could be best examined for this
morphotype. According to Dyar’s rule (or Brooke’s law) the growth of representatives
of Euarthropoda occurs (in most cases) at a similar rate in each developmental stage; for
holometabolans this mostly accounts for the larvae [24]. The head capsule of the larvae
is generally considered to be the most reliable part of the specimens to be measured and
plotted, as it is more sclerotized and therefore more robust and hence less deformed ([25]
for Sylvicola fenestralis). The length and width of the head capsules were plotted, and instars
were recognised based on visible gaps in the plot [24–26]. In this case, three consecutive
instars were recognised (Figures 27 and 28).
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and 7 based on specimens in this paper. Morphotypes A and B based on [12]. Figure 27. Restorations of all known types of fossil stratiomyomorphan larvae. Morphotypes 1, 2
and 7 based on specimens in this paper. Morphotypes A and B based on [12].
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Figure 28. Plotting head width over head length of morphotype 1 larvae. Three more or less distinct
clusters can be recognised.
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3.7. Shape Analysis

In total, 93 shapes were used in the shape analysis, of 33 fossil and 60 modern-day
larvae (details in Table S1 and File S2). We used ten harmonics. The analysis resulted in four
effective principal components, together explaining 90.43% of the overall shape variation
in the data set (details in Files S3–S5).

PC 1 explains 63.41% of the overall variation. It is dominated by the shape of the head
and trunk end. Lower values indicate a more slender head and trunk end, higher values a
wider head and trunk end.

PC 2 explains 13.55% of the overall variation. It is dominated by the relative width of
the trunk. Lower values indicate a wider mid-trunk region in comparison to width of head
and trunk end, higher values indicate a similar width along the entire body.

PC 3 explains 8.50% of the overall variation. It is dominated by the shape of the
trunk end. Lower values indicate a more pointed trunk end, higher values indicate a more
rounded trunk end.

PC 4 explains 5.00% of the overall variation. It is dominated by the shape of the head.
Lower values indicate a broader head, higher values indicate a narrower head.

4. Discussion
4.1. Identity of Specimens

Three different morphotypes (1, 2, 7) could be recognized in the studied material,
based on qualitative characters. Specimens of all three morphotypes are soft in appearance
(are therefore often deformed), lack locomotory appendages on the thorax (legs), and
the head is rather indistinct and partly retracted into the thorax, immediately indicating
that these larvae are immature flies (Diptera; [27]). Specimens of all three morphotypes
(also the ones which could not be identified as morphotypes 2 or 7 with certainty) share
a distinct mandibular–maxillary complex on the anterior part of the head capsule and
prominent pellets or scales (presumably calcium carbonate) on the entire trunk arranged
in a honeycomb-like pattern. These characters are well-known autapomorphies of the
group Stratiomyomorpha [6,13]. Therefore, all studied specimens are interpreted as larval
representatives of Stratiomyomorpha, which includes soldier flies and their closer relatives.
Two of the three morphotypes recognised here correspond to the morphotypes 1 and 2
recognized in a previous work [13], while morphotype 7 represents a new morphotype.

As discussed in detail in Baranov et al. [13], morphotypes 1 and 2 could not be
confidently interpreted as representatives of any narrower ingroup of Stratiomyomorpha.
Morphotype 1 has oval pellets on all the extensions of the thoracic integument, differing
from extant representatives of Xylomyidae, which have smooth areas on the pro- and
mesothoracic tergites [23]. It also lacks, together with the other morphotypes here described,
a row of spines surrounding the anus, a diagnostic feature of larvae of Xylomyidae. It
differs from extant larvae of Stratiomyidae by having a strongly elongated head capsule,
with tentorial arms and a metacephalic rod extending posteriorly across the prothorax, and
by the presence of rows of long spines on the tergites. In addition, morphotype 1 differs
from the fossil larval forms described by Liu et al. [12] by the presence of such spines and
the absence of long and thick setae along the body.

Morphotype 2 has the general appearance and diagnostic features of larvae of Stra-
tiomyidae and has been considered as such by Baranov et al. [13]. As discussed by
Grimaldi [28], Cretaceous representatives of Stratiomyidae seem to be early radiations
of the group (“stem lineage”, not part of any modern ingroup commonly interpreted as
“subfamily”), thus any further interpretation is not possible. For this reason we do not refer
to any key of extant groups and/or species (e.g., [29]).

Morphotype 7 resembles morphotype 2 in many aspects, yet the head capsule is signif-
icantly smaller, and it bears rows of spines on the ventral region of the trunk. Similarly to
morphotype 1, it has a peculiar morphology not found in any major extant stratiomyomor-
phan lineage, likely also representing an early branch within Stratiomyidae (as indicated
by the similarities to morphotype 2).
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Zhangsolvidae is an extinct family with species described based on adults found
in Myanmar amber [14,28]. The possibility that at least some of the larvae described in
the present study are representatives of this group cannot be excluded. Yet, to further
substantiate this possibility we would need a pupa preserved together with larval exuviae,
and pupal exuviae preserved together with an ecclosing adult (or a pharate adult). Hence,
the larvae can in general be interpreted as early representatives of Stratiomyomorpha, but
further interpretations are still challenging.

In general, differences between the three morphotypes are mostly restricted to the
shape of the head capsule and trunk width. Additionally, the bright pigmentation that was
recognised in specimens of morphotype 2 [13] seems absent in morphotype 1.

Another point differentiating morphotypes 2 and 7 from morphotype 1 is the rigidity
of the trunk region. Morphotype 1 specimens appear to be overall softer and therefore more
vulnerable to external influences. This aspect is demonstrated by the large percentage of
damaged specimens within the material. On the contrary, representatives of morphotypes 2
and 7 were mostly well-preserved and relatively straight. Therefore, we can assume that
these larvae have a thicker, stronger, more sclerotized cuticle than larvae of morphotype 1.
Differentiating between morphotypes 2 and 7 with qualitative characters proved difficult
(for example due to limited accessibility of the ventral side), and some specimens remained
unclear in identity (see also further below).

4.2. Size Differences and Ontogeny: Morphotype 1

Studied specimens showed a considerable size difference. This was already noted
for the smaller sample size reported in Baranov et al. [13]. The rather large sample size
available for morphotype 1 facilitates further exploration of this aspect.

Three distinct size clusters could be recognized based on head size (Figures 27 and 28),
following the concept of a steady size gain with each moult [24] (cf. ‘Brook’s law’,
e.g., [25,30]; see also discussion in [26]). The size range within each cluster is quite consid-
erable. It is therefore well possible that more larval stages (instars) are in fact represented
within the material, but these could simply not be differentiated. Size variation within a
larval stage leading to overlapping size ranges for each stage, but also the softness of the
specimens leading to uncertainties in the measurements of body size, are possible causes
for possible additional stages being obscured. Hence, there are at least three different larval
stages present, based on head size, and possibly more. Modern stratiomyomorphans have
up to nine larval stages [31], hence the observed number and the possibility of an even
higher number are well within this range. Besides larvae growing proportionally bigger
within each stage, some qualitative differences in the size clusters representing changes
during ontogeny could be observed: the smallest larvae of stage 1 appear more transparent,
as the pellets or scales on the surface seem not fully developed; the short spine-like setae on
the thoracic segments appear not yet developed; the ventral spine-like setae appear shorter
than in larger specimens but are higher in number. Hence, it appears that the locomotory
ventral spine-like setae decrease in number, but increase in relative size. Comparable
changes seem well-known in extant dipteran larvae and therefore these likely represent
true ontogenetic changes.

4.3. Lifestyle and Ecological Role

In the group of Stratiomyomorpha, extant larvae are generally differentiated, roughly,
into three functional groups: terrestrial, aquatic, and wood-boring. Yet, these categories
are partly functionally overlapping (e.g., wood-boring larvae also occur mostly in the
terrestrial realm, although some aquatic forms live on sunken wood). Not surprisingly, also
the morphospaces of the larvae adapted to these three general roles overlap (Figure 29).
Similarly to the morphospaces in Baranov et al. ([13]: Figure 14A,B), the terrestrial larvae
occupy the largest area, fully embracing the area of the larvae living in wood, but also
strongly overlapping with the area occupied by aquatic larvae.
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Figure 29. Morphospace comparing body shapes of modern and fossil stratiomyomorphan larvae.
Modern larvae are marked based on their ecologies.

Slightly different from the earlier study, the areas of aquatic and wood-associated
larvae overlap strongly. This result fits with the idea of an evolutionary connection between
the two (see discussion in [13]). A stronger difference from the earlier study is that in the
new analysis many or, in fact, most fossil larvae plot outside the area occupied by modern-
day larvae. In the earlier study, the fossil larvae plotted well within the area of the modern
forms. The enlarged data set used here likely polarised the analysis differently, providing a
different result. This new pattern makes it more difficult to use this comparison to infer
the life habits of the fossils. Yet, it indicates that certain larval morphologies have been
lost, possibly meaning that also specific ecological functions have been lost (see discussions
in [32,33]).

We must accept that morphotypes 2 and 7 especially differ quite strongly from their
modern relatives, possibly representing early offshoots of the lineage toward modern
representatives of Stratiomyidae. Hence, we have no good basis for estimating their
ecology. For morphotype 1, the situation is slightly better. First, these largely plot closer to
the modern larvae. More importantly, we know some details of the mouthparts of these
larvae ([13]: Figure 3A–C) indicating a wood-associated lifestyle. Since amber, in which the
larvae are preserved, is formed from tree resin, it is likely that these larvae had a lifestyle
related to trees. With an assumed wood-associated lifestyle (contributing to the decay of
wood), the fossil stratiomyomorphan larvae possessed very important ecological roles back
in the Cretaceous, as decomposers of dead organic matter, possibly playing a major role in
carbon cycling [13,34].
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4.4. Carbon Cycling in the Cretaceous

Peris and Rust [35] pointed out that many beetles in the Cretaceous had a wood-
associated lifestyle, but that wood-consuming (xylophagous) beetle larvae in amber had
remained rare [36]. In the meantime, several beetle larvae either boring into hardwood [22]
or decaying wood [37], or a least potentially associated with wood [38], have been re-
ported. Wood-associated beetle larvae together with termites [39] and stratiomymorphan
larvae seem to have performed wood decomposition back in the Cretaceous. Although
generally considered rather rare, all these forms seem to be much more common than
previously anticipated.

In fact, with more than 100 specimens of stratiomyomorphan larvae of morphotype 1,
this seems so far the most abundant morphotype of a holometabolan larva in Myanmar
amber when compared with numbers of larvae in other groups. While there are finds of
numerous beetle larvae even in a single amber piece (e.g., [40]), or numerous specimens of
lacewing larvae, in some cases with several dozen specimens (e.g., [41–45]), none of these
morphotypes is known from even close to 100 specimens. This emphasizes not only the
assumed ecological importance of these larvae, but also that dipteran larvae in terrestrial
habitats are in fact not rare in the fossil record, rather they have so far not been given
enough attention [5,46].

It remains puzzling that the two types of stratiomyomorphan larvae first reported
from Kachin amber (morphotypes A and B in Figure 27; [12]) have remained single finds.
The high number of specimens of stratiomyomorphan larvae here “only” allowed to
differentiate one additional morphotype (morphotype 7) that is still very similar to an
already known one (morphotype 2). This might give the impression that concerning
the morphological diversity of stratiomyomorphan larvae, we might move towards a
saturation. Yet, the absence of further specimens of morphotype A and B reported by
Liu et al. [12] as well as the significantly different new occupation of the morphospace
(Figure 30) indicates that the point of saturation might be still further away, and more
discoveries are to be expected.

Another aspect makes it likely that stratiomyomorphan larvae had a larger role in
carbon recycling in the past, especially related to necrophagous habits. Nowadays, the most
important carrion decomposer flies cited in forensic studies are in the groups Calliphoridae,
Sarcophagidae, Muscidae, Piophilidae, Phoridae and Stratiomyidae [47,48]. The first four
of these did not arise before the Palaeocene (66–56 million years old) [49,50]. Phoridae
only had a major radiation by the end of the Cretaceous [51]. Hence, it is likely that
stratiomyomorphan larvae fulfilled this specific role, while the other groups had not
yet diversified.

4.5. Food Web

The high abundance of the stratiomyomorphan larvae in Myanmar amber also implies
that they represented an important food source for predators living in the Cretaceous. In
modern times, it is well known that holometabolan larvae represent an important food
source for multiple larger animals, depending on the habitat of the larvae (see discussion
in [52]).

Terrestrial larvae, for example, are more likely to be eaten by birds or frogs, while
aquatic larvae are eaten by fishes, tadpoles or turtles [53]. Wood-associated larvae seem
to be more protected, but there are also predators specializing in these larvae. In the
modern fauna, woodpeckers represent a well-known example [54], but these had not
yet evolved in the Cretaceous. However, a single fossil species from the Cretaceous,
Parapengornis eurycaudatus, an early representative of birds, has been suggested to have had
a woodpecker-like lifestyle [55]. As pointed out, not all of the stratiomyomorphan larvae
were wood-associated, and among modern birds such non-wood-associated larvae are also
an attractive food. Most reports of modern birds feeding on stratiomyomorphan larvae are
agricultural studies [56,57] as they seem to be a common food for poultry.
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Lopes et al. [58] reported that larvae of Stratiomyidae are seasonally consumed by
tropical birds. The slender antbird (Rhopornis ardesiacus) and scalloped antbird (Myrmeciza
ruficauda) especially seem to prey upon the larvae during the summer months. Some
other birds (Conophaga melops, Drymophila squamata and Xiphocolaptes albicollis) also feed on
stratiomyomorphan larvae, but in much lower quantities. These larvae seem to, at least
seasonally, present an important part in the diet of some birds.

Alvarezsauroidean dinosaurians have been hypothesized to have specialized on eating
termites (see [59] and references therein) and possessing specialization for digging, which
would also allow them to tear rotting wood (as demonstrated by modern anteaters; [60]).
As early termites lived inside rotting wood, it seems quite likely that alvarezsauroideans
would also have been predators of wood-associated larvae, including stratiomyomorphans.
While alvarezsauroideans are known from the Cretaceous, so far no more direct indications
have been found that such animals ever lived in the forests of Myanmar. Hence, they
remain possible predators, yet a clear interaction can so far not be substantiated.

Of course, it also needs to be considered that other representatives of Insecta were
possible predators of the fossil stratiomyomorphan larvae. Checker beetles, Cleridae, are
well known to have larvae living inside wood, preying on xylophagous larvae. Such
larvae are well known in younger ambers [61]. Additionally, in Myanmar amber, larvae of
Cleridae have been reported [62], yet these larvae appear to parasitise bees and not to prey
on wood-associated larvae.

5. Conclusions

The new fossils expand our knowledge on stratiomyomorphan larvae in various ways:
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- The unprecedented number of stratiomyomorphan larvae changes our perception
of diversity of Stratiomyomorpha in the Cretaceous. In short: they are not rare,
but common.

- It remains challenging to systematically interpret the different morphotypes of the
larvae (cf. discussion in [13]).

- Differences in quantitative morphology between fossils and extant larvae indicate that
they could have had different ecological roles in the past.

- Ecomorphological reconstructions need more than mere taxonomic identification in
order to understand the ecological functions of the larvae in the past and their evolution.
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