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ANDREW K. RINDSBERG, ALFRED UCHMAN AND MAX WISSHAK

Interest in the study of trace fossils has been increasing 
during the past 50 years (e.g. Bromley 1996; Seilacher 
2007; Buatois & Mángano 2011; Baucon et al. 2012; 
Wisshak et al. 2019). Any fossils described are bound 
to sink into oblivion sooner or later if left unnamed. 
Ichnotaxonomy is the foundation of naming and thus 
the basis for a proper and meaningful interpretation 
of trace fossils, serving as a tool for communication. 
The goals of ichnology have been changing and diver-
sifying in the past century, imposing new demands on 

the basics of trace fossil identification: Historically, 
the study of invertebrate traces was concerned with 
behavioural aspects; the relevant ichnotaxa have 
acted as proxies for ethology. The focus in the 1970s 
and early 1980s, when the use of ichnology in the 
petroleum industry and deep-sea studies was bur-
geoning, was on recognition of trace fossils to serve 
environmental interpretation by sedimentologists 
(e.g. Frey 1970; Chamberlain 1971, 1975; Bromley 
1972; Crimes 1973; Fürsich 1975; Frey et  al. 1978; 

A uniform approach to ichnotaxonomy has been for the most part positively received 
by the scientific community. We carry it further here, presenting a revised treatment 
of trace fossil groups. These should include cololites and regurgitalites as well as root 
traces. Signs of human technology may be seen as traces; however, they should not be 
named following the principles of zoological taxonomy and rules of zoological nomen-
clature. Microbially induced sedimentary structures are not considered as traces and 
neither are structures resulting from bioclaustration. The latter, also known as galls and 
embedment structures, may be named as cecidotaxa (cecidofamilies, -genera, -species; 
briefly cfam., cgen., csp.) and, as such, they are governed by the International Code of 
Zoological Nomenclature. Cecidotaxa do not compete for synonymy with ichnotaxa, 
other parataxa or biotaxa. A revised list of ichnotaxobases includes the arrangement 
of subunits as well as (in a restricted way) size and bioglyphs. The principal type of 
substrate may serve as an ichnotaxobase, especially in bioerosion traces, but its sole 
use should be avoided, unless informed by knowledge about the behaviour of specialist 
producers. For the purpose of the nomenclatural code, we further propose to define 
‘fossil’ as ‘not demonstrably postdating the beginning of the Holocene’ and provide a 
revised definition of ‘ichnotaxon’. □ Ichnology, ichnotaxobases, cecidotaxa, bioerosion, 
MISS, ichnogeny
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Pemberton & Frey 1984; Wetzel 1983). Vertebrate 
traces, on the other hand, have been strongly linked to 
their producers from the very beginning and, as such, 
have been used as a proxy for palaeodiversity (e.g. 
Hitchcock 1858, Lockley et al. 2008; Marchetti et al. 
2019). Currently, the models for palaeoenvironmen-
tal interpretation are becoming more sophisticated, 
showing much better articulation among ichnolog-
ical, sedimentological and sequence stratigraphical 
datasets (e.g. Savrda 1991; MacEachern et  al. 1992; 
MacEachern & Pemberton 1994; Glaub 1999; Vogel 
& Marincovich 2004; MacEachern et al. 2005; Knaust 
& Bromley 2012; Wisshak 2012; Dasgupta et al. 2016; 
Rindsberg 2018). In addition, recent ichnological 
research increasingly has a stronger biological and 
evolutionary background (e.g. Mángano & Buatois 
2014, 2016 a, b; Minter et al. 2017; Rindsberg 2018). 
For this approach, a closer relationship between ich-
notaxonomy and tracemaker behaviour becomes 
important, as the diversity of trace fossils is taken as a 
proxy to evaluate trajectories of organismal diversity, 
of modes of life, and of the ways in which organisms 
have ‘engineered’ their environments through geolog-
ical time (e.g. Seilacher 1974; Uchman 2004; Minter 
et al. 2017; Buatois et al. 2020).

Within this framework, much current research 
focuses on individual ichnotaxa in order to under-
stand their origin and palaeoenvironmental context 
(e.g. Nara & Seike 2019; Olivero & López-Cabrera 
2010). This requires clarifying their taxonomic posi-
tion, both as an attempt to incorporate organism 
behaviour and as a convention constituting the basis 
for communication. Ichnotaxonomy thus reflects the 
conflict of aims in the search for rigorous internal 
theoretical consistency on the one hand and practical 
applicability by ichnologists and related professionals 
on the other hand (e.g. Bertling et al. 2006; Buatois & 
Mángano 2011). Improving the match between the-
oretical and practical issues requires continual work 
and collaboration among ichnologists, as well as com-
munication with related scientific communities.

Following the first impetus to unify ichnotaxonomy 
during the first two Workshops on Ichnotaxonomy 
(WIT, Bertling et al. 2006), these proposals have been 
tested and largely accepted by the scientific commu-
nity. As will be shown, some of the more than 450 
works hitherto citing this article call for a refinement 
of existing ichnotaxonomic concepts. With these 
needs in mind, here we revise and extend some of the 
recommendations of Bertling et al. (2006). This paper 
largely represents the outcome of the 6th Workshop on 
Ichnotaxonomy (WIT6) at Senckenberg am Meer in 
Wilhelmshaven, Germany, in September 2018. 

When does a trace become fossil?
The latest edition of the International Code of 
Zoological Nomenclature excludes, ‘after 1930, the 
work of extant animals’ (ICZN 1999, Art. 1.3.6), thus 
requiring an ichnotaxon to refer to fossil type mate-
rial, in order to be protected by its rules. Bertling et al. 
(2006) have argued that the concept is impracticable, 
chiefly because not every trace fossil can be dated with 
sufficient accuracy. Traces are usually emplaced later 
than the formation of the substrate they are found in. 
Traces of bioerosion in lithic substrates, however, may 
become ‘instant fossils’ as their substrate is already 
hard at the time of their formation, as pointed out by 
Bromley & Fürsich (1980), Nielsen et al. (2003) and 
Bromley & Nielsen (2015). 

Similarly, root traces or root trace fossils (see 
below) may occasionally not be dated with sufficient 
certainty, as buried palaeosols may contain both 
Pleistocene and Holocene trace fossils. If no coalified 
plant matter from the roots is available for radiocar-
bon analysis, dating of the root traces is possible only 
indirectly, if at all. Similarly, corrosive root traces 
(Mikuláš 2001) found in many kinds of rocks close to 
the (palaeo)surface are difficult to date.

Nonetheless, and advancing from Bertling et  al. 
(2006), we here propose to define ‘fossil’ as pertaining 
to biogenic objects which are ‘not demonstrably post-
dating the beginning of the Holocene’. The base of the 
Holocene, currently dated to 11,700 years BP (Walker 
et al. 2009; Gibbard & Head 2020), offers a practica-
ble boundary to distinguish ongoing, taphonomically 
active processes affecting the preservation of biogenic 
matter from its incorporation in the rock record. In 
the language of hypothesis testing, if the null hypothe-
sis is made that a trace is a fossil, enabling the possibil-
ity of rejecting this hypothesis, then support must be 
found that the trace is younger than Pleistocene in age. 
This approach thus exempts authors from the duty to 
exactly date their specimens, reversing the charge to 
demonstrate otherwise. We recommend changing the 
wording of ‘extant’ and adding the adjective ‘fossil’ 
in the Glossary of the next version of the Code (cur-
rently: ICZN 1999) accordingly: For ‘extant’, it should 
be under (1) ‘Of a taxon: of Holocene age’ instead 
of ‘Of a taxon: having living representatives’, and for 
‘fossil’, it should be ‘not demonstrably postdating the 
beginning of the Holocene’.

We here underscore the statement of Bertling et al. 
(2006, p. 269) that ‘the usage of existing and well- 
defined trace fossil names for modern structures is 
supported, whereas the establishment of ichnotaxa 
based on modern material is not’. In neoichnology, 
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particularly in bioerosion research, established ich-
notaxa are broadly applied for practicality, thus facili-
tating integration of ichnological knowledge gathered 
from the past and present.

Structures considered as trace fossils
The structures considered as trace fossils by Bertling 
et al. (2006, tab. 1) should remain on this list. We here 
discuss three additional cases, affirming regurgitalites 
and accepting cololites and, potentially, plant root 
traces as new entries to this list (Table 1). 

Human traces
The status of traces left by humans, and hominins 
in general, requires a few words here. Ancient spe-
cies of Homo have a long history of creating such 
traces, most of which are unique to hominins. They 
comprise trackways (e.g. Helm et  al. 2018), art (e.g. 
Henshilwood et  al. 2002), tools (e.g. de Heinzelin 
et al. 1999), evidence of tool use (e.g. McPherron et al. 
2010), hearths (e.g. Roebroeks & Villa 2011), copro-
lites (e.g. Shillito et al. 2020) and perhaps deliberate 
wear patterns on teeth (Frayer & Russell 1987; Fox & 
Frayer 1998). Other structures of human origin were 
considered as useful trace fossils in the definition of 
the ‘Anthropocene’ by Barnosky (2014), Ford et  al. 
(2014), Zalasiewicz et  al. (2014) and Williams et  al. 

(2019), who even included buildings and infrastruc-
ture covered by sediment, although in the latter, it was 
acknowledged that whilst such structures were traces, 
it remained to be decided whether they would be con-
sidered as trace fossils and if they should receive ich-
notaxonomic names.

Currently, any fossil ‘works of an organism’ may 
be named under the Code (ICZN 1999). As a result 
of the discussions during the First Workshop on 
Ichnotaxonomy, Bertling et al. (2006) recommended 
that signs of human technology (‘technofossils’ of 
Zalasiewicz et al. 2014) be defined as not being trace 
fossils. We modify this statement here to the effect 
that they are ineligible for naming under the Code, 
even if they can be seen as traces. The reasoning has 
two aspects: First, it would be impractical to propose 
a host of binominals to trace fossils such as stone tools 
that are already classified under systems developed 
by archaeologists and palaeoanthropologists. In a 
case like this, the practice of scientific communities 
seems to have a clear preeminence over theoretical 
consistency. Second, because only ‘fossil’ tools could 
be named, it would create a grossly inconvenient dis-
continuity in classification between ‘fossil’ and later 
material. Nonetheless, we follow Bertling et al. (2006) 
in considering it reasonable to give names to human 
trackways and coprolites.

Accordingly, we reject binominals based on signs 
of human technology in expectation that the ICZN 
will exclude them in the Glossary to the next Code. 
Currently, the Glossary defines an ichnotaxon as ‘A 
taxon based on the fossilized work of an organism, 
including fossilized trails, tracks or burrows (trace 
fossils) made by an animal. See also work of an ani-
mal.’ We recommend that this definition be reworded 
as ‘A taxon based on a trace fossil, for purposes of this 
Code excluding signs of technology made by mem-
bers of the Hominini.’ 

Cololites, regurgitalites and coprolites
The group of digestichnia (Vialov 1972; Vallon 2012; 
Vallon et al. 2015) includes regurgitalites, gastroliths, 
cololites and coprolites (Fig. 1). It had only partially 
been covered by Bertling et al. (2006), who included 
coprolites and gastroliths as trace fossils. Regurgitalites 
and cololites were not mentioned, so their ichnotaxo-
nomic status needs to be clarified. 

Regurgitalites (vomiting traces, Hunt 1992) have 
been reported infrequently so far (e.g. Hattin 1996; 
Borszcz & Zatoń 2013; Klug & Vallon 2019; Hoffmann 
et al. 2020; see also review by Hunt et al. 2018). Their 
content may form an ichnotaxobase, and the outline, 

Table 1. Overview of structures (only partly forming pairs) 
included and rejected as trace fossils. Parentheses in the column 
of structures ‘not to be named as traces’ indicate the field in which 
they may nonetheless be named binominally.

Traces Not to be named as traces

root traces roots (body fossils!) and associated 
diagenetic phenomena

bite and gnaw structures 
(signs of predation)

pearls, calculi, pathological 
structures and other signs of disease

woven cocoons secreted cocoons (biological 
parataxa!)

signs of human biology signs of human technology

‘sand reefs’ microbially induced sedimentary 
structures = ‘MISS’, stromatolites

all kinds of nests eggs (oötaxa!)

caddisfly cases embedment structures, skeletal galls 
and shell blisters (cecidotaxa!)

spider webs plant reaction tissues (cecidotaxa!)

coprolites, regurgitalites, soils

cololites

gastroliths
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at least of some, is morphologically recurrent (e.g. 
Bishop 1975; Vallon 2012), thus meeting the central 
criteria for naming. As they are trace fossils just as 
much as coprolites are, a few have received formal 
names (e.g. Hunt et al. 2012b). With additional mate-
rial becoming available, ichnotaxobases will be better 
founded and ichnotaxa well delimited. 

Cololites (Agassiz 1833) are gut contents set free by 
the disintegration of the producer body and preserved 
due to special diagenetic conditions. Their predeces-
sors, so-called ‘intestinelites’ (Hunt & Lucas 2012, see 
also for suggested subcategories), while still part of the 
body of the producer, should not be named because 
no part of an animal should be named separately. 
Gastroliths also may reside within their producer, but 
the trace is not the piece of rock; rather it is the micro-
scopic surface alteration. Cololites may be very simi-
lar in shape, composition and size to some coprolites 
and have been named accordingly (e.g. Rhizocorallites 
Müller, 1955; Hunt et al. 2012a; Monaco et al. 2014; 
Knaust 2020b). As gut contents gradually transform 
into faeces in a living animal, the boundary is already 
hard to identify in theory. Accordingly, cololites may 
be difficult to distinguish in practice from coprolites 
(e.g. Seilacher et  al. 2001; Knaust 2020a; Knaust & 
Hoffmann 2020), especially in the part immediately 
before the anus. Přikryl et al. (2012) introduced the 
term ‘pre-coprolite’ for mature cololites with their 
final coprolite form, pointing to a continuous devel-
opment from gut contents to faeces in a mineralized 
condition. To circumvent the ultimately subjective 
interpretation as coprolite or cololite, they may be 
grouped under the roof of ‘bromalites’ (Hunt 1992), 
this term including regurgitalites as well, or the even 
broader digestichnia (Vallon et al. 2015, see above). 

Analogous to the ichnogeny approach (see below), 
one may even see cololites as previous stages of 

coprolites. Nonetheless, cololites offer sufficient cri-
teria to act as ichnotaxobases, namely reproducibly 
observable morphological characters. Given these 
reasons, we follow Vallon et  al. (2015) and Knaust 
(2020a) in regarding cololites as trace fossils. They ful-
fil the definition of a trace fossil (as given by Bertling 
et  al. 2006) in resulting from the life activity of an 
individual organism that has modified its substrate. 
As with coprolites, the modification is in the sepa-
ration and uptake (outside of the body) followed by 
the transport and compositional changes (inside the 
body) of the nutrient particles. This has the practical 
advantage that no subjective interpretation to distin-
guish between cololite and coprolite is required when 
naming these structures. This act is permissible, how-
ever, only if cololite and producer organism are phys-
ically separated, thus precluding a cololite ichnotaxon 
from entering into synonymy with the producer bio-
taxon (see also Knaust 2020b).

The taxonomic approach to coprolites has differed 
somewhat among authors dealing with invertebrate 
and vertebrate traces. While crustacean microcopro-
lites are named from thin sections (e.g. Senowbari-
Daryan & Stanley 1986; Rindsberg & Kopaska-Merkel 
2013), the internal structure of other invertebrate 
pellets is largely unknown. We urge scientists of all 
subdisciplines to include all available information in 
the description of coprolites, and to use morphologi-
cal characters and the contents for the diagnosis. This 
may necessitate a broader methodological approach 
than usual, including thin and/or polished sections in 
any case. 

Anchoring structures of plants
Anchoring structures of plants, collectively called 
‘roots’ here to include rhizomes, tubers etc., may be 
preserved in different ways. These include the pres-
ence of coalified organic matter as a body fossil, root 
casts after the decay of the plant, concretionary sur-
roundings (‘rhizoliths’, ‘rhizocretions’, rhizotubules’) 
or haloes in the rhizosphere around the roots, and 
true trace fossils (e.g. Klappa 1980; Mikuláš 1999; 
Nascimento et al. 2019) (Fig. 2). Examples of the lat-
ter are Fascichnus grandis (Radtke, 1991), a name for 
the borings of the dasycladalean Acetabularia (Radtke 
et al. 1997), and Rhizoichnus D’Alessandro & Iannone, 
1982.

Plant roots, especially of trees, move and compress 
soil particles just as animal producers do (e.g. Sarjeant 
1975; Bockelie 1994; Mikuláš & Prouza 1999; Gregory 
et  al. 2004; Knaust 2017), thus producing bioturba-
tion. Usually this does not result in morphologically  
recurrent structures, but in indistinct blurring of 

Coprolite RegurgitaliteGastrolithsCololite

Digestichnia

Fig. 1. Relationship of various types of digestichnia considered 
trace fossils. Except for gastroliths, they may only be named if 
found separated from the producer body. The grey circle indicates 
that intestinal contents are to be named only as cololites, i.e. if 
found isolated from the former bearer.
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existing stratification, i.e. diffuse bioturbation tex-
ture. In this case, no discrete trace fossils form, and 
this unspecific soil bioturbation should not be named. 
Nonetheless, individual root-generated structures 
may fulfil all criteria of trace fossils (i.e. biogenic ori-
gin, morphological recurrence, modified substrate, 
homotypic producer), both in bioturbation and 
bioerosion. 

Root traces are formed analogously to other 
cumulative structures (e.g. Seilacher 1957) such as 
Chondrites, whose shape only emerges after the pro-
ducer has occupied its burrow for some time. Root 
traces in this way are distinguished from root casts: A 
root cast is merely the negative of a root system inhab-
ited at one time, later filled passively, whereas a root 
trace receives its shape over a longer time, with die-
backs and modifications of the system. As in borings, 
relics of the producer may be present within parts of 
its trace – in this case as a coaly film that may be placed 
in botanical systematics. We acknowledge that it may 
be very hard to distinguish root traces from root casts 
(Uchman et  al. 2012), but morphological similarity 
to the producer is not problematical in most borings 
either, nor is preservation of the tracemaker within 
the trace. Several fossil plant root systems have been 
named as botanical parataxa, labelled as ‘organ taxa’ 
or morphotaxa (see, e.g., Bateman & Hilton 2009; 
Cleal & Thomas 2010). As the International Code for 
the Nomenclature of Algae, Fungi and Plants explic-
itly allows establishment of ‘fossil-taxa’ (Turland et al. 
2018, Art. 11.1), awareness of the difference between 
root casts and trace fossils is crucial. A first import-
ant criterion for root casts (as biotaxa) is preserved 
organic matter. If the search for this fails, a formation 
process of several steps (e.g. penetration, abandon-
ment or recolonization) for a root structure has to be 
demonstrated in order to judge it as a trace fossil. We 
nonetheless encourage palaeopedologists to establish 
and use either root ‘fossil-taxa’ or ichnotaxa in order 

to reflect an otherwise unrepresented floral diversity. 
There is a large existing literature on the morphol-
ogy and biology of modern roots (e.g. Cannon 1949; 
Hodge et al. 2009; Rewald et al. 2012 and references 
therein).

In line with current usage, we propose to treat 
coalified plant matter in roots as body fossils in 
palaeobotanical (para)taxonomy. This procedure is 
analogous to the ichnotaxonomic treatment of some 
borings, which may have their producers preserved 
within and named as biotaxa, and where the trace 
may not exactly match the shape of the producer. Root 
casts in turn can be treated as negatives of body fossils 
because there is no difference in the mode of mouldic 
preservation compared with animal body fossils. No 
names, however, should be applied to rhizoliths sensu 
lato because they are chemically controlled concre-
tions, nor are diagenetic haloes around burrows to be 
named (Bertling et al. 2006). 

Galls and embedment structures as 
cecidotaxa
Organisms may interact with skeletal substrates in 
various ways, the multitude of bioerosional features 
forming just one of the categories. A different group 
consists of those cases where the host is induced to 
change its skeletal growth, resulting in a suite of 
possible reaction tissues. These comprise embed-
ment structures, skeletal galls and skeletal blisters. 
Well-known animal groups producing embedment 
structures are peacock worms and coral-inhabiting 
barnacles, where the growth of host skeleton and its 
commensal are at the same pace; in the case of skeletal 
commensals their hard parts are often in direct contact 
with the host skeleton. Organisms inducing skeletal 
galls, in contrast, do not exhibit this feature but a cav-
ity around them. Skeletal galls differ from plant galls 
in being inhabited by an adult animal, thus requiring 
apertures for breathing, feeding and reproduction. We 
here define skeletal galls as ‘invertebrate skeletal host 
reaction tissue that encloses most of a symbiont’. Even 
with this definition, it is possible to distinguish them 
from embedment structures of soft-bodied organisms 
only in recent examples, implying problematic assign-
ments of fossil structures. 

All three skeletal reaction tissues have in common 
that it is not the symbiont which directly modifies the 
substrate, but the ‘substrate’ host organism that mod-
ifies itself. In other words, the form of the resulting 
structure is influenced by the symbiont to a certain 
degree only. This is especially true in the case of com-
plex galls but in any case, it is the host that ultimately 

Diagenetic
modi�cations

Body fossils
Trace
fossils

A B C D E F

Fig. 2. Preservation types of plant roots: (schematic, organic mat-
ter in black). A, body fossil consisting of organic matter. B, body 
fossil with relict coalified organic matter. C, body fossil as cast. D, 
concretionary surrounding (minerals precipitated on pore space 
around root). E, diagenetic halo (discolouration around root, no 
authigenesis). F, trace fossil. Trace fossils of roots should exhibit 
either complex or deviating shapes and may show different preser-
vation of coalified matter due to prolonged occupation.
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forms the structure by its own growth (some bioero-
sion by the symbiont is nonetheless possible – see 
below). In this way, they principally differ from ich-
notaxa, and we follow Vallon et al. (2015) in accepting 
cecidotaxa as the proper group of parataxa for skeletal 
host reaction tissues. (Mikuláš [1999] had coined the 
term ‘cecidioichnia’ as an ethological category, but 
this view has not received general acceptance.) All 
kinds of ‘galls’ sensu lato continue to be excluded from 
ichnology, but as cecidotaxa they form a different 
group of parataxa – similar to oötaxa – governed and 
protected by the International Code for Zoological 
Nomenclature (ICZN 1999). As such, they do not 
compete in synonymy with their producer biotaxa, 
and the distinction of fossil galls and embedment 
structures is irrelevant for naming them. 

Palmer & Wilson (1988) introduced the term 
bioclaustration for ‘the process of embedment of a 
soft-bodied infesting organism by skeletal growth 
of its host’. Accordingly, ‘bioclaustration’ has some-
times been used interchangeably with ‘embedment 
structures’ (e.g. Tapanila & Ekdale 2007). We advo-
cate retaining the original idea of restricting the term 
to the process rather than its results, as there is no 
need for a scientific-sounding synonym. Instead, we 
propose extending the meaning of bioclaustration 
beyond embedment structures and slightly rede-
fine it as ‘the process of a symbiotic organism caus-
ing skeletal deformation of its host’. This refers not 
only to soft-bodied parasites but to symbionts sensu 
lato, as there are also skeletal invertebrates that cause 
these structures. Bioclaustration in this way has three 
expressions, namely embedment structures, skeletal 
galls and shell blisters. All are the result of a mutual 
interaction of two organisms, distinguished by the 
relative amount of induced skeletal growth and its 
location (i.e. whether the reaction tissue is formed on 
the outside around the symbiont or on the interior of 
the infested skeletal element): While the ‘guest’ can 
still be recognized as the negative of its body within 
the deformed host skeleton in embedment structures, 
galls largely encapsulate their stimulating organisms, 
and shell blisters just thicken the shell and seal off the 
external intruding organisms by internal hypostracal 
growth. 

While the cecidogeny (a term introduced here in 
analogy to ichnogeny) of cecidotaxa may be difficult 
to distinguish without information about the infest-
ing organism, the taxonomic treatment proposed 
here should be identical: To be a nameable entity, a 
bioclaustration structure must be morphologically 
recurrent, thus aligning cecidotaxonomy with ich-
notaxonomy (Bertling et  al. 2006). Structures that 
are not morphologically recurrent, e.g. the blisters 

of hypostracum in bivalve shells sealing off intra-
vital borings, such as Entobia and Caulostrepsis, or 
the healing tissue under Tremichnus, should not be 
named. To facilitate this area of research, we propose 
standard abbreviations for cecidotaxa as follows: csp. 
for cecidospecies, cgen. for cecidogenus and cfam. for 
cecidofamily, in analogy to the standard abbreviations 
for ichnotaxa established by Bromley (1996). 

There are instances where organisms produce a 
combination of borings and a deformation of a host 
(e.g. Palmer & Wilson 1988; Tapanila & Ekdale 2007). 
Bioclaustration is here combined with bioerosion 
(Fig. 3b). For these cases, we follow Wisshak et  al. 
(2019) in considering only those instances as trace 
fossils where bioerosion is interpreted as dominant 
and largely independent from the host reaction. The 
host reaction tissue is not considered to be a part of 
the trace; it could rather be named as an additional 
cecidotaxon. As outlined above, this should be done 
only if the reaction tissue is morphologically recur-
rent. Examples are the swellings around various ich-
nospecies of Tremichnus (Brett 1985; Wisshak et  al. 
2015) or the hypostracal blisters of bivalves formed 
below borings of encrusting foraminifers (Beuck et al. 
2008). 

The situation of galls in calcareous skeletons, 
such as Castexia Mercier, 1936 and Endosacculus 
Voigt, 1959 is similar (Fig. 3a). The simplest kind of 
galls is exemplified by the coral crab Hapalocarcinus 
that induces a cavity in its growing host Pocillopora 
by permanent maxilliped movements (Potts 1915). 
Our (CN) observations of eulimid gastropods in the 
spines of cidaroid echinoids, however, point to a con-
tinuum of such an induced deformation of the living 
host skeleton on the one hand and a combination of a 
host reaction plus a true boring on the other (see also 
Queiroz et al. 2017). We therefore acknowledge that it 
may be difficult to distinguish bioerosion by the sym-
biont from skeletal assimilation by the host. In any 
case, even if galls differ from other skeletal host reac-
tion tissues, all may consist of either one cecidotaxon 
or a combination of cecidotaxon and ichnotaxon.

Microbially induced sedimentary 
structures (MISS): not trace fossils
Recently, Stimson et al. (2017) proposed considering 
microbially induced sedimentary structures (MISS) 
as ichnotaxa, introducing names for ripple-like sed-
imentary wrinkle marks. This approach has gained 
a certain amount of traction (Stimson et  al. 2018), 
but there are several theoretical and practical issues 
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with it. From a theoretical point of view, MISS are not 
trace fossils because they do not record the activity 
of a homotypic group of organisms interacting with a 
substrate (see Bertling et al. 2006); rather they mostly 
record the result of the physiological activities of very 
diverse, mainly prokaryotic, organisms modified by 
physical processes. One of the cruxes of Stimson et al. 
(2017) was the argument that the International Code 
for Zoological Nomenclature (ICZN 1999) does not 
explicitly stipulate the need for homotypy; they sug-
gested that this requirement of Bertling et al. (2006) 
be relaxed for closely integrated communities of 
microbes. This is not correct, however, as the Code 
requires that names correspond to individual taxa, 
with ‘taxon’ being defined as ‘a population, or group of 
populations of organisms which are usually inferred 

to be phylogenetically related and which have char-
acters in common which differentiate (q.v.) the unit 
(e.g. a geographical population, a genus, a family, an 
order) from other such units’ (ICZN, Glossary). The 
Code implies that names must correspond to single 
taxa in statements such as, ‘To be available, a name 
must be used as valid for a taxon when proposed …’ 
(Art. 11.5). We have to assume that ICZN (1999) 
does not refer to trace fossils as ‘the work of organ-
isms’ but to ‘the work of an organism’ for good rea-
son. Furthermore, the final shape of MISS is usually 
controlled by the physical reworking that occurred at 
the time of formation of the microbial mat and long 
after, during compaction and burial (i.e. diagenesis). 
This is clearly illustrated, for example, by load-cast 
ripples and multidirectional ripple marks (Seilacher 
1997, 2008; Noffke 1998; Buatois et al. 2013). Erecting 
ichnotaxa for such structures is logically flawed and 
names established for them are deemed as nomina 
nulla. Even by stressing the recognition aspect, there 
is no significant gain in using a binominal approach to 
MISS, given the fact that other classification schemes 
are already in place (e.g. Noffke et al. 2001; Schieber 
et al. 2007; Davies et al. 2016) to promote and facili-
tate communication among scientists.

Ichnotaxobases
Ichnotaxobases are the foundation for naming trace 
fossils (Bromley 1996). According to Bertling et  al. 
(2006), they comprise mainly morphological char-
acters (shape, orientation, ornamentation, internal 
structure) and composition (mainly for coprolites) 
as well as the principal substrate and the host plant 
(only in bioerosion). We follow Bertling et al. (2006) 
in disregarding substrate consistency and preserva-
tion of burrows, producer biology, stratigraphic age, 
facies and geographical location as ichnotaxobases. 
Minter et al. (2007) emphasize that only morphologi-
cal ichnotaxobases should be used, reflecting form as 
a function of behaviour, the anatomy of the producer 
and the substrate. Writing this in a mathematical style 
gives ‘morphology ≈ anatomy of producer * behaviour 
* substrate’, which means that all three factors and 
their interactions can affect the resultant form of a 
trace fossil. This may more intensely reflect behaviour 
in the case of invertebrate producers, whereas those 
of vertebrate tracks may more mirror anatomy, but in 
no case is this influence exclusive. This notwithstand-
ing, we here argue for the additional inclusion of the 
arrangement of subunits (components, elements) as 
an ichnotaxobase, and re-evaluate the utility of bio-
glyphs, size and substrate (Table 2).

A

B

C

Fig. 3. Symbiont-induced structures in living calcareous sub-
strates and their varying relationship to borings (schematic). A, 
symbiotic animal inducing a gall as a deformation of the host 
skeleton (not to be named as an ichnotaxon but as a cecidotaxon). 
B, compound of true borings (trace fossils) with induced skeletal 
reaction (a cecidotaxon, if morphologically recurrent). C, sole bor-
ing (ichnotaxon).
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Table 2. Overview of characters included and rejected as 
ichnotaxobases.

Recommended Useful with 
Reservation

Rejected

form:

 overall shape size (only if grossly 
different)

taphonomy/
preservation

 orientation substrate  
(in bioerosion)

producer

 ornamentation bioglyphs type of passive fill

 internal structure substrate consistency

  wall structure/
lining

geological age

composition  
(of digestichnia)

geographical 
location

arrangement of 
subunits

environment

Arrangement of subunits as an ichnotaxobase
Traces composed of individual, spatially interrupted 
structures require an additional ichnotaxobase, viz. 
the geometric arrangement of their subunits (Fig. 4). 
This has long been applied to the naming of arthro-
pod trackways (Trewin 1994; Minter et  al. 2007, 
2012), with subunits consisting of the sets of imprints 
almost simultaneously impressed by appendages in 
the substrate. Rasping traces, such as Radulichnus 
Voigt, 1977 and Gnathichnus Bromley, 1975, are 
treated in the same way, with the form of individual 
striae being much less important than their over-
all arrangement. The situation is identical in biting 
traces: a predator attacks with many teeth at a time, 
leaving several impressions set in a recurrent pat-
tern. This pattern is also one of the most import-
ant clues in forensic odontology (Bowers 2003), an 
approach advocated by Pirrone et  al. (2014) that is 
fully acknowledged here. Some ichnotaxa have been 
erected on this basis (Mandaodonites Cruickshank, 
1986; Heterodontichnites Rinehart et  al., 2006) but 
others still lack this treatment (e.g. Kauffman 2004; 
Neumann & Hampe 2018). The arrangement of sub-
units, however, should not be the sole ichnotaxobase, 
as the shape or outline of individual impressions car-
ries important information as well.

Recognizing the pattern of arrangement as an 
important ichnotaxobase has three additional conse-
quences. First, an individual impression of a tooth in 
the skeleton of a prey will usually not be identifiable, 
at least not at the ichnospecies level. Rather, these 
trace fossils will have to be treated in open nomen-
clature. For example, this includes some of the speci-
mens labelled as Nihilichnus nihilicus by Mikuláš et al. 

(2006), whose holotype consists of a single, roughly 
ovoid, deep hole, though two additional shallow hol-
lows are visible. Because its diagnosis focuses on the 
distinction of its individual elements from Oichnus 
without reference to their arrangement, Nihilichnus 
requires revision. 

Secondly, vertebrate track ichnotaxa should not 
be based on a single footprint (or even pairs) as they 
are individual elements of a superordinate pattern as 
well (Piñuela et al. 2016). Terrestrial vertebrates can 
move in different gaits at different speeds, and the 
succession of extremities touching the ground varies 
accordingly (e.g. Murie 1974; Lockley 1991). With a 
uniform approach to ichnotaxonomy as the aim, such 
different producer behaviour should result in different 
morphological arrangements of subunits and hence, 
in different ichnotaxa: Trackway ichnogenera should 
ideally be based on characters reflecting producer 
anatomy, ichnospecies on morphological details and 
ichnosubspecies on patterns reflecting changes in 
gait. This way, the lift-off or landing trace of a bird 

A

B

C

D

Fig. 4. Arrangement of subunits as an ichnotaxobase (schematic). 
A, individually undiagnostic tooth impressions set in two charac-
teristic rows forming a discrete biting trace. B, odonate oviposition 
on a plant. C, five individually undiagnostic scratches arranged in 
a star shape and thus typical of Gnathichnus. D, arrangement of 
individually named vertebrate footprints Grallator to form a track 
diagnostic of slow walking. 
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(a volichnion sensu Müller 1962), for example, is con-
sidered a recognizably different gait, and thus, naming 
is best done at the ichnosubspecies level. 

Thirdly, using arrangement pattern as an ichno-
taxobase may help to characterise and recognise fossil 
nests. While an individual fossil egg is not to be named 
as a trace fossil but rather as an oötaxon (Bertling 
et al. 2006), the whole nest qualifies as a trace; the eggs 
effectively form part of the ‘substrate’ that is manipu-
lated. In addition to the arrangement of eggs, details 
of the nest wall, such as the pattern of soil or sediment 
moved, are obligate ichnotaxobases here. Several such 
structures have been described, mainly of dinosaurs 
(e.g. Varricchio et  al. 2015; Tanaka et  al. 2019), but 
they have not been named. Similarly, various insects, 
most notably female damselflies (Zygoptera), exhibit 
species-specific behaviour in depositing their eggs on 
leaves (e.g. Hellmund & Hellmund 1991; Romero-
Lebrón et  al. 2019, and references therein; Laaß & 
Hauschke 2019), thus creating trace fossils that should 
be named to be recognizable in the literature.

We do not recommend naming irregular distri-
butions of individual trace fossils without subunits 
here, especially if they are not formed almost syn-
chronously by one individual tracemaker. For these 
reasons, the various ‘ichnospecies’ of Skolithos erected 
by Schallreuter & Hinz-Schallreuter (2003) based on 
tube size and distance are rejected here, as already 
done by Schlirf & Uchman (2005).

Size as an ichnotaxobase
Ordinarily, a trace fossil is named based on recur-
rent morphological distinctiveness; as more becomes 
known, ichnotaxobases are commonly revised to bet-
ter reflect biologically meaningful criteria. Knowledge 
of microborings, for example, has continuously 
improved over the last few decades (Wisshak et  al. 
2019). Increasingly, microborings similar or iden-
tical in form to macroborings have been reported, 
e.g. Oichnus occurring in small planktic foraminifera 
(Nielsen et al. 2003). These cases may suggest different 
producer groups and require reconsideration of the 
role of size as an ichnotaxobase. Size was rejected by 
Bertling et al. (2006), though it must be stressed that 
proportion, i.e. varying ratios of measurements along 
a fossil, may be used as an ichnotaxobase. In line with 
daily practice, we encourage scientists to use size as 
a rule of thumb in the first identification as well as 
the description of trace fossils. We discourage them, 
however, from employing it as an ichnotaxobase on 
a regular basis, let alone exclusively (but see below); 
it should remain an auxiliary character. Ontogenetic 
tracemaker size changes, where recognized (e.g. 

Mángano et al. 1997), must not result in separate ich-
notaxa (see also section on ichnogeny below); they 
may perhaps be addressed as different morphotypes.

Only in those instances where Recent analogues 
point to strong size differences resulting from mark-
edly different producers do we acknowledge naming 
ichnospecies of considerably different size based on 
this criterion alone. These cases should be backed 
up by descriptive and inferential statistics indicating 
significantly different size classes (Fig. 5). If it can be 
excluded that two or more samples are from the same 
population (e.g. using inferential statistics such as a 
t-test or ANOVA), and thereby demonstrated that 
they are statistically significantly different in size, 
then that can be used as a basis for their ichnotaxo-
nomic separation. Equally, statistical analysis of sizes 
of specimens across samples (ichnotaxa) may be used 
as justification for synonymy. This morphometric 
approach parallels practice in organismal taxonomy. 
It does not seem justified at present to use size as an 
ichnotaxobase at higher levels. 

When a morphometric study to calculate descrip-
tive statistics (e.g. mean and standard deviation) of 
a representative sample identifies a size difference 
of more than one order of magnitude, an ichnospe-
cies may be named based on size. Nonetheless, we 
strongly encourage authors to intensively search for 
existing additional criteria.

Substrate in ichnotaxonomy
The consistency and type of substrate are import-
ant ecological factors for benthonic organisms. 
Discussing the role of substrate in ichnotaxonomy has 

size

n

size

n
n<100 n>100

BA

isp. A isp. B isp. A isp. B?

Fig. 5. Size as an ichnotaxobase (schematic: trace fossils repre-
sented by circles). A, traces occurring in a continuum of size, espe-
cially if in low numbers, should not be named separately, even if 
differing by orders of magnitude. B, traces forming discrete size 
classes in a large sample may be ichnospecifically distinguished, 
if statistics provide sufficiently large distance, e.g. by order of a 
magnitude. 
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two aspects: whether the sediment is lithified or not; 
and if so, which chemical composition (carbonate, 
wood, bone) it has. We attempt to elucidate the issues 
separately in the following paragraphs.

Heuristic background
Beforehand, one could argue that it is not substrate 
per se but rather substrate and behaviour interacting 
to influence the trace form as a response. As an ichno-
taxobase, substrate differs from most other accepted 
ones (Table 2) because it is preserved nearly intact. In 
addition, there are a few problematic cases where the 
general form does not reflect behaviour, e.g. in clav-
ate or simple, thin, elongate structures. In this situa-
tion, there is a danger of circular reasoning (Fig. 6a):  
If someone asked, ‘Why is this trace identified as 
Gastrochaenolites rather than Amphorichnus?’, and 
if the answer were that it is because it is within a 
hardground substrate, then one could no longer 
state that Gastrochaenolites can be used to iden-
tify hardground substrates. By doing so, one would 
fall into the circular argument that a trace fossil can 
be identified as Gastrochaenolites if it occurs in a 
hardground, and the presence of Gastrochaenolites 
can be used to indicate hard substrate conditions. 

However, it is possible to identify a trace fossil as a 
bioerosion ichnotaxon based on its morphological 
characters and cut grains (Fig. 6b), therefore inferring 
a hard substrate and avoiding circular reasoning. 

The firm/hard boundary
The boundary between bioturbation, with trace-
makers moving particles (burrowing) in unlithified 
sediment, and bioerosion, with tracemakers cutting 
(boring) hard substrate, is well-established in the-
ory (e.g. Ekdale et  al. 1984; Bromley 1994). Setting 
the boundary may be difficult or impossible in fine-
grained carbonates, however, with few cut com-
ponents of the matrix visible even in thin section. 
And in calcareous sandstones, chemical borers may 
loosen cement and remove sand grains individually 
without cutting them (Warme & McHuron 1978). In 
these situations, trace fossil identification must rely 
on morphological criteria and circumstantial evi-
dence. Mikuláš (2001) has shown that in terrestrial 
substrates, a gradual transition exists between borings 
and burrows. Similarly, Carmona et al. (2007, p. 399) 
argued that there may be examples in which a sup-
posedly ‘typical’ borer produces identical traces in 
hard and firm substrates, concluding that ‘the same 
organism is able to both burrow and bore – as in the 
case of pholadids’. Some tracemakers (e.g. certain 
polychaete species) can cross the firm/hard boundary 
with burrowing and boring activities and leave mor-
phologically similar traces (e.g. Balanoglossites) as 
well as different traces (e.g. irregular networks in soft 
versus shallow superficial grooves in firm and hard 
substrates, Knaust 2008). The tracemaker obviously 
was able to adapt its behaviour to the hardening of the 
substrate and performed in various ways, which either 
resulted in the same trace, or in the combination of 
different elements (e.g. compound trace fossils). Thus, 
we propose that Gastrochaenolites (usually produced 
by pholadids, among other bivalves) remains a valid 
ichnogenus crossing the firm/hard boundary, as we 
should not try to be more consistent than the nature 
we are describing and classifying. For the example 
of these bivalve traces, we follow the argument of 
Carmona et al. (2007), who advocated the use of iden-
tical names for the morphologically indistinguishable 
results of transitioning from burrowing to boring in 
firm to hard substrates.

Substrate types in bioerosion
In addition to the delimitation towards bioturbation, 
ichnogenera have been based on principal substrate 
types (lithic, xylic, osteic, siliceous) to distinguish 

A

Gastrochaenolites!
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=
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2

1

1

Gastrochaenolites!
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Fig. 6. Substrate as an ichnotaxobase (schematic, with clavate bor-
ing Gastrochaenolites as an example). A, heuristically proper path 
with form of the trace: (1) plus microscopically observed cross- 
cutting of grains; (2) providing the basis for identification of hard 
substrate and ichnogenus. B, danger of circular reasoning if form 
of the trace: (1) plus observed encrusters on supposed hardground; 
(2) are the basis for identification of substrate type and trace. 
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traces of bioerosion in the past (e.g. Kelly & Bromley 
1984; Bertling et al. 2006; Pirrone et al. 2014; Höpner 
& Bertling 2017; Wisshak 2017; Wisshak et al. 2019) 
and this practice is supported herein. But it has 
recently been criticized by Donovan & Ewin (2018) 
and Donovan & Simpson (2021), who claimed sub-
strate to be an unsuitable ichnotaxobase. Some species 
of pholadid bivalves may indeed bore into a wide vari-
ety of substrates (e.g. Turner 1954; Nordsieck 1969; 
Kennedy 1974). The argument of Donovan & Ewin 
(2018) and Donovan & Simpson (2021), however, 
fails, as they use an exception, i.e. substrate-crossing 
borings, to question the general rule that borers are 
selective with regard to substrate (Warme & McHuron 
1978).

A more comprehensive approach could claim that 
ichnotaxa should mainly be based on morphological 
characters. Substrate as a meaningful ichnotaxobase 
would have to influence the behaviour of a trace-
maker in a way reflected in the form of the trace, 
rather than simply the type of substrate changing 
the name. In this view, the use of substrate type as an 
ichnotaxobase would not be permissible if no sub-
strate-specific behaviour could be interpreted.

Weighing this argument from the tracemaker 
viewpoint, there may be instances in which the kind 
of hard substrate is crucial for an attack. Mytilid and 
gastrochaenid bivalves need an at least partially cal-
careous substrate to employ their chemical mech-
anism of boring (Warme & McHuron 1978), just as 
fungi living in fish scales depend on their phosphatic 
nature, and many bark and longhorn beetles exclu-
sively use a certain tree genus during their larval stage 
(e.g. Escherich 1923; Schmidt 1949; Schwenke 1974). 
The traces of all these specialized borers usually are 
morphologically significant and detailed enough to 
warrant ichnotaxonomic distinction. Still, informed 
by the ecological demands of suspected modern ana-
logues, authors may wish to establish ichnotaxa based 
mainly on a particular substrate as an ichnotaxobase. 
An example is the bioerosion traces resulting from 
predation and parasitism, where recent producers are 
often restricted to a certain host clade or even species. 
In such cases, the substrate type should enter the diag-
nosis of respective ichnotaxa. In line with this reason-
ing, Wisshak et al. (2015) separated Tremichnus from 
Oichnus, in contrast to Pickerill & Donovan (1998), 
Zonneveld & Gingras (2014) and Donovan & Pickerill 
(2017). 

To sum up, most of us see the principal substrate 
type as a valid ichnotaxobase in bioerosion, as ich-
notaxa should be defined in a way to allow easy rec-
ognition and generate maximum information. This 
implies a reciprocal relationship of ichnotaxobases 

and various aspects of a trace fossil. Otherwise, cit-
ing an ichnotaxon would not call upon the relevant 
image in the reader’s brain, e.g. ‘Teredolites’ invoking a 
piece of wood with a club-shaped boring. At the level 
of identification, the substrate of a boring and its mor-
phological characters thus are of equal rank and both 
required. Deliberately associating these criteria with 
an ichnotaxon is seen as a useful mutuality by most 
of us and not as a circular argument. Substrate does 
provide a valuable character for a diagnosis, especially 
in bioerosion (Wisshak et al. 2019): A different type 
of hard substrates (calcareous, siliceous, xylic, osteic) 
usually is a sound ichnotaxobase. 

Microbial mats as substrates
In recent years, considerable attention has been given 
to animal-matground interactions, showing that 
microbial mats represent common substrates partic-
ularly in the case of Ediacaran-Cambrian trace fossils 
(see review in Buatois & Mángano 2012). The pres-
ence of the microbial mat texture has been included 
as part of the diagnoses of supposed new ichnotaxa 
(e.g. Meyer et al. 2014; Xiao et al. 2019). Although the 
presence of a microbial mat should inform palaeoeco-
logical and sedimentological interpretations, its use 
as an ichnotaxobase is rejected: It would result in the 
unfortunate erection of ichnotaxa for otherwise unre-
markable structures from a morphological point of 
view or for trace fossils that are already known from 
Phanerozoic softgrounds. 

Ichnogeny
The term ichnogeny was introduced by Belaústegui 
et al. (2016) for the gradational morphological devel-
opment of a trace. During this constructional develop-
ment, different behavioural strategies of the producer 
may be reflected by different forms of a trace. This 
has been demonstrated to work especially well for 
borings (e.g. Entobia, Bromley & D’Alessandro 1984; 
Oichnus, Wisshak et al. 2015; Cuniculichnus Höpner 
& Bertling, 2017; Gastrochaenolites, Belaústegui et al. 
2020), along with dwelling burrows (Psilonichnus, 
Myint 2001; Lepeichnus Belaústegui et  al., 2016), 
feeding burrows (Asterosoma, Neto de Carvalho & 
Rodrigues 2007; Estrellichnus, Adserá et  al. 2020) 
and even microcoprolites (Parafavreina, Rindsberg & 
Kopaska-Merkel 2013). The approach avoids a plen-
itude of names for traces representing a continuum 
of shapes during their formation process: There is 
good evidence that the developmental stages of I, J, 
U and W shape in burrows of the fiddler crab Uca 
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(Basan & Frey 1977) represent growth. The potential 
environmental information encoded in this varia-
tion is considered less important, however, than the 
information expressed via the ichnogeny concept, 
because biodiversity would be correctly mirrored in 
the latter case. In addition, oversimplifying the basic 
traits of traces may render their names meaningless, 
as Seitz & Brandt (2019) showed for ichnospecies of 
Arthrophycus (e.g. Seitz & Brandt 2019). We welcome 
the idea behind ichnogeny and propose to call some 
traces with demonstrable intergradation by one name 
(Fig. 7). This may be done only if the interpreted pro-
ducer behaviour (at the level of a Seilacherian etholog-
ical category, e.g. Vallon et al. 2015) does not change 
throughout ichnogeny. We urge authors establishing 
new ichnotaxa in this way using samples recording 
the whole range of forms with the most complex spec-
imen as the holotype.

The ichnogeny approach is restricted to those 
cases where many specimens sufficiently differing in 
form are available. In addition, a significant degree of 
interpretation regarding the succession of gradational 
stages in the production is required. As an example, 
it would not be advisable to generally declare all I-, 
J- and U-shaped burrows just to be earlier stages of 
hypothetical W-shaped burrows. 

Taphoseries
The different forms representing consecutive stages 
during burrow or boring formation (ichnogeny) 
are conceptually different from those being part 
of a taphoseries (cf. MacNaughton & Pickerill 
1995; Orr & Pickerill 1995). In arthropod track-
ways, taphoseries represent undertracking or the 
incomplete initial formation of a trackway (Minter 
et al. 2007). Here, ideally large samples of material 
are studied either to rule out these possibilities or 
to incorporate them into the diagnosis of a new 

ichnotaxon. In the case of already existing ichno-
taxa, synonymisation is only justified on the basis of 
a ‘smoking-gun’ specimen showing one ichnotaxon 
intergrading with another.

Bioglyphs 
The history of the term bioglyph was reviewed by 
Mikuláš (1998). In the modern sense, bioglyphs were 
defined by Bromley (1996, p. 342) as ‘ornament on a 
burrow wall produced by the life activity of the occu-
pant’, a usage accepted (and expanded to borings) in 
the review of Ekdale & Gibert (2010) and followed 
by Knaust (2013) among other authors. They are 
the result of activity in firm and perhaps hard sub-
strates (Bromley 1996; Knaust 2013), and thus must 
not be confounded with bioerosive scratches on the 
outer surface of hard substrates. In other words, they 
do not comprise grazing and biting traces (Bromley 
1996; Ekdale & Gibert 2010), which consist entirely 
of this feature. In bioturbation structures, bioglyphs 
are important in ichnospecific diagnoses within 
Rhizocorallium (e.g. Fürsich 1974; Knaust 2013) and 
Cruziana (e.g. Seilacher 1970), whose ichnospecies 
are also based on morphological ichnotaxobases. 
They have also been used as the sole criterion to dis-
tinguish morphologically identical ichnogenera, e.g. 
Spongeliomorpha vs. Thalassinoides (Fürsich 1973) 
and Phrixichnus vs. Gastrochaenolites (Bromley & 
Asgaard 1993). One ichnospecies each of Cubiculum, 
Fuersichnus and Gastrochaenolites is diagnosed by 
bioglyphs (Kelly & Bromley 1984; Buatois 1995; Xing 
et al. 2016). To summarize, bioglyphs are used as an 
ichnotaxobase at different levels for various groups of 
traces.

There is general consensus that bioglyphs hold 
valuable information about producer affinity and that 
they may be seen as ‘fingerprints’ of their behaviour 
and potential biological affinity. Bioglyphs were not 

Lepeichnus giberti
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Fig. 7. The concept of ichnogeny in ichnotaxonomy: Despite different form, all traces may represent the same ichnotaxon, if a morphological 
continuum can be demonstrated (adapted from Belaústegui et al. 2016).
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mentioned in the table of ichnotaxobases given by 
Bertling et al. (2006); however, Ekdale & Gibert (2010) 
stated that ‘bioglyphs can be valid ichnotaxobases’, 
and Knaust (2013) said that they ‘may aid in the dis-
crimination of ichnospecies’ (our emphases), noting 
in this way that bioglyphs are possible, but not neces-
sary, consequences of behaviour. In other words, the 
presence of bioglyphs is not necessarily controlled by 
the producer behaviour but it may reflect the extrinsic 
nature of the substrate.

We do not agree on the value of bioglyphs to dis-
tinguish ichnogenera, as both competing views to 
explain these structures are based on a high degree 
of contrasting interpretation: One party suggests that, 
for example, the ornament at callianassid burrow mar-
gins may result from microbe-film farming (Gibert & 
Ekdale 2010), which would reflect a distinctive type of 
behaviour. It is generally accepted that such a unique 
style of behaviour – resulting in a unique combination 
of characters – provides reasonable ichnotaxobases. 
According to this view, bioglyph-bearing bioerosive 
structures were caused by producers whose behaviour 
differs from producers of smooth-walled counter-
parts. Following this line of reasoning, one might go 
further, advising the selection of bioglyphs as an ich-
notaxobase that relates to the behaviour and anatomy 
of the tracemakers (‘bioprint’ according to Rindsberg 
& Kopaska-Merkel 2005; Rindsberg 2018).

The other side invokes the principle of Occam’s 
razor to suggest that a slightly stiffer mud renders a 
burrow with bioglyphs, which cannot be preserved 
in soft substrate. Similar cases can be made for the 
borings mentioned above: An indurated, yet not 
fully cemented claystone may render a bivalve bor-
ing as Phrixichnus instead of Gastrochaenolites, or a 
Gastrochaenolites turbinatus Kelly & Bromley, 1984 
thus becomes G. ornatus Kelly & Bromley, 1984. A 
bone which has diagenetically lost much of its min-
eral components is soft enough to preserve a beetle 
pupal chamber as Cubiculum ornatum Roberts et al., 
2007, instead of C. inornatum Xing et al., 2016. These 
expressions of the borings thus would be controlled 
by the firm nature of the substrate, not by their pro-
ducers. In this view, an organism does not ‘decide’ to 
leave bioglyphs the way it ‘decides’ to dig vertically or 
horizontally, to branch its burrow or to line it. Rather, 
it may be substrate consistency that controls the pres-
ence of bioglyphs in these instances, as they are found 
only in firm substrate. Concerning Spongeliomorpha 
and Thalassinoides, which are distinguished by stri-
ate versus smooth walls, respectively, this has been 
suggested e.g. by Fürsich (1973) and Schlirf (2003), 
who regarded the two ichnogenera as preservational 
variants.

The boring Teredolites produced by the pholadid 
bivalve Teredina in Miocene lignites supports the 
view that substrate consistency controls bioglyphs. 
The borings may exhibit radial striae at their base, 
may preserve faint impressions of their producer or 
may not show any bioglyphs (Bertling et al. 1995). All 
three preservational variants stem from an identical 
behaviour of a demonstrably single and homogeneous 
population. They are due to the diagenetic effect of 
hard wood becoming partially and/or locally softened 
in a bog environment. Distinguishing the results by 
three different names based on bioglyphs would be 
misleading.

Summing up, Ekdale & Gibert (2010) and Knaust 
(2013) have pointed out that slight differences in the 
form of bioglyphs on similarly shaped burrows may 
help to distinguish ichnospecies. All of us agree that 
ichnospecies may be based on bioglyphs in ichno-
genera where they are present in the various ichno-
species, allowing consistent comparison (cf. Ekdale 
& Gibert 2010; Knaust 2013), and one of us (AR) 
would allow differentiation of ichnospecies even in 
ichnogenera where bioglyphs are not consistently 
preserved, as long as taphonomic history is con-
sidered. In differentiating ichnospecies using bio-
glyphs, their shape, proportions, and arrangement 
are of particular significance. 

Conclusions
Trace fossils need to be named properly if they are 
supposed to act as proxies in studies of evolution, 
palaeodiversity and palaeoenvironments, as well as 
in the fields of palaeoecology, sedimentology and 
sequence stratigraphy. Ichnotaxonomy is the primary 
tool for naming; maintaining logical consistency in 
the selection of ichnotaxobases is necessary in order 
to keep results comparable. In addition, grouping bio-
genic structures into trace fossils and other parataxa 
is important for the evaluation of ethological patterns 
through time. Against this background, the results of 
Bertling et al. (2006) are critically revisited, partially 
modified and expanded. 

The full list of structures considered as trace fos-
sils now comprises borings and all burrows including 
root traces, various types of digestichnia (coprolites, 
gastroliths, cololites, regurgitalites), all kinds of nests 
and oviposition structures, all signs of predation 
(mostly biting and gnawing traces), structures result-
ing from manipulation of biogenic material (spider’s 
webs, woven cocoons) and sediment grains above 
the surface (caddisfly cases, ‘sand reefs’) as well as 
non-technological signs of human biology. 
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Outside the field of ichnology are bioclaustration 
structures (galls, embedment structures, skeletal 
blisters), which may be cited as cecidotaxa, as well as 
eggs and other secretions, which constitute oötaxa. 
In addition, ‘microbially induced sedimentary struc-
tures’ (MISS) and stromatolites, pathological struc-
tures, signs of human technology and soils are not 
regarded as nameable traces.

Suitable ichnotaxobases are mostly morphologi-
cal as resulting from producer behaviour, including 
the arrangement of subunits. The role of bioglyphs in 
ichnotaxonomy remains controversial as they can be 
controlled exclusively by extrinsic factors such as sub-
strate consistency, or may host genuine behavioural 
and palaeobiological implications. Most of us recom-
mend their use at the ichnospecies level only if con-
generic ichnospecies all exhibit them. In line with 
Bertling et al. (2006), the principal substrate type may 
serve as an ichnotaxobase, particularly in bioerosion, 
but we recommend avoiding its use as sole ichno-
taxobase. Without doubt, substrate type is acknowl-
edged for digestichnia and in cases of stereotypically 
host-specific interactions seen in living relatives of the 
presumed tracemakers (mainly herbivorous insects 
and some borers). Using size as an ichnotaxobase 
requires a large sample and either descriptive statistics 
to identify at least an order of magnitude difference or 
inferential statistics to test for statistically significant 
differences between samples.

For nomenclatural purposes, we propose to define 
the adjective ‘fossil’ as ‘not demonstrably postdating 
the beginning of the Holocene’.

Dedication
On February 13, 2022, our senior author, Markus 
Bertling, passed away. In the preceding months, he 
recognized the seriousness of his condition and passed 
leadership of our group of authors to Max Wisshak. 
Unfortunately, Markus died before this paper was 
published, but it is very little changed from the last 
version that he revised. 

Markus was central to the ichnotaxonomic com-
munity, serving on the International Commission 
for Zoological Nomenclature, spearheading the first 
Workshop on Ichnotaxonomy together with Richard 
Bromley, and urging the participants onward to an 
eventual consensus, ‘Names for Trace Fossils’ (Bertling 
et al. 2006), that would hardly have been reached with-
out him – and which has proved to be a classic. In these 
deliberations, Markus spoke in earnest and careful 
tones, with strong opinions that he nevertheless was 

willing to bend, like a good scientist, after hearing argu-
ments against them. Progress was much more rapid 
during these brief, intense conferences than in the long 
phases that followed by email, of writing and revising 
the manuscript – but Markus saw the project through 
to completion despite the difficulty of ‘herding cats’.

The participants of the 6th Workshop on 
Ichnotaxonomy, hosted by Max Wisshak and others 
at Wilhelmshaven, had nearly completed the revi-
sion of this sequel, ‘Names for Trace Fossils 2.0,’ when 
Markus learned of his diagnosis. We dedicate this 
paper to his memory.
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