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A B S T R A C T   

Recent excavations of the Guanshan biota at the Shijiangjun section in the eastern Yunnan Province, South 
China, have revealed many well-defined faecal pellets and related trace fossils. These can be assigned to three 
morphotypes, which have affinities with the ichnogenera Tomaculum, Alcyonidiopsis and Tubulichnium. Mor-
photype 1 is an unbranched burrow filled with randomly distributed faecal pellets. Morphotype 2 is a string- 
shaped burrow without branching, containing intensely compacted faecal pellets. Morphotype 3 comprises un-
branched burrows with a fill of faecal pellets and a central cavity. The ellipsoidal faecal pellets in morphotype 1 
and 2 can be assigned to Coprulus oblongus. They are morphologically similar to the excrements produced by 
modern deposit-feeding polychaetes, as well as the gut content of early Cambrian polychaete worms (Guan-
shanchaeta felicia) from the Guanshan biota and priapulid worms (Selkirkia) from the Xiaoshiba Lagerstätte. This 
analogy suggests polychaetes and priapulid worms as potential producers of these burrows and that a diverse 
range of digestive methods had already been established in the Cambrian Stage 4 ca. 510 Ma ago. Morphotype 3 
is interpreted to be related to the storage of faecal pellets and possibly for cultivation of bacteria, which would 
represent an early case of this behaviour. The discovery of this diverse suite of burrows with faecal pellets in-
dicates that the origin of diverse deposit-feeding strategies in worms can be traced back to at least the Cambrian 
Stage 4.   

1. Introduction 

Trace fossils represent a vital record of the interaction between or-
ganisms and their associated substrate and provide evidence of their 
behaviour (Seilacher, 1967; Pemberton et al., 1992; Buatois and 
Mángano, 2011). The evolution of metazoans, especially the develop-
ment of new behaviours, can be directly inferred from the investigation 
of trace fossils (Frey, 1973). Some trace fossils, such as coprolites, pro-
vide unique information about the diet and associated feeding strategies 
of their producers (e.g. Vannier and Chen, 2005; Shen et al., 2014; 
Kimmig and Strotz, 2017; Kimmig and Pratt, 2018). Previous coprolite 
studies have mainly focused on the reconstruction of the diet of preda-
tors based on detailed investigations of bioclastic aggregates and asso-
ciated fossils from the Cambrian (e.g. Conway Morris and Robison, 
1986; Dunne et al., 2008; Vannier, 2012). However, only few studies 
dealing with coprolites try to investigate the feeding strategies of deposit 

feeders. This is particularly the case for Cambrian deposits, in contrast to 
numerous analyses of coprolites associated with deposit feeders in 
Ordovician and younger strata (e.g. Pickerill and Narbonne, 1995; Orr, 
1996; Eiserhardt et al., 2001; Mikuláš and Slavíčková, 2001; 
Bruthansová and Kraft, 2003; Knaust, 2008, 2013; Cummings and 
Hodgson, 2011; García-Ramos et al., 2014; Uchman and Wetzel, 2017). 
Some Cambrian faecal pellets (i.e. coprolites) from Burgess-Shale Type 
deposits have been briefly studied, including from the Chengjiang biota 
(Hu, 2005), Guanshan biota (Weber et al., 2012; Ding et al., 2020), Kaili 
biota (Lin et al., 2010) and the Spence Shale (Robison, 1969; Kimmig 
and Strotz, 2017; Hammersburg et al., 2018). Recent studies of acid 
residues in carbonate rocks have also identified faecal pellets (Shen 
et al., 2014; Peel, 2015), which were thought to be produced by deposit 
feeders. Nevertheless, little research is related to the ethological inter-
pretation of their trace makers. 

The objective of this study is to describe burrows filled with faecal 
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pellets from the Guanshan biota, a Cambrian Burgess-Shale Type deposit 
in South China, and to address the ethology of their trace makers. The 
trace-makers behaviour is analysed and discussed based on the shape 
and distribution of individual faecal pellets (e.g. in elements and den-
sity), in combination with the characteristics of the burrows. The 
feeding and digestive methods used by the trace maker are discussed in 
the context of their age and early development. 

2. Geological background 

The study area is situated in the western part of the Yangtze Block, 
about 45 km north of Kunming City, Yunnan Province, South China 
(Fig. 1A, B). The examined material comes from the Shijiangjun section 
(25◦35′10.39′′N, 102◦22′21.68′′E) near the Sapushan village, in the 
Wuding County, where the Guanshan biota occurs exclusively in the 
lower Wulongqing Formation (Fig. 1C). It consists of arthropods (e.g. 
trilobites, anomalocaridids and bivalve arthropods), brachiopods (e.g. 
Acanthotretella decaius, Heliomedusa minuta, Neobolus wulongqingensis; 
Chen et al., 2019, 2020; Zhang et al., 2020a, 2020b), sponges (Choia sp., 
Crumillospongia biporosa), Eldonia, priapulids (e.g. Guanduscolex minor), 
polychaetes (Guanshanchaeta felicia; Liu et al., 2015) lobopods, echino-
derms, algae, soft-bodied preserved hyoliths (Liu et al., 2020, 2021) and 
some problematic taxa (Hu et al., 2010; Chen et al., 2019). The Palae-
olenus-Megapalaeolenus trilobite biozone was identified in the 
Wulongqing Formation (= upper Canglangpuan of the South Chinese 
regional biostratigraphical zonation; Hu et al., 2010). Trace fossils were 

briefly reported by Weber et al. (2012) and Ding et al. (2020) consisting 
of Aggregatella (=nomen dubium, see Knaust, 2020), Cruziana, 
Diplichnites, Glockerichnus, Gordia, Guanshanichnus, Monomorphichnus, 
Palaeophycus, Phycodes, Plagiogmus, Planolites, Psammichnites, Teichich-
nus, Thalassinoides, Tomaculum, Treptichnus and coprolites. The total 
thickness of the fossil-collecting Wulongqing Formation in this section is 
about 50–60 m, and its depositional environment has been interpreted 
as offshore to lower shoreface sedimentary environment (Chen et al., 
2020; Liu et al., 2021). 

3. Material and methods 

Burrow filled with faecal pellets, which are the subject of this study, 
were investigated from the lower part of the Wulongqing Formation 
(Fig. 1C). More than 300 specimens were recovered from the mudstone 
of this formation. All samples are housed in the Northwest University 
Early Life Institute (ELI) collections in Xi’an, Shaanxi Province, China. 
Morphology and faecal pellet distribution of the burrows was examined 
with a ZEISS Stemi 305 microscope. Photographs were taken using a 
ZEISS Smart Zoom 5 Stereomicrographic system and a Canon EOS 5D 
Mark IV camera. Micro-X-ray fluorescence (Micro-XRF) mapping was 
conducted using a Bruker M4 Tornado setting to 50 kV with the point 
size of 20 μm. Scanning time per pixel was 15 ms and the distance of 
capture was 20 μm. The number of pellets per square millimetre was 
determined by Image J (Abràmoff et al., 2004) and the results were 
analysed using Microsoft Excel. 

Fig. 1. Location and stratigraphy of the studied section. A. Simplified location map of the Yangtze Block and the study area (yellow inset). B. Location of the 
Shijiangjun section in Wuding, eastern Yunnan Province (asterisk). C. Field photograph of the quarry with the Guanshan biota near the Sapushan village, 20 km 
northwest of Wuding County and the stratigraphic column of the lower part of the Wulongqing Formation of the Shijiangjun section with the position of the trace 
fossils discussed. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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4. Burrows filled with faecal pellets 

Burrows filled with faecal pellets occur globally and throughout the 
Phanerozoic and therefore received the attention of pioneering workers. 
Common ichnogenera include Alcyonidiopsis Massalongo, Phymatoderma 
Brongniart, Tomaculum Groom, in addition to less known ichnogenera, 
such as Quebecichnus Hofmann, Compaginatichnus Pickerill, Tubularina 
Gaillard and Tubotomaculum García-Ramos. Resolving the taxonomy of 
pellet-filled burrows has proven to be a complex task. For example, after 
the erection of the ichnogenus Tomaculum Groom, 1902 for strings 
containing pellets, a lively debate about the ichnotaxonomy of burrows 
filled with faecal pellets arose. Syncoprulus Richter and Richter was 
erected for strings or aggregates of ellipsoidal faecal pellets (Richter and 
Richter, 1939a) and the individual pellets were named Coprulus Mayer. 
Based on its similar morphology, Syncoprulus was regarded as junior 
synonym of Tomaculum (Richter and Richter, 1939b). Alcyonidiopsis is 
an ichnotaxon comprising burrows densely filled with the faecal pellets 
(Coprulus), which was regarded as junior synonym of Tomaculum (e.g. 
Chamberlain, 1977, with detailed synonymy list). However, Tomaculum 
differs from Alcyonidiopsis, based on the type species of A. longobardiae, 
by a more random distribution of pellets instead of their crest-like 
arrangement (Groom, 1902; Eiserhardt et al., 2001) and a structured 
internal composition (e.g. meniscate pattern; Uchman et al., 2013). In 
the revision of Tomaculum, Eiserhardt et al. (2001) regarded 
T. problematicum as a trail occurring on the sediment surface, in contrast 
to the original description and figures by Groom (1902), which indicate 

that the strings of faecal pellets are found in shale (i.e. within the 
sediment). An endobenthic origin of T. problematicum was also 
confirmed by other workers because faecal strings of Tomaculum on the 
sediments surface have a very low preservation potential (see review in 
Eiserhardt et al., 2001 and discussion by Buatois et al., 2017). 

The ichnotaxonomic definition of these ichnogenera and their ich-
nospecies has not been settled (Buatois et al., 2017) and needs some 
further consolidation that is beyond the scope of this contribution. The 
herein distinguished morphotypes 1, 2 and 3 have affinity with Tom-
aculum, Alcyonidiopsis and Tubulichnium, respectively. 

4.1. Morphotype 1 

Material: Forty-nine specimens. 
Description: Morphotype 1 is represented by unbranched, simple 

horizontal and slightly curved burrows, which partly show a lining and 
are loosely filled with uncompacted faecal pellets (Fig. 2A–E). The 
burrow is flattened cylindrical and contains only one layer of faecal 
pellets (Fig. 2D). The boundaries between the faecal pellets as well as the 
burrow and the surrounding matrix are distinct by colour contrast (e.g. 
greenish and brownish, Fig. 2). The diameter of the burrow ranges from 
1.8 to 3.2 mm and the length can reach 80 mm. The pellets are ellip-
soidal and their long axes are randomly distributed (Fig. 2D) or oriented 
parallel to the wall of the burrow (Fig. 2E). Their size is about 1 mm in 
length and 0.4 mm in diameter and the length/diameter ratio is about 
2.25. The composition of the faecal pellets is mud without any other 

Fig. 2. Morphotype 1 with faecal pellets Coprulus oblongus. A. Straight burrow filled with faecal pellets. WD-SJJ-FP-018A. B. Lined burrow filled with faecal pellets. 
WD-SJJ-FP-071B. C. Faecal pellets within a burrow (white arrows) aligned to its long axis. WD-SJJ-FP-048B-2. D. Random distribution of faecal pellets. E. Uniformly 
aligned orientation of faecal pellets (dashed lines). 
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content (e.g. fragments of organisms). Their density ranges from 0.1/ 
mm2 to 0.6/mm2 (Supplementary Table S1). 

Remarks: Based on their shape and the length/diameter ratio, these 
faecal pellets are assigned to the Coprulus oblongus (see Knaust, 2020, for 
ichnotaxonomic discussion of Coprulus). They superficially resemble 
Aggregatella isp., a faecal pellet related trace fossil from the Guanshan 
biota (Ding et al., 2020), which represents a nomen dubium (Knaust, 
2020). In general, morphotype 1 resembles Tomaculum problematicum as 
reported by Weber et al. (2012) but differs from it by partly having a thin 
lining. 

4.2. Morphotype 2 

Material: Seventy-eight specimens. 
Description: Unbranched, straight or somewhat curved cylindrical 

burrows parallel or slightly inclined to the bedding and filled with faecal 
pellets forming strings within the sediments (Fig. 3A–C, E). No burrow 
lining is present, and the ellipsoidal faecal pellets are slightly deformed, 
overlapping each other and have a rounded or sub-rounded cross section 
(Fig. 3B, D). The boundary between the burrows and the surrounding 
matrix is sharp and the burrows are tightly packed with faecal pellets. 
The diameter of the burrows ranges from 1.7 to 3.2 mm (mean = 2.4 
mm) and the length of the burrows can reach up to 150 mm. The average 

Fig. 3. Burrows densely filled with faecal pellets Coprulus oblongus, referred to morphotype 2. A. Slightly curved, bedding-parallel burrow. WD-SJJ-FP-051B-2. B. 
Burrow slightly inclined to the bedding. C. Interpretative drawing of B showing a burrow crossing many laminae. WD-SJJ-FP-235. D. Close-up view of A with tightly 
packed faecal pellets. E. Close-up of B with overlapping faecal pellets. F. Elongate burrow with only loosely packed faecal pellets compared with A and B. WD-SJJ-FP- 
033-1. G. Iron distribution in the specimen figured in E with a higher concentration within the aggregated faecal pellets (red to blue colour). H. Sulphur distribution 
in the specimen figured in E (yellow) with a slightly higher content within the faecal pellets. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 
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length of the faecal pellets is about 1 mm with a diameter of about 0.4 
mm, resulting in a length/diameter ratio of 2.25. The composition of the 
faecal pellets is mud without any other content. Their density ranges 
between 0.8/mm2 and 2.3/mm2, although these values are rather con-
servative due to overlapping (and therefore not calculated) faecal pellets 
(Supplementary Table S1). The burrows clearly crosscut mudstone and 
siltstone layers (Fig. 3C). Micro-XRF analysis shows that the faecal 
pellets are rich in iron and sulphate (Fig. 3F, G), with iron concentrated 
along the margins of these pellets (Fig. 3F). 

Remarks: Based on their shape and the length/diameter ratio, these 
faecal pellets are assigned to Coprulus oblongus too. Like morphotype 1, 
morphotype 2 has an affinity with Tomaculum problematicum described 
by Weber et al. (2012), with faecal pellets partly accumulated in form of 
compacted strings on the sediment surface and within it, although the 
tightly packed faecal pellets partly resemble Alcyonidiopsis. 

4.3. Morphotype 3 

Materials: Twenty-eight specimens with a central cavity. 
Description: Morphotype 3 comprises burrows densely filled with 

faecal pellets and containing an unbranched central cavity that is 
straight or curved (Figs. 4 and 5). The burrows are inclined, sub-vertical 
or occur parallel to the bedding. The morphology of the faecal pellets is 
commonly deformed and therefore it is difficult to reveal their dimen-
sional parameters and relationship with the central cavity, which seems 
to be embedded with rather than crosscutting the faecal pellets (Fig. 4F). 
The diameter of the burrows ranges from 3.8 to 12.7 mm (mean = 8.0 
mm) and the diameter of the central cavity is about 2 to 3 mm. The 
composition of the faecal pellets is mud without any other content. 
Micro-XRF results show a high concentration of iron around the pellets 
and in the central cavity (Fig. 4I). Sulphur and iron content are higher in 
the pellet-filled burrow, including the central cavity, in comparison with 

the surrounding rock (Fig. 4H). 
Remarks: Morphotype 3 differs from morphotype 1 and 2 mainly by 

the presence of a central cavity that is surrounded by faecal pellets. It is 
comparable with Tubulichnium rectum, which is characterized by an 
oblique to horizontal, unbranched, straight or slightly winding tube. The 
cavity is blind ending, originally almost void but preserved as collapsed 
cavity that may be slightly swollen in the middle part and lined with 
small, elongated muddy pellets (Uchman and Wetzel, 2017). These 
characteristics concur with the morphology of morphotype 3, although 
the slightly swollen middle region is not preserved. Regardless of the 
exact taxonomic affiliation of morphotype 3, its overall burrow 
morphology with the central cavity clearly distinguishes it from other 
pellet-filled burrows known from the Guanshan biota. 

The packing of faecal pellets in morphotype 3 is denser than in 
morphotype 1 and 2, which is not the primary feature but compressed 
due to the activity of the trace maker similar to T. rectum (Uchman and 
Wetzel, 2017). The central cavity and the densely packed faecal pellets 
may indicate a permanent or long-term occupation of its inhabitant. 

5. Trace maker 

The morphology of the burrows and their faecal pellets provide in-
sights into potential trace makers due to analogy with modern and 
fossilized organisms. Faecal pellets of all described morphotypes are 
ellipsoidal in shape and have a homogeneous composition, which allows 
their assignment to the ichnogenus Coprulus. Morphological and 
morphometric similar faecal pellets are not only common in a variety of 
trace fossils throughout the Phanerozoic, but are also produced by a 
wide range of modern organisms, foremost by marine annelids (e.g. Wild 
et al., 2005; Wada et al., 2006, Figs. 5 and 6), enteropneusts, gastropods 
and bivalves (Knaust, 2020). 

Only few species of modern gastropods and bivalves produce 

Fig. 4. Burrows with faecal pellets of morphotype 3. A. Straight burrow occurring parallel to the bedding. WD-SJJ-FP-041. B. Inclined burrow. WD-SJJ-FP-007A-3. C. 
Irregular burrow. WD-SJJ-FP-044-3. D. Slightly curved burrow, the orientation of the central cavity runs in parallel to the faecal pellets. WD-SJJ-FP-053A-2. E–G. 
Close-up of A, C and D, respectively, showing slightly compacted faecal pellets. H. Micro-XRF results indicate the iron-rich abundance of faecal pellets especially in 
the central cavity. I. Sulphur mapping showing slightly higher concentration in the faecal pellets compared to the matrix. 
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morphological similar faecal pellets but in a smaller size class (e.g. 
Moore, 1931; Richter and Richter, 1939b; van Amerom, 1971), whereas 
the modern enteropneust Stereobalanus canadensis produces faecal pel-
lets comparable to morphotype 1 and 2 (e.g. Jensen, 1992). Recent 
research on the community of the Guanshan biota in the Shijiangjun 
section reveals that it is dominated by brachiopods associated with other 
groups of organisms (e.g. hyoliths, Vetulicola, anomalocaridids and 
priapulids) but not enteropneusts, gastropods and bivalves (Chen et al., 
2020; Zhang et al., 2020b). 

Several studies performed on modern tidal flats and nearshore areas 
have described burrows filled with ellipsoidal faecal pellets produced by 
deposit-feeding polychaetes, which are very similar to the described 
faecal pellets. Particularly members of the Bonelliidae (e.g. Sluiterina 
sibogae; Biseswar, 2005), Capitellidae (e.g. Heteromastus filiformis; Wild 
et al., 2005), Nereididae (e.g. Hediste diversicolor; Kulkarni and 

Panchang, 2015) and Thalassematidae (e.g. Thalassema malakhovi; 
Popkov, 1992) produce homogeneous sediment pills analogous to 
Coprulus. Ding et al. (2020) also reported Aggregatella isp. (=nomen 
dubium) from the Guanshan biota, but these pellets contain many 
fragments of algae that is lacking in our material. 

Isolated faecal pellets have been reported from the digestive system 
of some priapulids (e.g. Laojieella thecata) known from the Chengjiang 
biota (e.g. Han et al., 2006), and a cross-plot with a comparison of 
material from the Guanshan biota, Chengjiang biota and modern envi-
ronments shows that all analysed faecal pellets conform with the defi-
nition of Coprulus (Fig. 6; see discussion by Knaust, 2020). The size of 
Guanshan faecal pellets is larger than the others which may be related to 
the size of the producing organisms (Kraeuter and Haven, 1970). Liu 
et al. (2015) erected the polychaete taxon Guanshanchaeta felicia which 
preserves faecal material in its gut that is morphological similar to the 

Fig. 5. Interpretative drawings of Fig. 4 A–D, displaying the location of the central cavity and the surrounding fill with faecal pellets.  
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faecal pellets in morphotypes 1 and 2. All evidences discussed above 
indicate that the trace makers of morphotype 1 and 2 probably were 
polychaetes. However, faecal pellets preserved in the gut of the pria-
pulid Selkirkia in the Xiaoshiba Lagerstätte (equivalent to the Cheng-
jiang biota in age, facies and fossils) are also similar to the faecal pellets 
found in the Guanshan biota (Lan et al., 2015; Fig. 6, Supplementary 
Table S2) and would include priapulids as potential trace makers. 

6. Ecological implications and discussion 

6.1. Diverse digestive methods of worms in the Guanshan biota 

Although the morphology of morphotypes 1 and 2 is similar, there 
are notable differences in the abundance of faecal pellets within the 
burrow. Faecal pellets in morphotype 2 are in direct contact with the 
matrix, with no evidence of a burrow wall or lining. In morphotype 1, 
the faecal pellets are constrained by a well-defined burrow margin and 
can be clearly distinguished from the muddy host matrix by their colour. 
Faecal pellets of morphotype 2 are tightly compacted, whereas those in 
morphotype 1 are not (Table 1). 

Experiments on the modern polychaete Capitella have demonstrated 
that the ability to store and pack faecal pellets is influenced by body size 
and the degree of gut development (Forbes and Lopez, 1987). The 
digestive system of adult worms is more developed than in juveniles and 
the adult worms can store or ingest more food in its digestive system. 
Pellet morphology produced by Capitellidae (e.g. Capitella and Hetero-
mastus filiformis) is very similar to morphotypes 1 and 2 (Wu et al., 2003; 
Wild et al., 2005; Fig. 6, Supplementary Table S2). Selkirkia (priapulids) 
from the Xiaoshiba Lagerstätte could compress the food bolus in its gut 
that facilitates absorption of nutrients from the food (Lan et al., 2015). 
Differences in density (Supplementary Table S1) and shape of the faecal 

pellets between morphotype 1 and 2 may indicate differences in their 
digestive system or method of ingestion. The lower density of distributed 
faecal pellets in morphotype 1 indicates that the digestive system of the 
producing organism was not well developed. The faecal pellets of mor-
photype 2 are tightly packed and the distribution of faecal pellets is 
continuous and more consistent than in morphotype 1. This could mean 
that the digestive system of the producer of morphotype 2 was more 
advanced than that of morphotype 1. The tightly packed faecal pellets 
were either produced in the digestive system, or the trace maker stored 
more food in it. Both options imply that the trace maker of morphotype 2 
had a more efficient feeding method or digestive system than in mor-
photype 1. Selkirkia from the Xiaoshiba Lagerstätte may suggest a deep 
origin of diverse digestive methods of priapulids (Lan et al., 2015), 
although this may also apply to polychaetes worms, and further research 
on this is needed. 

6.2. Function of faecal pellets 

Morphotype 3 with its tightly packed fill of faecal pellets can be 
interpreted as a dwelling trace, in which the trace maker accumulated its 
faecal pellets. There is no evidence of direct reworking of the burrow fill, 
except for the intensely packed faecal pellets, which could be due to two 
scenarios, (1) non-altered faecal pellets as part of the original burrow 
architecture, and (2) reuse of faecal pellets. 

The first scenario is related to the architecture of the burrow, in 
which the organisms was not able to remove faecal pellets. On the 
contrary, some modern polychaetes (e.g. Capitella sp. and Heteromastus 
filiformis) are able to remove faecal pellets from their U-shaped or more 
complex burrow and form faecal-pellets aggregates or clusters in or 
around their burrow (e.g. Wu et al., 2003; Tsutsumi et al., 2005; Wild 
et al., 2005). 

The second scenario may be the active collection and reusing of 
faecal pellets by the trace maker. 

Morphotype 3 can be compared with Tubulichnium rectum with 
respect to its general morphology. The faecal pellets in T. rectum are 
pressed into the burrow by the trace maker (Uchman and Wetzel, 2017) 
and were probably coated by mucous excretion, which led to a con-
centration of iron around the pellet. This process is similar to the for-
mation of pyritized body fossils commonly found in the Chengjiang 
biota and other Burgess-Shale Type biotas. During the pyritization, the 
decaying organic matter (e.g. carcasses) acts as locally reducing sub-
strate for sulphate-reducing bacteria to form H2S from seawater sul-
phate. Further, the sulphate-reducing bacteria reduce iron hydroxides 
on the clay surfaces that can produce soluble Fe2+. High concentration 
of Fe2+ and H2S occurs at the interface between the carcass and the 
sediment, resulting in the development of a pyrite coat (e.g. Coleman 
and Raiswell, 1993; Gabbott et al., 2004; Steiner et al., 2005; Anderson 
et al., 2011; Gaines et al., 2012; Farrell, 2014). It is likely that the high 

Fig. 6. Cross plot of diameter and length of faecal pellets from the Guanshan biota (M1 = morphotype 1, M2 = morphotype 2, M3 = morphotype 3), Chengjiang 
biota (Lan et al., 2015), and modern tidal flats (Wu et al., 2003; Wild et al., 2005; Kulkarni and Panchang, 2015). 

Table 1 
Comparison of observed burrows filled with faecal pellets produced by poly-
chaetes or priapulids.  

Type Shape Size 

Morphotype 
1 

Unbranched, simple horizontal and 
slightly curved burrows，partly 
with a lining and filled with 
uncompacted faecal pellets 

Diameter ranging from 1.8 
to 3.2 mm 

Morphotype 
2 

Unbranched, simple horizontal and 
slightly curved burrows，without 
lining and filled with compacted 
faecal pellets 

Diameter ranging from 1.7 
to 3.2 mm, length up to 150 
mm 

Morphotype 
3 

Burrow densely filled with faecal 
pellets and containing an 
unbranched central cavity, 
inclined, sub-vertical, or parallel to 
the bedding 

Diameter ranging from 3.8 
mm to 12.7 mm, (average 
diameter of 8.0 mm)  
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concentration of iron around the faecal pellets that constitute morpho-
type 2 may also be due to sulphate-reducing bacteria. As for morphotype 
3, Micro-XRF mapping shows that iron preferentially appears concen-
trated around the faecal pellets (Fig. 4H). Sulphur does not concentrate 
in any particular region but appears as homogeneous film covering the 
faecal pellets (Fig. 4I). This may be due to weathering effects that made 
sulphur easier diffusible with water (4FeS2 + 13O2 + 2H2O =

4Fe2++SO4
2− + 4H++2SO4

2− + 2SO2; Fe2+ 2H2O = Fe(OH)2 + 2H+; Fe 
(OH)2 + O2 + H2O = 4Fe(OH)3) and the brownish colour around the 
faecal pellets also indicates the presence of oxidized iron. Mucus and 
excrements of the trace maker induced the concentration of some ele-
ments, especially iron (Wang et al., 2019). The high content of iron in 
the central cavity may also be caused by the same pyritization process, 
but higher contents of organic matter in the cavity induced more H2S 
and Fe2+ than pyrite. Compared to the Micro-XRF results of morphotype 
2, the iron concentrates more around the pellets than in the cavity, 
indicating that the high iron and sulphur content in the cavity could be 
the result of a longer stay of the trace maker. Thus, the high content of 
iron and sulphur in morphotype 3 may indicate an intense microbial 
activity within the central cavity and around the faecal pellets. 

In general, cultivating bacteria is important for increasing the 
availability of food, and faecal pellets usually act as good substrate to 
attract bacteria (e.g. Miller III and Aalto, 1998; Miller III, 1998, 2001; 
Tiunov and Dobrovolskaya, 2002; Ekdale and Bromley, 2003; 
Löwemark et al., 2005; Löwemark, 2015; Zhang and Zhao, 2016; Uch-
man and Wetzel, 2017). The storage of faecal pellets in morphotype 3 
may be related to deposit-feeding or alternatively it may have had a 
chemosymbiotic function. Sedimentology analyses suggest that the 
Guanshan biota was influenced by storms (Ding et al., 2020; Chen et al., 
2020; Liu et al., 2021). In order to elude the risk from being buried or 
carried away by storms, the organisms may avoid deposit-feeding stra-
tegies during storm periods and stay in their burrow. The cultivation 
feeding strategy could offer nutrients for the organisms during such 
periods. 

7. Conclusions 

Burrows filled with faecal pellets are reported from the Guanshan 
biota, which have an affinity to Tomaculum and Alcyonidiopsis but are 
assigned to three distinct morphotypes due to nomenclatural issues. The 
faecal pellets can be assigned to the coprolite ichnotaxon Coprulus 
oblongus, and comparison with modern analogues as well as the body- 
fossil content of the lagerstätte favours polychaetes and priapulids as 
their producers. Previous studies of modern polychaetes indicate that 
the different morphologies of faecal pellets that constitute morphotype 1 
and 2 are related to differences in the digestive methods and efficiency 
of their trace maker. The packed pellets in the fill of morphotype 3 are 
either simply part of the structure produced by a deposit feeder, or result 
from the active farming of bacteria for subsequent feeding purpose. The 
discovery of this diverse suite of burrows filled with faecal pellets in-
dicates an origin of diverse feeding strategies in deposit-feeding poly-
chaetes and priapulids during the early Cambrian. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.palaeo.2021.110249. 
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