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Emended diagnosis: Leaf mines in pteridosperm foliage. Leaf mines originate from small, 
lenticular, endophytic oviposition sites that show no regular geometric arrangement across the 
pinnules. Individual mines develop towards the midvein and the pinnule base, following 
straight, sinuous or strongly meandering courses that may be influenced by the venation pattern; 
their relationship to the venation is variable among ichnospecies (see Remarks).  As numerous 
mines converge towards the midvein or the pinnule base, they collectively produce a 
characteristic stellate mining pattern. Individual mines never cross the midvein. 

Remarks: Originally, Müller (1982) established the ichnogenus Asteronomus and designated 
A. divergens as its type ichnospecies. He also described a second ichnospecies, A.? 
maeandriformis, which he assigned only tentatively to Asteronomus. As no oviposition sites 
were recognised in the available material, Müller (1982) inferred that the mines originated near 
the leaf base or the midvein. 

Laaß et al. (2025) investigated additional material of A. maeandriformis and identified distinct 
oviposition sites that are randomly distributed across the pinnules of the peltaspermous seed 
fern Autunia conferta. In A. maeandriformis, both the oviposition sites and the subsequent 
mines are not clearly associated with the leaf venation; instead, the mines usually run between 
the veins, exploiting the parenchyma while largely avoiding the veins themselves (Laaß et al. 
2025). A comparable lack of a regular arrangement pattern is recognised in the new 
ichnospecies, A. piesbergensis isp. nov. described herein (Fig. 5, 6). In marked contrast to A. 
maeandriformis, however, the oviposition sites and mines of A. piesbergensis are consistently 
situated on or immediately adjacent to the leaf veins and their branching points, rather than 
avoiding them (see Remarks below). Laaß et al. (2025) also showed that the mines A. 
maeandriformis originated at the oviposition sites and generally developed towards the 
midvein, rather than originating at the leaf base or along the midvein as previously proposed. 

The type ichnospecies, A. divergens, is based on a single specimen comprising several leaf 
mines preserved on an isolated medullosan seed fern pinnule of Barthelopteris germarii. The 
holotype lacks preserved oviposition scars, and the mines are almost confluent throughout much 
of their course. Moreover, the host leaf's reticulate venation strongly influences its morphology, 
making measurements of tunnel width and other diagnostic characters difficult. Consequently, 
several diagnostic characters that are well preserved in the newly studied material cannot be 
assessed in the holotype of A. divergens. At present, it cannot be determined with confidence 
whether A. divergens and A. maeandriformis represent distinct ichnospecies or a single 
ichnospecies occurring on different host plants. Nevertheless, both ichnotaxa exhibit the 
characteristic stellate mining pattern that defines Asteronomus. We therefore retain both 
ichnospecies provisionally within the ichnogenus, pending the discovery of additional material 
that may clarify their taxonomic relationship. 

Despite the uncertain relationship between the type ichnospecies and A. maeandriformis, the 
available evidence demonstrates that the ichnogenus Asteronomus ranges at least from the late 
Moscovian (Middle Pennsylvanian) to the Sakmarian/Artinskian of the early Permian. The 
earliest confirmed record is A. piesbergensis isp. nov. from the late Moscovian of the Piesberg. 
The ichnogenus was subsequently recorded from several late Pennsylvanian localities, 
including Wettin in the Saale Basin, a probable occurrence in the Kinney Quarry, central New 
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The continuously advancing course of the mines in A. piesbergensis further indicates 
progressive consumption of plant tissue rather than specialised exploitation of vascular fluids, 
as occurs in phloem-feeding Hemiptera. The formation of an elongating mine requires repeated 
removal of plant tissue during movement of the producer and is therefore functionally most 
consistent with a chewing larval stage possessing mandibulate mouthparts (Hering 1951, 
Chapman 2012). In contrast, phloem-feeding Hemiptera possess piercing-sucking mouthparts 
formed by modified mandibles and maxillae that enable localised penetration of plant tissues 
and uptake of vascular fluids (Backus 1988, Chapman 2012). 

Trace fossils cannot resolve whether Asteronomus producers consumed vascular tissue, 
exploited only adjacent parenchyma, or occasionally ingested small amounts of vascular fluids 
when rupturing individual conducting elements. Any use of vascular tissue would therefore be 
more parsimoniously interpreted as an incidental consequence of general tissue feeding, as 
documented, for example, in extant Orchestes species (Hering 1951), rather than as evidence 
of a specialised adaptation for feeding on vascular fluids. 

An alternative origin of comparable endophytic adaptations outside Holometabola cannot be 
completely excluded. However, this possibility is considered unlikely because of the absence 
of convincing extant analogues and the morphology of ametabolous and hemimetabolous 
larvae, which retain well-developed external appendages such as legs and antennae and are 
therefore considerably less compatible with a specialised lifestyle within plant tissues (Connor 
and Taverner 1997, Truman and Riddiford 1999, Tooker and Giron 2020). 

 

Palaeoecology and implications for early evolution of Holometabola 

Because early holometabolous insects had a low preservation potential, little is known about 
their radiation, distribution, and diversity during the Palaeozoic. The trace fossils presented here 
(leaf mines), which were most likely produced by holometabolous insects, therefore provide an 
important source of evidence for reconstructing the early evolutionary history of this insect 
group. The occurrence of leaf mines as early as the Middle Pennsylvanian indicates that 
holometabolous insects had already evolved complete metamorphosis by this time and that their 
larvae were highly specialised and adapted to an endophytic mode of life. 

In this context, we also draw attention to the recent findings of Laaß et al. (2026b), who 
documented feeding tunnels and coprolites in Prototaxites trunks from the Early Devonian of 
the Rhenish Massif, Western Germany, which they interpreted as having been produced by 
endophagous insect larvae. This interpretation is supported primarily by the hexagonal 
morphology of the coprolites Hexacoprus zenneri and H. elongatus in Prototaxites. A hindgut 
bearing hexagonally arranged rectal pads is known today only among winged insects (numerous 
groups within Polyneoptera and Holometabola), further supporting the hypothesis that 
endophytic larvae of winged insects may have existed during the Early Devonian. As this 
interpretation currently rests on a single study, independent confirmation is still needed. 
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Fig. 1. Location and stratigraphy of the localities discussed in this article. (A) Location of the 
Piesberg, Wettin, and the Thuringian localities in Germany. (B) Stratigraphic positions of the 
Piesberg quarry, exposed in the Osnabrück Formation near Osnabrück, northwest Germany, the 
locality Wettin, Wettin Subformation, Saale Basin, Germany, and the localities Manebach, 
Crock, Sperbersbach and Breitenbach, in the Manebach and Goldlauter Formations in 
Thuringia, Germany. Stratigraphy based on Schneider et al. (2020, 2024). (C) Simplified 
geological map of the Thuringian Forest Basin. Modified after Lützner et al. (2012), Laaß et al. 
(2023) and Schneider et al. (2024). (D) Paleogeographical and facies map of the Thuringian 
Forest Basin at the age of the lower Goldlauter Formation. Modified after Andreas et al. (1966), 
Haubold (1985) and Lützner et al. (2012).  
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(possible terminal chamber, arrow). (E1) Close-up of a well -preserved leaf mine, which is 
bordered by reaction tissue. (F) sketch of the Neuropteris leaf in E. (G, H) A. piesbergensis 
associated with Neuropteris cf. ovata (MAS Pal 1678) from the roof shale of the coal seam 
Dreibänke. Note that most mines run inside the plant tissue and are still covered by the 
epidermis. (I, J) A. piesbergensis on Neuropteris heterophylla (MAS Pal 1679-1, 1679-2). Note 
that the leaf mines in J appear as hole feeding but are filled in with frass in J. All scale bars = 2 
mm, except for E1 (= 0.5 mm). 
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venation to run towards the midvein (D) Close up of (B). Note the chamber-like damaged area 
(arrow). Scale bars A, B = 5 mm; A1, B1 = 2 mm. 

 

Fig. 4. Mining pattern of Asteronomus piesbergensis M.LAAß, L.LUTHARDT, A.LEIPNER et 
R.RÖßLER isp. nov. in Laveineopteris cf. tenuifolia from the Piesberg. (MAS Pal 1760 a, 
holotype). (A) Overview of the specimen. (B) Detail of a pinnule showing stellate mining 
pattern. (C) Numerous convergent leaf mines which likely continue in the rachis. (D) Detail of 
the rachis showing an oviposition scar. Scale bars: A = 2 mm; B, C = 1 mm; D = 0.5 mm.  
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Fig. 5. Oviposition and mining pattern of Asteronomus piesbergensis M.LAAß, L.LUTHARDT, 
A.LEIPNER et R.RÖßLER isp. nov. in Laveineopteris cf. tenuifolia from the Piesberg. (MAS Pal 
1760 a, holotype). (A) Overview photograph of the specimen. (B, C) Detail photograph and 
sketch of (B) sowing the mining pattern. Note that the oviposition sites and leaf mines run 
within the leaf venation. (D, E) Further details of A. piesbergensis. Note that the oviposition 
sites are almost invariably situated directly on the leaf veins and at vein junctions.  (F, G) 
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Fig. 7. Asteronomus isp. associated with different plant hosts from different localities. (A) 
Holotype of Asteronomus maeandriformis (FG 288/7) from Crock, Thuringia, Germany, 
Goldlauter Fm., early Permian (Asselian). (B) Asteronomus isp. on Odontopteris schlotheimii 
(MB.Pb.2026/0545) from Manebach, Languthszeche, Thuringia, early Permian (Asselian). (C) 
Holotype of A. divergens on Barthelopteris germarii (FG 288/19) from Homigtal near 
Breitenbach, Thuringia, Goldlauter Fm., early Permian (Asselian). (D, E) A. cf. maeandriformis 
on Neurocallipteris planchardii (NHMS Am11955) from Sperbersbach, Thuringia, Goldlauter 
Fm., early Permian (Asselian). (F, G) A. cf. maeandriformis on Neurocallipteris planchardii 
(NHMS Am11780) from Blauer Stein, Thuringia, Manebach Fm., early Permian (Asselian). 
(H) A. cf. maeandriformis on a pinnule of Polymorphopteris integra from northern Iberian 
Peninsula (León), Spain, Late Pennsylvanian (from Santos et al. 2022, pl. 1, Fig. B). (I, J) 
Asteronomus isp. and margin feeding (Phagophytichnus ekowskii) (arrows) on 






