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Abstract

Interactions between arthropods and plants have been 
documented extensively in late Paleozoic trees and ground 
cover plants, but they have rarely been recorded in late 
Paleozoic climbers. In this study, we present the second 
example of coprolites preserved within the plant tissue 
from the early Permian fossil Lagerstätte Wuda Tuff Flora. 
The host axis is identified as a phyllophore of the climbing 
fern Hansopteris uncinatus by the combined evidence 
of anatomy, morphology, and associated plants. Unlike 
the first coprolites, which were suggested to be produced 
by oribatid mites, the culprit of the studied coprolites was 
likely a myriapod or beetle, indicated by their slightly 
larger size and the boring behaviour. Furthermore, 
anomalous parenchymatous cells, sclerenchymatous cells, 
and metaxylem tracheids have been observed surrounding the 
tunnel, suggesting responses to traumatic stimulus caused by 
arthropod damage. This discovery provides an informative 
example of arthropod herbivory on late Paleozoic climbers 
and sheds light on how the host plant responded during the 
early stage of injury.

Keywords: plant-arthropod interaction, boring tunnel, 
traumatic stimulus, fossil climber, pyrite framboid, Wuda 
Tuff Flora

Introduction

Interactions between plants and arthropods, the two 
major groups of macroorganisms with respect to Earth’s 

biodiversity, constitute the dominant consumer pathway 
in terrestrial ecosystems, both in the modern world and 
throughout geological history. These interactions can be 
traced back to the late Silurian and Early Devonian periods, 
coinciding with the establishment of vascular plants on 
land (Scott et al., 1992). Throughout the late Paleozoic 
era, these interactions underwent rapid evolution, 
leaving numerous traces in the fossil record. These 
include evidence of feeding traces, such as consuming 
damage in leaves and wood-borings (Scott et al., 1992; 
Fletcher & Salisbury, 2014; Feng et al., 2017, 2019), and 
digestive residues of arthropods, such as coprolites and 
gut contents (Slater et al., 2012; Dunlop & Garwood, 
2017). The consumption of plants by arthropods can be 
broadly categorized into two types: detritivory, in which 
arthropods attack the dead tissues of plants, and herbivory, 
in which arthropods attack the living tissues of plants. 
Herbivory, emerging later than detritivory in terrestrial 
ecosystems, involves more complex interactions and a 
higher probability of co-evolution between plants and 
arthropods (Labandeira, 2006).
 It is widely accepted that extant ferns exhibit much 
higher resistance to herbivorous arthropods compared to 
seed plants (Hendrix, 1980; Fang et al., 2021). However, 
ferns during the late Paleozoic did not seem to enjoy such 
fortune. Coprolites of arthropods have been documented 
within various organs of Paleozoic ferns, including 
the stem (Rex, 1986; Labandeira et al., 1997), rachis 
(D’Rozario et al., 2011; Cheng et al., 2021; Feng et al., 
2021), mesophyll (Zhou et al., 2022b), and sporangia 
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(Slater et al., 2012), indicating a broad spectrum of 
interactions between ferns and arthropods. The occurrence 
of stem-borings surrounded by wound tissue in Paleozoic 
ferns, such as Psaronius (Lesnikowska, 1990; Scott et al., 
1992), records the activity of herbivorous borers. Stylet 
probes found within Psaronius rachises demonstrate that 
tree ferns were victims of piercing-and-sucking arthropods 
during the late Paleozoic (Labandeira & Phillips, 1996). 
Recently, axis-borings in a fern (Nemejcopteris haiwangii) 
have been documented in the early Permian Wuda Tuff 
Flora (Feng et al., 2021; Pšenička et al., 2021).
 Plant growth habits have been rarely considered in 
previous studies of plant-arthropod interactions. However, 
during the late Paleozoic, ferns encompassed a remarkable 
diversity in growth habits. This diversity allowed them 
to occupy various ecological niches, with climbing ferns 
playing distinct roles compared to tree ferns or ground 
cover ferns. In this paper, we present evidence of herbivory 
occurring in a climbing fern phyllophore from the early 
Permian Wuda Tuff Flora. This evidence—including a 
bored tunnel filled by coprolites and the wound reaction 
of plant tissue to the arthropod attack—contributes to a 
more comprehensive understanding of the interactions 
between ancient plants and arthropods.

Material and methods

The specimens were collected from a tuff bed within the 
uppermost Taiyuan Formation in the Wuda Coalfield 
of Inner Mongolia, China. The tuff bed is positioned 
between the No. 6 and No. 7 coal seams and preserves 
a peat-forming forest known as the “Wuda Tuff Flora” 
or the Chinese “vegetational Pompeii”. The absolute age 
of the tuff bed was determined to be 298.34 ± 0.09 Ma 
through high-precision U-Pb dating of zircons (Schmitz 
et al., 2021). Numerous upright stumps in the outcrop 
indicate this forest community was buried in situ. 
Accordingly, plant fossils were meticulously collected 
and documented in various excavations, following a 
methodology based on 1 m2 quadrats (Wang et al., 2021). 
The high-fidelity preservation of the forest structure has 
provided compelling evidence for interpreting the growth 
habits and plant-plant interactions of ferns (Zhou et al., 
2019; Zhou et al., 2022a).
 For examination of gross morphology, the specimen 
underwent immersion in 95% alcohol and was then 
photographed using a digital NIKON D-800 camera. In 
areas where three-dimensional anatomy was preserved, 
transverse and longitudinal sections were prepared 
meticulously using the EXAKT-300CP cutting system, 
followed by an EXAKT-400CS grinder. These sections 
were then photographed using either the stereomicroscope 

Zeiss Axio Zoom V16 or the microscope Zeiss Axio 
Imager Z2. The latter was equipped with an X-Cite 120Q 
fluorescence microscope excitation system for additional 
fluorescence imaging. Abnormal spheroidal structures 
were observed using scanning electron microscopes, either 
TESCAN MAIA 3 GMU or SU 3500, with the former 
also employed for scanning electron microscopy-energy-
dispersive X-ray spectroscopy (SEM-EDS) analysis.

Results

On the specimen surface, the central area features a 
fragmentary main axis, measuring over 64 mm long and 
approximately 3 mm wide (Fig. 1A). Adjacent to the main 
axis is a slightly narrower extension, estimated at 2 mm 
wide, which appears to extend from the main axis and 
may be distorted at its proximal end. However, no other 
subordinate pinnae or branches have been found attached 
along the preserved length of the main axis. The surface 
of the main axis displays numerous circular scars, likely 
remnants of hairs or trichomes.
 The middle part of the main axis, measuring 31 mm 
long, preserves three-dimensional anatomy (Fig. 1B). 
From this segment, six transverse sections (Fig. 1C–H) 
and a longitudinal section (Fig. 1I) have been prepared. 
Anatomically, the cortex of the main axis can be divided 
into two zones: a 0.2 mm-thickness outer zone consisting 
of sclerenchymatous cells 10–20 µm long and a >0.12 
mm-thick inner zone consisting of parenchymatous cells 
20–60 µm in diameter. In longitudinal section, the outer 
zone lacks distinct cell outlines, whereas the inner zone 
contains square to rectangular cells with noticeably thin 
walls.
 The vascular configuration of the main axis displays 
some variations including: 1) a C-shaped xylem strand 
composed of a thin median region (perhaps due to the 
incompletely preserved tracheids) and two curved arms 
(Fig. 1D); 2) a C-shaped xylem strand composed of a 
thick median region and two curved arms (Fig. 1E); and 
3) a C-shaped xylem strand composed of a thick median 
region and two recurved arms (Fig. 1C, F–H). In all three 
types, the median region consists of metaxylem tracheids 
(70–160 μm diameter) apparently larger than those of 
lateral arms (20–90 μm diameter). Additionally, a poorly-
preserved protruding sclerenchymatous strand originates 
from the cortex and extends into the interior of the xylem 
concavity (Fig. 1C, E–H). There are four protoxylem 
groups present on the convex side of the xylem strand. 
The inner two groups are located on each connected 
portion between the median region and lateral arm, and 
the outer two groups are positioned in the middle of each 
lateral arm (Fig. 1C, D, F–H). No divergent pinna trace 
has been observed in these sections.
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 A large cavity is found within the cortex (Figs 
1C–H, 2A, B). In the transverse section illustrated 
in Fig. 2A, the cavity is oval and measures 680 × 500 

μm. In another transverse section illustrated in Fig. 2B, 
the cavity is elongated and measures 1500 × 400 μm in 
size. The border of the cavity is generally smooth, with 

FIGURE 1. Gross morphology and anatomy of the main axis. A, The main axis and associated plant fragments, specimen 
PB204971. B, Diagram of A. Blue colour indicates the region preserved as impression; brown colour indicates the region with 
three-dimensional anatomy; green colour indicates the associated fronds. C–H, Six transverse sections of the main axis, showing 
the anatomical change of the xylem strand and the boring tunnel within the cortex. White arrows indicate the protoxylem 
groups; black arrows indicate the poorly-preserved protruding sclerenchymatous strand; red arrows indicate the boring hole. 
Dotted rectangular box in C highlights the area containing anomalous sclerenchymatous cells, which is magnified in Fig. 2C. I, 
Longitudinal section of the main axis.
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the peripheral parenchymatous cells exhibiting various 
fragmentary skeletons of cell walls (Fig. 2A, C). Several 
black bodies are preserved within the cavity (Fig. 2D, E). 
These bodies are in ovoidal to cylindrical forms, ranging 
from 110 × 60 μm to 180 × 80 μm. Under fluorescence, 
these bodies exhibit an uneven surface, and contain some 
inner structures. The morphology and size of these inner 
structures are similar to the surrounding parenchymatous 
cell walls, demonstrating them to be of undigested plant 
tissues. Therefore, the cavity is indicated to be a bored 
hole filled with coprolites. In a few cases, smaller bodies 
with irregular outlines are also found beyond the bored 
hole, in locations close to the vascular strand (Fig. 2F, 
G). They appear to be fragments crushed from more 
completely preserved coprolites.
 Numerous circular structures, 10–30 μm in diameter, 
have been identified in both the parenchymatous cortex 
and the xylem strand, observed in both transverse and 
longitudinal sections (Fig. 3A–F). SEM-EDS analysis 
indicates that some of these circular structures were empty 
holes, later filled by the carbonaceous adhesive resin in 

the process of slice preparation (Fig. 3H–J); others are 
indicated to be the impressions of spheres (Fig. 3B, D, J). 
In a few cases, square crystals with side lengths of 2–4 
μm are preserved within the spheroidal holes (Fig. 3D, J). 
The crystals mainly consist of the elements Fe and S (Fig. 
3M, N).
 Several tripinnate or bipinnate frond fragments were 
found in close proximity to the main axis (Figs 1A, 4A). 
These fronds, identifiable as belonging to a single species, 
are distinguished by their consistent pinnule morphology 
and the presence of circular reproductive organs. The 
antepenultimate rachis is approximately 1 mm in width 
with a smooth surface (Fig. 4A). The penultimate 
pinnae are over 25 mm long without a visible distal 
end (Fig. 4A). The ultimate pinnae typically consist of 
7–9 pinnules arranged alternately (Fig. 4B). The pinnules 
have sphenopterid characteristics with sparse venation, 
each terminating in a single marginal tooth (Fig. 4B). 
Several circular reproductive organs, approximately 1 
mm in diameter, are individually attached to or associated 
with the apex of pinnules (Fig. 4C). In addition, albeit 

FIGURE 2. The boring tunnel and coprolites. A, Enlargement of Fig. 1C, showing the boring hole fully filled with coprolites, 
red arrow indicates the area with smaller parenchymatous cells. B, Enlargement of Fig. 1D, showing the boring hole filled with 
reduced number of coprolites, red arrow indicates the area with smaller parenchymatous cells. C, Enlargement of the rectangular 
box in Fig. 1C under fluorescence, showing anomalous sclerenchymatous cells invading into the inner layer of the cortex. D, 
Enlargement of A under fluorescence, showing coprolites consisting of undigested plant tissues. E, Enlargement of Fig. 1D 
under fluorescence, showing coprolites composed of undigested plant tissues. F, G, Enlargement of Fig. 1G, showing the 
fragmentary coprolites.
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incomplete, an aphlebia with three preserved lobes, 
seemingly formed by dichotomy (Fig. 4D), is located near 
the base of a penultimate pinna.

Discussion

Identification of the host plant
Anachoropterids are an inversicatenalean group of 
filicalean ferns distinguished by a C-shaped xylem 
strand with abaxially curved lateral arms and convexly 
positioned protoxylem groups (Galtier & Phillips, 2014). 
The studied main axis possesses this distinct anatomical 
feature, indicating its affinity with anachoropterids. To 
date, two anachoropterid species have been documented 
in the early Permian Wuda Tuff Flora. One, Hansopteris 
uncinatus Zhou, Pšenička, Bek, Wan, Boyce & Wang, 
features a U-shaped xylem strand in the antepenultimate 
rachis, with lateral arms composed of large metaxylem 
tracheids (Zhou et al., 2021). The other likely represents a 

new species of Hansopteris Zhou, Pšenička, Bek, Wan, Boyce 
& Wang, sharing significant similarities with H. uncinatus 
in gross morphology, but differing in possessing a bar-
shaped xylem strand for the antepenultimate rachis (Zhou 
et al., 2022a). Although the studied main axis has some 
variations in xylem configuration, none is identical to 
that of the antepenultimate rachis of the two Hansopteris 
species.
 The fragmentary fronds associated with the studied 
main axis are noteworthy due to their circular reproductive 
organs, which bear resemblance to those documented 
in Hansopteris uncinatus (Zhou et al., 2021). Notably, 
a new specimen collected from the same quadrat as the 
studied main axis (both specimens marked “24I”) has 
similar fronds with circular reproductive organs (Fig. 
4E). Fortunately, a frond on this specimen possesses 
three-dimensional anatomy in part of its antepenultimate 
rachis. The transverse section of the antepenultimate 
rachis reveals a U-shaped xylem strand with lateral arms 
comprising typical large-sized metaxylem tracheids (Fig. 
4F), confirming the frond to be H. uncinatus.

FIGURE 3. Small spherical structures within the main axis. A, Enlargement of Fig. 1G, showing their morphology in transverse 
section. B, A spherical structure from Fig. 1G observed under SEM, with numerous imprints of pyrite crystals. C, Enlargement of 
Fig. 1I, showing their morphology in longitudinal section. D, A spherical depression from Fig. 1I observed under SEM, showing 
several pyrite crystals preserved therein. E, Four spherical structures preserved within a tracheid. F, The largest spherical 
structure from E (white arrow) observed under SEM. G, A spherical structure from Fig. 1G observed under SEM, showing the 
empty hole later filled with the carbonaceous adhesive resin. H, I, Element maps of G for Carbon and Silicon respectively. J, 
A spherical structure from Fig. 1G observed under SEM, with remains of pyrite crystals. K–N, Element maps of J for Carbon, 
Silicon, Iron, and Sulfur respectively. O, Small circular structures re-examined in a previous section of Hansopteris uncinatus 
(Zhou et al., 2021).
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 Considering the close proximity between the studied 
main axis and the fronds of Hansopteris uncinatus, 
particularly in the context of the in-situ preservation of 
the fossil forest which experienced limited transportation, 
we think it highly probable that the studied main axis also 
belongs to H. uncinatus rather than representing a new 
anachoropterid species. Additionally, the studied main 
axis exhibits a significantly larger width (3 mm) compared 
to the antepenultimate rachis (1 mm) in the associated 
fronds of H. uncinatus. The disparities in both size and 
anatomy suggest that the main axis likely represents a 
lower order structure from which the antepenultimate 
rachis originates. The studied main axis can be further 
interpreted as a “phyllophore” structure since only one 
lateral branch has been observed along the total 64 mm 
length (Fig. 1A) and no pinna trace has been found in the 
serial transverse sections (Fig. 1C–H).
 Hansopteris uncinatus is a typical tendril-climbing 
fern in the Wuda Tuff Flora (Zhou et al., 2021). Few 
serving as hosts for arthropod coprolites have been 
documented through geological history, with only a few 
examples known among Pennsylvanian climbers, such 

as Ankyropteris (Sterzel) Bertrand and Callistophyton 
Delevoryas & Morgan (Rößler, 2000). The present 
discovery of coprolites preserved within the phyllophore 
of H. uncinatus expands our knowledge of this interaction, 
showing its persistence into the early Permian. In modern 
forests, climbing plants not only use their hosts for 
support but also face the risk of being scapegoated for 
arthropod attacks by the trees themselves, or conversely, 
trees may foster symbiotic arthropods to deter climbers 
(Putz, 1980). However, the origin and ecological impact 
of this interaction between tree hosts, climbing plants, 
and herbivorous arthropods in the fossil record remains 
uncertain.

Plant response to arthropod damage
Plants can respond to arthropod herbivory actively or 
passively as part of their defense mechanisms against biotic 
stress. Biotic stress, particularly caused by pathogens, such 
as bacteria, viruses, fungi, arthropods, and nematodes, 
triggers significant changes in plant hormones and related 
gene expression, leading to the formation of healing tissues 
(Nejat & Mantri, 2017). Throughout the late Paleozoic, 
wound reactions have been widely documented in various 

FIGURE 4. Associated fronds from the same quadrat. A, Enlargement of Fig. 1A, showing a tripinnate frond preserved on the 
same slab surface with the main axis. B, Enlargement of A, showing the morphology of two ultimate pinnae. C, Enlargement of 
Fig. 1A, showing a fragmentary pinna preserved on the same slab surface with the main axis, note the circular reproductive organs 
(white arrows). D, Enlargement of A, showing the aphlebia structure. E, Another specimen collected from the same quadrat, 
showing fronds identical to those of Fig. 1A, specimen PB204972. F, A transverse section made from the antepenultimate rachis 
arrowed in E, showing the rachis anatomy identifiable to Hansopteris uncinatus.
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plant organs, including stems, leaves, petioles, and roots. 
The damage and healing processes can occur within the 
cortex, vascular band, or even the pith. Several types of 
wound reactions have been observed, including but not 
limited to: 1) Vesicle-like outgrowths of parenchymatous 
cells (Holden, 1931; Feng et al., 2017); 2) Proliferation of 
parenchymatous cells (Holden, 1910, 1931; Lesnikowska, 
1990; Feng et al., 2019); 3) Proliferation of tracheids 
(Stopes, 1907; Falcon-Lang et al., 2015); and 4) Protective 
layer formed by cells with thickened walls (Holden, 1912, 
1931; Weaver et al., 1997).
 In the studied main axis, arthropod damage occurs 
mainly within the cortex, represented by a bored tunnel 
with coprolites concentrated mainly at one end (Figs 
1C–F, 2A, B). The parenchymatous cells surrounding the 
tunnel express some degree of proliferation, as indicated 
by the gradually diminished size of parenchymatous cells 
in the truncated portion (Fig. 2A, B). However, this pattern 
appears to be different from previously documented 
cases, where the tunnel was filled by regular rows of 
parenchymatous cells (Holden, 1910, 1931; Lesnikowska, 
1990; Feng et al., 2019). Notably, sclerenchymatous cells 
typically constituting the outer layer of the cortex invade 
some distance into the inner layer of the cortex, replacing 
the larger-sized parenchymatous cells (Fig. 2C). This 
inward invasion likely aimed to form a sclerenchyma 
layer around the wound area, serving as a barrier against 
potential microbial infections. This barrier would help 
prevent the loss of water and nutrients, along with the 
spread of toxic substances (Holden, 1912; Kim et al., 
2004; Ozeretskovskaya et al., 2009). It is plausible that 
the wound reaction in the main axis of the present fern 
occurred shortly before its burial in the tuff bed, given that 
the anomalous parenchymatous and sclerenchymatous 
cells appear to be in an initial stage of proliferation.
 The characteristic of metaxylem tracheids in the 
median region being apparently larger in diameter and 
forming more layers than those in the lateral arms is 
indeed noteworthy, as this trait has never been reported 
in other specimens of Hansopteris uncinatus or any 
other known anachoropterid species (Galtier & Phillips, 
2014; Zhou et al., 2021). A possible explanation is that 
this might represent a unique type of foliar anatomy, as 
different orders of anachoropterid axes may have had 
variation in xylem configuration (Zhou et al., 2024). 
However, a more plausible explanation is that the 
metaxylem tracheids towards the bored area became 
hyperplasic and hypertrophic due to traumatic stimulus. 
Similar wound reaction has been documented previously 
in a Pennsylvanian cordaitalean branch (Falcon-Lang et 
al., 2015).

Possible producer of the coprolites
The present study represents the second fossil record 
of coprolites preserved within plant tissues in the early 
Permian Wuda Tuff Flora, the first record being recently 
identified as coprolites remaining in the mesophyll of 
the fern Botryopteris sinensis Zhou, Pšenička, Bek, 
Libertín, Wang & Wang (Zhou et al., 2022b, 2023a, b). 
Previous taphonomic interpretations suggest that plant 
fragments preserved in a mass within the basal 30 mm 
of the tuff bed belong to the litter layer of the swamp 
forest community, whereas others preserved more widely 
separated from each other and in higher layers of the 
tuff bed were directly broken off from the main body 
and rapidly buried by volcanic ash (Zhou et al., 2022b). 
Therefore, these coprolites and some types of feeding 
traces were suggested to be formed by herbivory rather 
than detritivory (Feng et al., 2021; Zhou et al., 2022b). 
The present studied coprolites were also likely formed 
by herbivory, given their apparent preservation not in 
the litter layer. This argument is further supported by the 
fact that these coprolites were concentrated at one end 
and gradually diminished at the other end of the tunnel 
(Figs 1C–F, 2A, B), suggesting preservation in an upright 
orientation subjected gravity settling during the organism’s 
lifetime. Moreover, the host plant exhibits reactions to the 
boring damage, providing convincing evidence for the 
interpretation of herbivory.
 The size and texture of coprolites are often used to 
infer the producer (Scott & Taylor, 1983). In the mesophyll 
of Botryopteris sinensis, coprolites with smooth surface 
are typically circular to oval in cross-section, with a 
long axis mostly less than 110 μm, suggesting they 
were produced by oribatid mites (Zhou et al., 2022b). 
However, in the present studied specimen, most coprolites 
are ovoidal to cylindrical, with uneven surface and long 
axes ranging from 110 to 180 μm. These coprolites have 
sizes close to the upper limit of those of oribatid mites and 
springtails, and the lower limit of those of myriapods and 
holometabolous insects (Scott & Taylor, 1983; Labandeira 
et al., 1997). Oribatid mites and springtails primarily 
serve as decomposers in modern forest ecosystems, but 
they may also feed on living plant matter (Scott & Taylor, 
1983). Nevertheless, they are unlikely to be the producer 
since oribatid mites normally produce coprolites with a 
smooth surface and a much smaller diameter (commonly 
<100 μm) (Scott & Taylor, 1983; Labandeira et al., 1997), 
and springtails lack the appropriate mouthpart structure 
to produce tunnels (Goto, 1972; Labandeira et al., 1997). 
In contrast, late Paleozoic myriapods and holometabolous 
insects, especially beetles (Feng et al., 2019; Cai et al., 
2022), have been well-documented to be capable of 
producing boring tunnels through consumption of either 
decaying (D’Rozario et al., 2011; Rößler et al., 2012) or 
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living tissues (Feng et al., 2017, 2019; Wei et al., 2019; 
Laaß et al., 2020). The producer of the studied coprolites 
is likely to have been a small myriapod or beetle larva. 
However, the exact identity of the producer remains 
unknown due to the absence of body fossil evidence.
 Initially, the spheroidal structures in both longitudinal 
and transverse sections (Fig. 3A, C, E) were assumed to 
be fungi, as fungal spores with similar morphology have 
been documented within the tracheids of Botryopteris 
antiqua and Rhexoxylon piatnitzkyi (Krings et al., 2011; 
Sagasti & Bodnar, 2023). This led to the speculation of 
a complex plant-arthropod-fungus interaction, which has 
been well-documented in Permian woods (D’Rozario et 
al., 2011; Feng et al., 2017; Wei et al., 2019). However, 
upon re-examination, it was found that similar structures 
also occurred in a previously documented section of 
Hansopteris uncinatus (Fig. 3O), where coprolites were 
entirely absent (Zhou et al., 2021). Moreover, SEM-
EDS analysis revealed impressions and compressions of 
crystals composed of Fe and S within the spheres (Fig. 
3B, D, F, J), suggesting that these structures were not 
fungi but probably imprints of pyrite framboids. Pyrite 
mineralization has been documented previously in some 
Pennsylvanian plant cuticles, with the process assumed to 
be diagenetic (Zodrow & Mastalerz, 2009).
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