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Synchrotron-radiation computed tomography
uncovers ecosystem functions of fly larvae in an Eocene forest

Viktor A. Baranov, Michael S. Engel, Jorg Hammel, Marie K. Hornig,
Thomas van de Kamp, Marcus Zuber, and Joachim T. Haug

ABSTRACT

We report a hitherto unprecedented diversity of fly larvae (Diptera) from Eocene
Baltic amber and the use of these to address palaeo-ecosystem functions and pro-
cesses in the surrounding forests. Fly larvae have been considered exceptionally rare
by the research community and have, like most insect larvae, been deemed of limited
utility owing to challenges in identification. Herein, however, using synchrotron-x-ray
radiation CT (SR-uCT) allowed us to detect and identify dozens of fly larvae from Baltic
amber, and to infer their ecological interactions. One particular piece of amber contains
56 fly larvae and apparent mammalian feces. This fossil is of great interest for our
understanding of carbon cycling in the Eocene forest. The occurrence of such a large
number of fly larvae on the fecal remains indicates an important role of flies in recycling
organic matter in the Eocene forest, much as some larvae do today. Analysis of the fly
palaeo-communities also allowed us to hypothesize a mechanism by which massive,
geologically relevant deposits of amber were formed in the Baltic region. Scanning
allowed us to identify seven larvae closely related to the extant Syrphidae, whose lar-
vae inhabit nests of eusocial Hymenoptera, or, sometimes, flows of sap dripping from
trees damaged by other burrowing insect larvae.
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INTRODUCTION

The Eocene epoch (55-33.9 MYA) was a piv-
otal time span in Earth history, marked by some of
the highest recorded rates of warming (Paleocene-
Eocene thermal maximum; Zachos et al., 2001).
This 700,000-year span of warming was followed
by a longer, cooler period, the Eocene Thermal
optimum (Zachos et al.,, 2001). Understanding
major changes in past Earth climate and their
impact on biodiversity is one of the critical tools
permitting us to predict middle- to long-term out-
comes of man-made global climate change (Shaf-
fer et al.,, 2016). Our knowledge of the Eocene
climate and biodiversity improved tremendously in
the past 50 years due to studies of lithology (Meth-
ner et al., 2019), isotope analysis (Barnet et al.
2019), oceanic microplankton (Frieling et al.,
2017), and macrofossils of plants and animals
(Smith et al., 2019). Among the most lauded
sources of data about the Eocene is Baltic amber.
This vast deposit of fossil resin formed in the
extensive forest covering modern northern Europe
(Weitschat and Wichard, 2010). Studying the
palaeoecology of animals and plants from the
deposit answers some crucial questions about
Eocene ecosystems, many of which cannot be
tackled by other means. Among such crucial ques-
tions are the main avenues of matter and energy
transfer in Eocene forests, as well as the nature of
the whole biome beyond those commonly pre-
served organisms with hard external or internal
skeletons. Amber provides a unique peek into
these aspects of Eocene ecosystems by preserv-
ing small soft-bodied organisms, absent from other
fossil deposits, but playing vital roles in the func-
tioning of the environment (Andersen et al., 2009;
Wichard, 2009; Penalver et al. 2012, 2018,
Ramirez et al., 2017; Cai et al. 2018).

Flies (Diptera) are hyper-diverse, with at least
160,000 extant species and encompassing the
gnats, midges, mosquitos, and myriad other rela-
tives (Marshall, 2012). Species of flies can be
exceedingly abundant. For example, larvae of non-
biting midges (Chironomidae) can occur in certain
lakes at densities of more than 100,000 individuals/
m?2 (Einarsson et al., 2002). Beyond individuals of a
single species, communities can also harbor a
staggeringly high number of species themselves: a
4-hectare area of cloud forest in Costa Rica (Zur-
qui) was found to include at least 4332 species of
flies (Brown et al., 2018). Flies have colonized
diverse habitats — from the surface of the open
ocean and over frozen glaciers, to 1000-m deep
caves and the bodies of other organisms such as
bats or birds (Andersen et al., 2015; McAlister,
2017). Fly species perform an enormous number
of ecosystem functions such as pollination, carbon
cycling, and water purification (Marshall, 2012).
Due to their diversity and abundance, flies serve as
important indicators of environmental conditions in
both modern and fossil ecosystems (Baranov et
al., 2019a). Owing to the specificity of the ecologi-
cal requirements, flies are often used to reconstruct
habitats and climatic conditions based on the
occurrence of particular groups in a deposit (e.g.,
Walker, 2001; Brooks, 2006; Rolland et al., 2008).
While adult flies are most often used for this pur-
pose (e.g., Moe et al., 2005; Grund, 2006; Sza-
dziewski, 2018), they are short-lived (days to
weeks) and frequently do not feed, serving solely
as the dispersive and reproductive stage (Marshall,
2012). Fly larvae, in contrast, are tightly associated
with certain types of habitat and perform most eco-
system functions and are therefore the stage that
provides the greatest direct linkage between the fly
and its specific environment (Baranov et al.,
2019a, 2019b). The distinctness of larval and adult



fly biology is one of the reasons for their evolution-
ary success (Grimaldi and Engel, 2005). Given
this, it stands to reason that fossil fly larvae are
perhaps better proxies for the reconstruction of
palaeo-environments, as larval habitat and ecologi-
cal preferences can be inferred more directly from
their morphology (Haug and Haug, 2019; Baranov
et al., 2019a, 2020a, 2020b). Therefore, studying
immature and adult flies in concert provides addi-
tional and enhanced information about palaeoeco-
systems (Baranov et al., 2019b). Most
palaeontologists conventionally believe that fly lar-
vae are rare in the fossil record (except for larvae
and pupae of several aquatic groups) and rarer still
in amber (Baranov et al., 2019a). If true, then it
would be challenging to rely on fly larvae in recon-
structing complex palaeo-environments. Addition-
ally, flies and other insect larvae are considered
difficult to identify as fossils owing to a perceived
paucity of visible diagnostic characters. Should
these difficulties be overcome, fly larvae could be
crucial pieces toward understanding the puzzle of
Eocene climate and biodiversity.

Herein we document a considerably high
diversity of fly larvae preserved in Baltic amber
(middle Eocene) and demonstrate that these pre-
serve an amazing breadth of taxonomically, mor-
phologically, and ecologically important characters.
These new data were obtained using synchrotron-
radiation computed tomography (SR-uCT). From
the available data, we can identify the functional
ecology of individual fly larvae to provide a more
comprehensive perspective on the environment
and functioning of the Baltic amber forest, high-
lighting previously inaccessible parts of the forest
biome and its functioning, including matter and
energy metabolism, and possibly, very drivers of
the amber formation.

MATERIAL AND METHODS

We examined over 73 specimens of immature
flies preserved in Baltic amber, mostly of larvae but
also several puparia (for terminological issues see
Haug, 2020), as well as several published records.
Identification of these larvae to species is mostly
impossible, but also unnecessary for understand-
ing their ecological role, and we therefore defaulted
our identifications to larval morphotypes. In order
to observe functional morphological traits critical to
linking individual larvae to particular ecosystem
functions, we utilized synchrotron-radiation-based
micro-computed tomography (SRuCT) to recon-
struct specimens and observe features otherwise
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obscured or challenging to view via traditional opti-
cal microscopy.

Material

The Baltic amber was obtained from a com-
mercial source in Yantarnyj, Kaliningrad District
(formerly Palmnicken, Konigsberg); Bitterfeld
amber was obtained from various sources. Tracing
of the precise origin of every piece was impossible
due to the nature of the amber collections. More
detailed information on the deposit can be found in
Weitschat and Wichard (2010) and Kasinski et al.
(2020). Notes on specimen deposition: All speci-
mens studied here are deposited in public collec-
tions (See "Results: taxonomic account” for the full
list of specimens). All specimens with a “PED" des-
ignation in the accession number are housed in the
Paleo-Evo-Devo research group collection, LMU
Munich, Germany; all specimens with “Dip” prefix
in the number are housed at the German Entomo-
logical Institute (DEI, Minchenberg), specimens
with SMF-Be prefix are deposited in the Sencken-
berg Research Institute, Frankfurt. Lastly, all speci-
mens with “BI”" and “AKBS” are housed in the
Centrum fiir Naturkunde, CeNak, Hamburg Univer-
sity, Hamburg.

Methods

Optical images were recorded with a Keyence
VHX-6000 digital microscope, either with ring light
illumination or cross-polarized coaxial illumination
(Baranov et al.,, 2019a, 2019b). All images are
composite images; each image detail was docu-
mented with a stack of images (frames) of shifting
focal planes which were fused to a single sharp
image with the built-in software. Several adjacent
image details were stitched to a large panorama
image with the built-in software, resulting in a high-
resolution image.

Amber specimens have been imaged at the
Imaging Beamline P05 (IBL; Greving et al., 2014;
Wilde et al., 2016) operated by the Helmholtz-Zen-
trum-Geesthacht at the storage ring PETRA I
(Deutsches Elektronen Synchrotron — DESY, Ham-
burg, Germany) using a photon energy of 18 keV
and a sample to detector distance of 80 mm. Pro-
jections were recorded using a custom developed
20 MP CMOS camera system with an effective
pixel size of 0.64 ym and 1.27 um, respectively,
depending on the selected magnification. For each
tomographic scan 2401 projections at equal inter-
vals between 0 and 1T have been recorded. Tomo-
graphic reconstruction was done by applying a
transport of intensity phase retrieval approach and
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using the filtered back projection algorithm (FBP)
implemented in a custom reconstruction pipeline
using Matlab (Math-Works) and the Astra Toolbox
(van Aarle et al., 2015, 2016). For processing, raw
projections were binned two times for further pro-
cessing resulting in an effective pixel size of the
reconstructed volume (voxel) of 1.28 ym and 2.55
pum, respectively. SR-uCT scans of PED 230 and
AKBS-0030 were performed at the imaging cluster
of the KIT light source of Karlsruhe Institute of
Technology using a parallel polychromatic x-ray
beam produced by a 1.5 T bending magnet. The
beam was spectrally filtered by 0.2 mm aluminum
to remove low energy components from the beam.
The resulting spectrum had a peak at about 15
keV, with a full width at half maximum bandwidth of
about 10 keV. A fast-indirect detector system was
employed, consisting of a 12 ym LSO: Tb scintilla-
tor (Cecilia et al., 2011), diffraction limited optical
microscope (Optique Peter) coupled with a 12 bit
pco.dimax high speed camera with 2016 x 2016
pixels. Scans were done by taking 3,000 projec-
tions at 70 frames per second and optical magnifi-
cations of 5X (PED-230 and AKBS-0030) and 10X
(AKBS-0030), resulting in an effective pixel size of
2.44 ym and 1.22 ym, respectively. The samples
were scanned in several height steps. We used the
control system concert (Vogelgesang et al., 2016)
for automated data acquisition and online recon-
struction of tomographic slices for data quality
assurance. Online and final data processing includ-
ing tomographic reconstruction were performed by
the UFO framework (Vogelgesang et al., 2012).

In addition to scanning all specimens using
synchrotron radiation, a yCT scan of the sample
AKBS-0030 was performed in the Computed Lami-
nography / Computed Tomography (CL/CT) labora-
tory of the IPS. An XWT-225(X-RAY WorX) x-ray
tube was employed to produce a 70 kVp conical
polycromatic x-ray beam with a target power of
20W. Over an angular range of 360° with a Perkin-
Elmer XRD1612 CN14ES flat panel detector, 2048
projections were recorded. Each frame was
exposed for 4s. The distance between the source
and the sample was 185 mm, and the distance
between the source and the detector 1726 mm,
yielding an effective pixel size of 21.5um. The final
CT slices were calculated using the cone beam
reconstruction of the UFO framework (Vogelge-
sang et al., 2012).

In order to decrease the strain on the RAM
and video card memory of the PC used for the
reconstruction, all original TIFF-stacks were down-
scaled to 0.2 of the original size using Fiji (Schin-

delin et al.,, 2012). Afterwards, stacks were
rendered in Drishti ver. 2.6.6 (Limaye, 2012). Seg-
mentation of internal organs and surface mesh-
models of the volume renders have been con-
structed based on the original TIFF-stacks in
Drishti Paint v.2.6.4. Data for this paper is linked to
the DOI of this publication and see Table 1 for loca-
tions.

TABLE 1. Locations for data.

https://www.morphdbase.de/
https://www.morphdbase.de/?V_Baranov_20210130-S-1.1
https://www.morphdbase.de/?V_Baranov_20210130-S-2.1
https://www.morphdbase.de/?V_Baranov_20210130-S-3.1
https://www.morphdbase.de/?V_Baranov_20210130-S-4.1
https://www.morphdbase.de/?V_Baranov_20210130-S-5.1
https://www.morphdbase.de/?V_Baranov_20210130-S-6.1
https://www.morphdbase.de/?V_Baranov_20210130-S-7.1
https://www.morphdbase.de/?V_Baranov_20210130-S-8.1
https://www.morphdbase.de/?V_Baranov_20210130-S-9.1
https://www.morphdbase.de/?V_Baranov_20210130-S-10.1
https://www.morphdbase.de/?V_Baranov_20210130-S-11.1
https://www.morphdbase.de/?V_Baranov_20210130-S-12.1
https://www.morphdbase.de/?V_Baranov_20210130-S-13.1
https://www.morphdbase.de/?V_Baranov_20210130-S-14.1

https://www.morphdbase.de/?V_Baranov_20210130-S-15.1

RESULTS

The most surprising result of this study is the
considerable diversity of larval brachyceran spe-
cies (true or short-horned flies) in Baltic amber
(Figures 1A-L, 2A-1, 3A-D, 4A-1). Upon initial exam-
ination, most of the larvae appear to be quite simi-
lar, often obscured by a white film (“Verlumung”).
This film often forms around larger amber inclu-
sions due to decomposition. In total, we were able
to identify 20 different larval morphotypes, repre-
senting diverse ingroups of flies: crane flies (Tipuli-
dae), march flies (Bibionidae), gall-midges
(Cecidomyiidae), Pachyneuridae, window gnats
(Anisopodidae), non-biting midges (Chironomi-
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FIGURE 1. Diversity of fly larvae in Baltic amber. A, B, PED-230, Athericidae. Fringed lobes on the trunk end. B, Pseu-
dopods with claws; C-E, Dip-00898, Chamaemyiidae, C, lateral view, head, anterior spiracle is marked with an arrow,
render of SR-uCT scan; D, posterior spiracles openings are marked with arrows, render of SR-uCT scan; E, dorsal
view, with clearly visible secondary annulation of the trunk; F, SMF-BE-10616, Chamaemyiidae, dorsal view; G, same,
posterior spiracles, dorsal view; H, SMF-BE-10726, Phoridae representative puparium, dorsal view; |, same, head,
dorsal view; J, same, trunk end, dorsal view.

dae), ibis flies (Athericidae), silver flies (Chamae-
myiidae), sun flies (Heleomyzidae), scuttle flies
(Phoridae), as well as several morphotypes which
are representative of Cyclorrhapha, but cannot be
identified to further sub-groups (“families”). Eleven
of these morphotypes were recorded based on
new material, described in this paper. The reason-
ing behind the allocation of the larval morphotypes

to certain lineages and short descriptions of all the
morphotypes are provided below.

Here we provide details for the identification of
the observed larval morphotypes as representa-
tives of particular ingroups of flies. We discuss both
new material and already known fly larva morpho-
types identified from Baltic and Bitterfeld (Saxo-
nian) ambers.
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FIGURE 2. Diversity of fly larvae in Baltic amber. All volume renders based on SR-uCT scans A, PED-230, Atherici-
dae, dorsal; B, same, lateral view; C, D, Chamaemyiidae; C, Dip-00898, dorsal view; D, Dip-00898, head in dorsal
view; E, BI-2356, puparium Cyclorrhapha, morphotype 1, lateral view; F, Dip-00888, Syrphidae, Volucellini, dorsal
view; G, same, ventral view; H-K, Cyclorrhapha. H-I, Morphotype 2; H, Dip-00892, sagittal slice; I, Dip-00892, lateral
view; |, Morphotype 3; BI2354, lateral view; J, Morphotype 3; BI2354, lateral view; K, Dip-00893, lateral view.

Taxonomic Account

Larvae previously described in the literature
from Baltic amber; diagnostic characters provided
in the sources:

1. Limoniidae cf. Ormosia (Podeniene et al.,
2004).

Anisopodidae: Mycetobia Meigen, 1818 Mor-
photype 1 (Baranov et al., 2019a).

Anisopodidae: Mycetobia Meigen, 1818 Mor-
photype 2 (Baranov et al., 2019a).

Anisopodidae: Mycetobia Meigen, 1818 Mor-
photype 3 (Baranov et al., 2019a).

Anisopodiae: Sylvicola (Baranov et al., 2019a).
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FIGURE 3. Diversity of fly larvae in Baltic amber. Optical images. A, AKBS-0030, full amber piece, arrow is pointing to
the location of the inset from Fig. 3B; B, Cyclorrhapha, morphotype 1 close-up; C, PED-230, Athericidae, dorsal view;
D, Heleomyzidae, puparium, Dip-00890, dorsal view; E, Volucellini, Dip-00889, lateral; F, Dip-00898, Chamaemyiidae,
head in dorsal view; G, Dip-00892, Cyclorrhapha, morphotype 2, lateral view; H, Dip-00888, Syrphidae, Volucellini lat-
eral view; |, Dip-00896, Volucellini, lateral view.

6.

Bibionomorpha  (Dinobibio
(Baranov et al., 2019a).
Pachyneuridae Schiner, 1864 (Baranov et al.,
2019a).
Cecidomyiidae
2002).
Chironomidae cf Bryophaenocladius (Baranov
et al., 2019b).

hoffeinseorum)

(Weitschaft and Wichard,

10. Acroceridae (Kerr and Winterton, 2008).

11. Athericidae. PED-230, single specimen, 11.4

mm long. The specimen is a larva of Atherici-
dae based on the following combination of
characters: the body is flattened dorsoven-
trally; head capsule present, but weakly sclero-
tized; pseudopods with small claws on each of
the eight trunk segments (Figure 1A-B); poste-
rior spiracles (openings of the respiratory sys-
tem) are sitting on the trunk end (abdomen);
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FIGURE 4. Representatives of Cyclorrhapha, morphotype 1, AKBS-0030. A, reconstruction of the Baltic amber forest:
feces with larvae of Cyclorrhapha, morphotype 1 larvae at the front; the adult fly Gedanoleria eocenica Woznica, 2019
(Heleomyzidae) at the feces; the early horse Eurohippus messelensis feeding at the background, representing hypo-
thetical herbivores, which may have left feces, preserved as organic mass in the amber piece (Artist: Natalia Jagiel-
ska); B, SR-uCT scan render of the full amber piece, organic mass in light-grey and larvae in red; C, surface rendering
on the SR-uCT scan, organic mass in violet and larvae in orange; D, surface renders of the individual larvae.

12.

trunk end with elongated, fringed conical fleshy
lobes and two prominent ventral tubercles (Fig-
ures 1A-B, 2A-B, 3C) (Smith, 1989).

Chamaemyiidae. Dip-00898, SMF-Be-10616
(Figures 1C-G, 2C-D, 3F): two specimens, 2.2—
3 mm long. Specimens are larvae of Chamae-
myiidae based on the following combination of
characters: head skeleton reduced and not

obvious upon inspection from the outside;
anterior spiracles in a form of a small lobe with
four digitiform protrusions; body flattened dor-
soventrally; body segments are additionally
annulated with secondary furrows on trunk
segments; each trunk unit subdivided into
three rings; body without lateral and dorsal pro-
cesses; left and right spiracles at the trunk end,
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FIGURE 5. Volucella bombylans L. extant larva for comparison, from ZSM collection, collected at Ober-Bayern,
Kiefersfelden, from wasp nest on the house leg. Seggmann. A, head, laterally; B, anterior spiracle; C, dorsal view; D,
ventral view; E, lateral view; F, Posterior spiracle.

13.

widely separated; posterior spiracles on a
tubular mounting, with three openings on flat,
distal ends of the mountings (Figure 1 C-E).

Syrphidae: Volucellini. Dip-00896, Dip-00897,
Dip-00894, Dip-00888, Dip-00889, Dip-00895,
Dip-00891. Length 1.2-6.1 mm (mean=3.4
mm, n=6) (Figures 2F, G; 4E, H, |; 5A-F; 6 A -
[). Specimens are larvae of Syrphidae and
more precisely Volucellini based on the follow-
ing combination of characters: head skeleton
reduced and not obvious upon inspection from

outside; body flattened dorsoventrally, with
prominent lateral processes; 2nd thoracic and
1-6 posterior trunk (abdomen) segments with
prominent pseudopods, bearing crochets of
claws are present; body covered with wrinkles
and posterior spiracles conjoined together, sit-
ting on the top of the short tube (Figure 6 A-l)
(Ferrar, 1987; Smith, 1989; Rotheray, 1993).
Seven specimens were found in the different
amber pieces listed above. Since the speci-
mens are varying considerably in size and pro-

9
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FIGURE 6. Larvae of the group Volucellini (Syrphidae) from the Baltic amber, renders of a SR-uCT scan. A-E, Dip-
00897; F-I, Dip-00896. A, lateral view, render of a SR-uCT scan; B, Head, sagittal slice, with internal head skeleton
marked in orange; C, Cephalo-pharyngeal skeleton, dorsal view; D, same, lateral view; E, same, ventral view; F, lat-
eral view; G, frontal slice, through the head and thorax; H, Lateral slice, with well visible oesophagus, mandible
marked in orange; |, lateral slice through the head; mandible marked in orange. Abbreviations: hp - hypopharynx; mp
- metacephalic plate; md - mandibular hooks; hd - head; an - antennae, es - esophagus.

10

portion of the body parts, we hypothesize that
they are representing the three larval instars
that are known among representatives of this
group (Ferrar, 1987). Specimens are very simi-
lar to extant representatives of Volucellini,
especially Volucella bombylans (Figure S5A-F;
Ferrar, 1987, figure 2.174). This similarity is
also notable in the structure of the head skele-

ton. Two out of seven specimens have a well-
preserved internal head skeleton (Figure 6B-
E). Both mandibles and cephalopharyngeal
skeleton, in general, are highly reminiscent of
that of larvae of the group Volucella. Mandibles
of both fossil larvae and those of extant repre-
sentatives of Volucella are composed of two
thin crescent-shaped sclerites and multiple ribs
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500 um 100 pm

/
|

FIGURE 7. Diversity of fly larvae in Baltic amber. A, SMF-BE-10652, ventral view; B, same, trunk end, ventral view; C,
Heleomyzidae, puparium, Dip-00890, dorsal; D, same, anterior spiracles; E, same, ventral view; F, same, posterior
spiracles, dorsal view.

14.

attached to them (Figure 6B-E, |) (Ferrar, 1987,
figures 84.77, 84.78).

Phoridae SMF-BE-10726 puparium. Length
1.9 mm (Figures 2F, G; 4E, H, I; 5A-F; 6 A - I).
This specimen is most likely a puparium of the
group Phoridae. It has a flattened body, cov-
ered with strongly articulated setae, a number
of strong processes at the trunk end, and
small, transparent conical thoracic horns on
the thorax (Ferrar, 1987). The general body

15.

shape is oval, the body is of unequal shape in
lateral view, “slipper-shaped” according to Fer-
rar 1987) (Figure 1H-K). The specimen is simi-
lar to puparia of the group Pseudohypocera as
depicted in Ferrar (1987, figure 63.104).

cf. Sciomyzidae SMF-BE-10652. Poorly pre-
served specimen 6.2 mm long (Figure 7A, B).
Preservation is not sufficient for further identifi-
cation, but six long lobes surrounding the pos-
terior spiracles, as well as general body shape

1
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16.

17.

18.

19.

12

are reminiscent of larvae of the group Sci-
omyzidae (Ferrar, 1987).

Heleomyzidae puparium. Dip-00890. 4.2 mm
long (Figures 3D; 7C-F). Specimen is a pupar-
ium of Heleomyzidae based on the following
combination of characters: Barrel-shaped
puparium; anterior part of puparium narrows
and then expands into the straight-edged ante-
rior end; transverse bands of locomotory spic-
ules are present on the ventral side of
abdomen segments; anterior spiracles trans-
verse rosette shaped with 10 respiratory bulbs,
resembling those of larvae of the ingroup Suil-
lia (Figure 7C-F) (Ferrar, 1987, figure 39.34;
Rotheray, 2012); posterior spiracles on short
tubes, widely separated; spiracles with three
straight slits, arranged radially (similar to, e.g.,
Suillia ustulata) (Ferrar, 1987, figure 39.49;
Rotheray, 2012, figure 5B).

Cyclorrhapha morphotype 1. AKBS-0030, 56
specimens in a single piece (Figures 3A, B;
4A-D; 8A, B). 3.1 mm long (average length,
n=46). The absence of an external head cap-
sule and body with massively reduced thorax
units indicates that these larvae belong to the
group Cyclorrhapha. Unfortunately, the larvae
are too poorly preserved for any further identifi-
cation (Figure 8A, B). The only way to narrow
down the identity of the larvae is to use their
autecology and compare it with that of extant
fly larvae. Taking into account the rather small
size of the larvae, and a possible fecal origin of
the organic mass in amber, the larvae could be
representatives of Heleomyzidae, Drosophili-
dae, Sepsidae, or Piophilidae (Graham
Rotheray and Lain MacGowan, personal com-
mun. 2020).

Cyclorrhapha morphotype 2, Dip-00892. 2.9
mm. long (Figure 8G, H). Single, poorly pre-
served larva. The absence of an external head
capsule and a body with massively reduced
thorax segments indicate this is a larva of the
Cyclorrhapha. Unfortunately, the larva is too
poorly preserved for any further identification.
This morphotype is characterized by the most
elongated body among the larval representa-
tives of Cyclorrhapha recorded from Baltic
amber so far.

Cyclorrhapha morphotype 3. Dip-00893, BI-
2354 (Figure 8C-F). 1.3-3 mm long (n=2).
Several poorly preserved specimens. Impossi-
ble to identify with certainty. The absence of an
external head capsule and a body with mas-
sively reduced thorax segments indicates that

these are larvae of the Cyclorrhapha. Unfortu-
nately, the larvae are too poorly preserved for
any further identification. This morphotype is
characterized by an elongated and spindle-
shaped body, and the presence of short pro-
cesses around the posterior spiracles.
Puparium of a fly, BI-2356, may correspond to
the previous morphotype (Figure 2E), based
on a general similarity of the habitus.

20. Cyclorrhapha morphotype 4, SMF-BE-10645
(Figure 8l, J). 2.6 mm. Absence of an external
head capsule and a body with massively
reduced thorax segments indicates that this is
a larva of the Cyclorrhapha. Unfortunately, the
larva is too poorly preserved for any further
identification. Head and thorax are relatively
well preserved, with antennae and conical
anterior spiracles prominently visible.

DISCUSSION
Palaeoautoecological Remarks

We found 11 morphotypes of brachyceran lar-
vae and puparia while SR-yCT-scanning only 16
pieces of amber (Figure 2A-K). Study of the new
material revealed extensive decomposition-based
trophic webs, previously unseen in Eocene ecosys-
tems. Below, we give an overview of the possible
palaeoecology of the larval morphotypes recorded.

Athericidae

Extant larvae of Athericidae are aquatic and
predatory. They live in streams and rivers, either at
the bottom or amid aquatic vegetation (Webb,
1977, 1994). The discovery of an ibis fly larva
(Athericidae; Figures 2A, B; 3C) documents inter-
esting aspects of aquatic habits in the Eocene for-
est. Athericidae is a small group of flies with
merolimnic species, whose larvae are aquatic
predators (Webb, 1977, 1994). The fossil record of
Athericidae is relatively rich, but no larvae of the
group have so far been found (Mostowski et al.,
2003; Zhang, 2012; Myskowiak and Nel, 2014; Nel
et al., 2014; Oberprieler and Yeates, 2014). Four
species of Athericidae have hitherto been
described from fossil resins. Succinatherix avita
Stuckenberg, 1974 and S. setifera Stuckenberg,
1974 were described from Baltic amber (Stucken-
berg, 1974). Galloatherix incompletus Nel et al.,
2014 was described from mid-Cretaceous French
amber, while Eoatrichops jeanbernardi Myskowiak
and Nel, 2014 is known from the Eocene Oise
amber of France (Myskowiak and Nel, 2014). Addi-
tionally, Meunier described a fly from Baltic amber
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FIGURE 8. Diversity of fly larvae in Baltic amber. All representative of Cyclorrhapha, A, morphotype 1, AKBS-0030, lat-
eral view, render of a SR-uCT scan; B, same, sagittal slice of the head, render of a SR-uCT scan; C, Dip-00893, mor-
photype 3, dorsal view, render of a SR-uCT scan; D, Dip-00893, morphotype 3, head, dorsal view, render of a SR-uCT
scan; E, Dip-00893 morphotype 3, head, dorsal view, render of a SR-uCT scan; E, Dip-00893, morphotype 3, posterior
spiracles, ventral view, render of a SR-uCT scan; F, Dip-00893, morphotype 3, lateral view, render of a SR-uCT scan;
G, Dip-00892, morphotype 2, sagittal slice through the head, render of a synchrotron scan; H, same, lateral view, ren-
der of a synchrotron scan; |, morphotype 4, SMF-BE-10645, ventrolateral view; J, same, head.

— Atherix exigua Meunier, 1910 — which he
ascribed to Athericidae, but the status of this spe-
cies remains uncertain.

A Jurassic ectoparasitic larva, Qiyia jurassica
Jun et al., 2014 is perhaps related to Athericidae
(Jun et al., 2014). The current record is the first
definitive find of an immature fossil snipe fly and

adds to a growing number of aquatic immatures
found in Baltic amber. Immature dragonflies, may-
flies, caddisflies, aquatic lacewings, and alderflies
are all known from the deposit (Wichard et al.,
2009), and collectively they demonstrate abundant
aquatic habitat and microhabitat conditions in the

13
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broader Eocene forest producing resin (Martinez-
Delclos et al., 2004).

Chamaemyiidae

Extant larvae of Chamaemyiidae with a similar
morphology are normally aphidivorus (Ferrar,
1987). Among the extant representatives of larval
Chamaemyiidae of the group ‘leucopsis’ are most
similar to the fossil specimens (Ferrar, 1987, fig-
ures 17.27, 17.28).

Syrphidae
Detailed discussion is provided below.
Heleomyzidae

Some adults of Heleomyzidae have already
been described from Baltic amber (Evenhuis,
2014). Extant larvae of Heleomyzidae often
develop on rotting masses of organic matter, such
as dung, corpses, or fruiting bodies of fungi (Ferrar,
1987; see discussion regarding Cyclorrhapha mor-
photype 1, below). Therefore, multiple larval sub-
strates would have been available on the Baltic
amber forest floor.

Dung Decomposers and Decomposing Food
Webs

Screening revealed several unique fossils
(Figure 4A-D). Most notable is a piece of amber
containing 56 fly larvae in association with a possi-
ble piece of vertebrate feces (an amber coprolite).
This fossil is important for understanding energy
and matter transfer in decomposition food webs.
This part of the food web, dealing with the transport
and decomposition of dead organic matter, is cru-
cial to the carbon cycle, and thereby to local and
global climatic regulation. Unfortunately, the main
actors in this interaction, such as terrestrial fly lar-
vae or earthworms, are rarely preserved as fossils
(Ulrich and Schmelz, 2001; Poinar, 2007). There-
fore, understanding the decomposition of dead
organic matter in the deep past has historically rep-
resented a significant gap in research. The fossil
itself is a roughly heart-shaped piece of amber, 30
x 25 mm, with the left portion containing the fecal
matter and the remainder including 56 larvae,
heavily obscured by a white film (Figures 3A, B,
4C-D). Prior to SR-uCT, it was difficult to assess
the nature of the fossils inside the amber. Origi-
nally, only a small number of larvae and a compact
mass of decomposed plant matter could be easily
discerned. Upon closer examination, it was discov-
ered that the larvae lie on the surface of this mass
(Figure 4C, D). The compact nature of the decom-
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posed plant material, strong maceration of plant
tissues, and the presence of numerous tissue
types in the mass leads us to conclude that with
the mass is likely fecal material. Remnants of vas-
cular plants, with the clearly visible epidermis,
parenchyma, collenchyma, as well as phloem and
xylem are abundant in the mass (Figure 9A-D).
Unfortunately, identification of the plant remnants
based on the available SR-uCTdata does not
appear to be possible (A. Schmidt and E.-M. Sad-
owski, personal commun. 2020). Since the plant
matter is finely macerated, it is likely that it was
chewed. Maceration is evident from the presence
of the many small particles of the plant tissue, with
the edges of an irregular shape (Figure 9A-D).
Accordingly, these droppings likely belonged to a
mammal (Figure 3A; Chame, 2003). Shape of the
scat is hard to discern, as it is possible that only a
part of the dropping was preserved in amber (Fig-
ure 9A, B). However, it is probable, based on the
rendering of the amber piece, that the feces were
relatively flat with one end somewhat pointed. This
shape of feces corresponds to a wide spectrum of
mammalian feces, notably some smaller deer and
large rodents, such as beavers (Chame, 2003).
The occurrence of fly larvae in unusually high num-
bers strongly suggests a trophic association with
the organic mass within the piece of amber. Unfor-
tunately, the presence of large quantities of organic
matter was detrimental to the preservation of the
larvae as many specimens partially rotted. SR-
MCTdata shows that no larvae in the piece have
preserved internal mouthparts or spiracles (exter-
nal openings of the tracheal system). As these
characters are crucial for the identification of fly lar-
vae, we currently can only identify the larvae as far
as the group Brachycera, but not further. Such a
record of a likely fly larvae and feces association in
Baltic amber is important as it provides additional
evidence for the presence of mammals in the Baltic
amber forest (Figure 4A). These animals are natu-
rally missing from the amber record and from our
overall picture of the amber forest ecosystem (Pen-
ney, 2016). The only traces of the mammals in the
deposit so far have been hair inclusions in amber
and a dental impression of a hog (Kosmowska-
Ceranowicz and Kulicka, 1995; Weitschat and
Wichard, 2002; Sidorchuk et al., 2019). The pres-
ence of dung and saprophagous larvae thus addi-
tionally demonstrate the presence of such
mammals. Unfortunately, ascertaining identity or
even the size of the animal that produced the scat
with any degree of precision is not possible.



FIGURE 9. CT scans of the fecal matter in the AKBS-0030 amber piece. Fly larvae are marked with the arrows, while
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the rest objects in the matrix of the amber are the pieces of the fecal matter. A, lower part of amber piece; B, frontal
view on the amber piece; C and D, close up on the plant remnants in the fecal matter. Abbreviations: ct - cuticle; ep -
epiderma; ph- phloem; par- parenchyma; scl - sclerenchyma; xyl - xylem.

Saprophagy by extant species of flies is
extremely important for dung decomposition and
the global carbon cycle (Marshall, 2012). Housefly
(Musca domestica) larvae can process up to 700
kg of pig manure per week if the manure is inocu-
lated by 0.4—1 ml of eggs per kilogram (Ci¢kova et
al., 2012). Such densities of eggs and larvae are
routine both in agriculture and in natural environ-
ments (Cickova et al., 2012; Marshall, 2012). This

find indicates that fly larvae likely were an import-
ant part of the carbon cycle in the Eocene forest —
just as they are today — and patrticularly in cycling
organic carbon from fecal matter. This rare insight
into the decomposition side of an Eocene food-web
shows that abundant excesses of organic matter
could have been quickly processed, with excess
carbon likely released right back into the atmo-
sphere. However, a single data point is insufficient,
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and more fossils are required in order to further
elucidate this matter.

Possible Ecology of Larvae of Volucellini

The causes leading to the formation of geo-
logically relevant volumes of amber, and the palae-
obiota they preserve, remains a greatly debated
topic in palaeobiology (Penney, 2016). Recently,
insights into the drivers of the amber formation
have begun to emerge, with mass-production of
ancient resins considered to be a stress reaction
on the part of the forest (McKellar et al., 2011; Sey-
fullah et al., 2018). In fact, much of this has lately
been linked to water stress in the amber-producing
trees (Seyfullah et al., 2018), potentially brought on
by drought, flood, disease, or parasites. Unfortu-
nately, in the Baltic amber forest we lack direct evi-
dence of any such stressors. Remarkably diverse
hoverfly larvae (Syrphidae: Eristalinae: Volucellini;
Figures 2F, G; 3E, H, I, 6A-l) reveal interesting pos-
sible associations that might point to one such
stressor — tree-burrowing insect larvae. We discov-
ered seven larvae of this morphotype, all possess-
ing characters typical for the group Volucellini
(Figure 5A-D; Smith, 1989). Larvae within this mor-
photype exhibit significant morphological variation,
which is in line with the known variation over onto-
genetic sequences of extant species of Volucellini
(Smith, 1989; Monfared et al., 2013). Today these
larvae are mostly scavengers or predators associ-
ated with the nests of eusocial representatives of
Hymenoptera, particularly social wasps (Vespidae)
and corbiculate bees, such as bumble bees
(Rotheray, 1993). In such cases the larvae use
their prominent pseudopods and claws to navigate
within the nest structures of their hosts. None of
the fossils recovered, however, are in association
with eusocial insects or nests, possibly indicating
some other palaeobiological interaction for these
larvae. It is possible that the larvae dropped from
or were thrown out of the potential hosts nests,
although this is unlikely as this occurs only excep-
tionally rarely in modern counterparts. In addition,
the abundance of representatives of Volucellini
trapped in the fresh resin is exceptionally unlikely if
in association with eusocial insect nests where
they are often in low abundance and where the
insects usually complete their development, and
not in aggregations outside of the nest. Interest-
ingly, in at least one European species of Volucel-
lini (Volucella inflata [Fabricius, 1794]), the
saprophagous larvae are specialized to aggregate
at seepages on ftrees infested by wood-boring
moth larvae (Cossidae; Speight, 2010). The speci-
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ficity and strength of this autecological interaction
are as of yet largely unknown (Speight, 2010). The
abundance of larvae of Volucellini in Baltic amber
is therefore difficult to explain. We have hypothe-
sized that such prominence of these larvae can be
a result of their association with an outpouring of
resin from a mass infestation of the forest by wood-
boring insect larvae. Wood-boring insects disrupt
water movement through the tree, leading to water
stress in large portions of the plant. Larvae of Volu-
cellini that are not linked to social insect nests
therefore could be a key indicator of resin produc-
tion due to infestation, possibly corroborating pat-
terns documented for the production of significant
deposits of resin available to be preserved and
converted to amber (McKellar et al., 2011; Peris et
al., 2016; Seyfullah et al., 2018).

In general, this hypothesis currently serves as
only one possible explanation for the high abun-
dance of larvae of Volucellini in Baltic amber. It is
important to remember that the hypothesis is built
on the following inferences: 1) larvae of Volucella
from Baltic amber can be associated with wood-
boring moth larvae, which is currently untestable;
2) that said hypothetical wood-boring moth larvae
produced sap or resin exudation in the forests of
the Eocene as can happen today; and 3) that a sin-
gle extant species of Volucella is associated with
exudate production. While sap and resin appear to
have been secreted together in the Cretaceous
amberiferous forests (see Lozano et al., 2020) and
is common in modern forests, direct evidence of
such a relationship in Baltic amber remains to be
discovered. More fossil evidence will be required to
elucidate the reasons for this unusually high abun-
dance of larvae.

Fly larvae as a missing piece in Eocene ecosys-
tems. Many biotic interactions representing import-
ant aspects of Eocene forest ecology remain
obscured. Yet, we demonstrate here the potential
for insect larvae — long considered too poorly pre-
served and difficult to identify to provide useful
palaeobiological data — to illuminate specific
aspects of palaeodiversity, palaeoecology, and
palaeoethology. Indeed, in recent years the utility
of fossilized insect larvae has been documented
repeatedly, with examples from diverse periods
and deposits (e.g., Wang et al., 2016; Lohrmann
and Engel, 2017; Badano et al., 2018; Baranov et
al.,, 2019; Haug and Haug, 2019; Pérez-de la
Fuente et al., 2012, 2020; Haug et al., 2020). The
exploration of fossil larvae has the potential to
open those “dark” aspects of Eocene ecology and
ecosystem functioning otherwise hidden. The



advent of synchrotron-radiation based micro-com-
puted tomography (SR-uCT) has enabled the
study of fossil larvae to reach its greatest potential.
This method has made it possible to access fossils
otherwise impossible to study and/or to identify
specimens lacking diagnostic external features.
Today this powerful, albeit increasingly widespread
tool, allows us to tackle aspects of palaeobiology
that were once inaccessible. SR-uCT scans reveal
that some of the larvae of Volucellini studied here
have an unusually high degree of preservation (for
amber fossils) of their internal organs (Figure 6B-E,
G-l). In particular, one specimen (Figure 6B-E) has
the internal mouthparts and hypopharynx com-
pletely preserved in 3D (Figure 6B-D), greatly facil-
itating identification. Another specimen has its
esophagus and mid-gut exquisitely preserved (Fig-
ure 6G-1). This contrasts with the majority of amber
insect fossils, most of which are essentially empty
tubes bounded by a shadow of cuticle (Penney,
2016, but see Pohl et al., 2010). Such fidelity of
preservation and character data are impossible to
access without tools such as SR-uCT scans.
Understanding the Eocene carbon cycle is
crucial for a more holistic vision of climatic shifts
during this epoch. Carbon sources and sinks in the
Eocene are relatively well constrained at the plane-
tary scale (Zachos et al., 2001; Bowen and
Zachos, 2010), but resolution of such information
at the biome level is patchy at best. Data are avail-
able for matter (including carbon) production and
consumption in prey-predator interactions and pho-
tosynthesis-based food webs from forests and
open grasslands owing to a preponderance of fos-
sils for producers and varied consumers, but views
into the decomposition stages of these same food
webs are few or lacking entirely (Weitschat and
Wichard, 2010; Smith et al., 2019). Earthworms
and leaf-litter and soil-associated insects are not
commonly fossilized, yet they are major actors in
carbon burial and release from soil. When these
organisms are preserved, it is typically as inclu-
sions in amber, yet amber mostly preserves that
portion of the biota closely linked to trees or the
bases of trees and therefore biases our perspec-
tive via selective trapping (Soloérzano Kraemer et
al., 2018). Nonetheless, there are a growing num-
ber of examples of animals not linked directly to the
amber-producing trees, such as aquatic forms of
Euarthropoda and parasitic roundworms (Wichard
et al., 2009; Poinar, 2011). Such organisms nor-
mally appear in the amber record when parts of soil
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or leaf-litter are captured by the flowing resin
(Beimforde et al.,, 2011; Speranza et al., 2015;
Delclos et al., 2020). As we demonstrate, fly larvae
associated with the topsoil are also included in this
list of unlikely, soft-bodied fossils from amber. The
discovery of dung-decomposing larvae is espe-
cially important in building a larger picture of the
Eocene Baltic amber forest. The presence of dung
is also possibly indicative of the presence of larger
mammals in the forest not otherwise preserved,
and thereby provides additional inference regard-
ing the palaeoecology and fauna of the European
Eocene. Additionally, the discovery of fossil larvae
of Volucellini suggests some clues into the poten-
tial causes of mass resin production in the Eocene
forest of Europe.
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