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Abstract
Kesidis, G. 2020. The Evolutionary Significance of Cambrian Ecdysozoan Trace Fossils.
Digital Comprehensive Summaries of Uppsala Dissertations from the Faculty of Science and
Technology 1926. 47 pp. Uppsala: Acta Universitatis Upsaliensis. ISBN 978-91-513-0928-6.

The origin of most of the animal phyla is tied to the Cambrian explosion, a rapid diversification
event that took place from about 540 million years ago. This diversification is coupled with a
great number of concurrent metazoan body plan innovations such as the development of the
coelom, antagonistic muscles and a through-gut. While the body fossil record and molecular
clocks document this apparent diversification, albeit with somewhat divergent results, there
exists a third much more accurate record for the timing of life’s journey: the trace fossil record.
The ecdysozoan trace fossil record first appears in the terminal Ediacaran and extends into the
Cambrian. It exhibits a similar pattern of diversification to the body fossil record, pointing to
a rapid ethological expansion through this interval. Here, I investigate particular ethologies of
early Cambrian ecdysozoan trace fossils and frame the corresponding trace fossil morphologies
in an evolutionary context. The first part of the thesis includes observations on the Cambrian
representatives of the ichnogenera Cruziana and Rusophycus. I identify the links between the
two morphologies and suggest that some Cambrian Cruziana are formed by the concatenation
of distinct Rusophycus. This organisation might be more prevalent than previously expected in
the Palaeozoic. This study is further supplemented by 3D virtual ichnology and the production
of false colour depth maps produced for the first time for invertebrate trace fossils. With virtual
ichnological techniques, subtle morphological characters can be readily observed and enhance
the analysis of specimens. Investigating the early Cambrian ecdysozoan fossil record, I analysed
Cambrian treptichnid trace fossils with cast-like impressions of their makers that can allow
the assignment of their producers to at least stem-ecdysozoans. Actualistic experiments show
that extant Priapulus caudatus produce similar trace fossils and therefore priapulid-like stem
ecdysozoan producers are to be expected for the treptichnid burrows appearing at the Ediacaran-
Cambrian GSSP. Although Rusophycus is the first trace fossil that can be firmly attributed
to euarthropods, the simple ridge pattern of Monomorphichnus that appears even earlier than
Rusophycus is a potential arthropod produced trace fossil. I investigate the morphologies of the
earliest Monomorphichnus and address the problems with assigning these simple trace fossils to
euarthropods. I also discuss the possibility that a part of its known record might be best described
as tool marks rather than trace fossils.
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Introduction 

Man has always been fascinated by nature. We have time and again attempted 
to study, categorize and understand every aspect of the natural world of which 
we form a part. Animal diversity has been of particular interest throughout the 
ages. Our concerted efforts became for the first time a science with Carl Von 
Linné’s “Systema Naturae” (Linnaeus, 1758) that made binomial classifica-
tion the system by which all life can be put into a comprehensive, ordered 
system. Classification of organisms in hierarchical structures from Species 
and Genera to Phyla and Kingdoms is based on the identification of characters 
that distinguish organisms. While the extensive study of extant organisms of-
fers a wealth of information regarding current ecosystem composition and di-
versity, it does not provide a corresponding understanding of the early pro-
cesses and mechanisms that led to the great variety of forms that we observe 
today. 

One of the most important events in the diversification of animal life oc-
curred during the interval between 600-500Ma, specifically from c. 540Ma 
onwards it has been dubbed the “Cambrian explosion” (reviewed in e.g. Mar-
shall, 2006; Wood et al., 2019). The “Cambrian explosion”, or Cambrian ra-
diation, was not only the period of metazoan clade diversification but also the 
period in which the ecosystem structure of the Phanerozoic was established 
(Brasier et al., 1994; Erwin et al., 2011; Erwin and Tweedt, 2012; Mángano 
and Buatois, 2016).  

To answer the most fundamental questions about how metazoan diversity 
originated and how it took shape during its early evolutionary stages, palae-
ontologists have investigated the extensive animal fossil. While the study of 
body fossils provides a considerable amount of information about the organi-
zation of early animal body plans and the emergence of stem and crown 
groups, it rarely presents an accurate representation of their ethological evo-
lution. Adding to this caveat, the most crucial time interval above the Precam-
brian – Cambrian boundary (541-520 Ma) is distinctly lacking in body fossils 
of motile metazoans (Budd and Jensen, 2000; Budd, 2003).  

With the first appearance of unequivocal ecdysozoan body fossils (in the 
form of trilobites) at approximately 521 Ma (Daley et al., 2018) the question 
arises as to what occurred in the 40 Ma gap in the body fossil record from the 
terminal Ediacaran to Cambrian Series 2. It is therefore the study of the be-
haviours employed by these early animals, preserved as trace fossils that pro-
vides insights for this critically important period of life on earth. The aim of 
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this thesis, then, is to evaluate the evolutionary significance of early Cambrian 
trace fossils for the ecdysozoan clade, both in terms of their mode of formation 
as well as a reassessment of their morphology. 



 13

Research aims of this thesis 

The importance of studying trace fossils, especially at time intervals of signif-
icant evolutionary upheaval such as the Ediacaran-Cambrian transition and 
the early Cambrian, is well founded (e.g. Jensen, 2003; Mángano and Buatois, 
2016). The scope of this thesis is to investigate and reanalyze enigmatic Cam-
brian trace fossils attributable to the wider ecdysozoan group. I reinterpret the 
mode of formation and implications for the behavioural innovations taking 
place within this critical time interval for the ecdysozoans and their stem group 
using novel methodologies. This topic has been approached through the fol-
lowing research projects: 

• Examination of lower Palaeozoic Cruziana to interpret its mode of 
formation and consequently infer potential evolutionary progres-
sion of the formation of Cruziana throughout the Palaeozoic. This 
question has been addressed in Paper I via a reinterpretation of the 
formation of Cruziana tenella as a serial repetition of distinct Rus-
ophycus eutendorfensis using observations on the material and as-
sociated statistical analysis. Results were further corroborated in 
Paper III through the utilization of 3D models of trace fossils and 
the production of false colour depth maps that illustrate the seg-
mental nature of lower Palaeozoic Cruziana. 

• Investigation of distinctly ecdysozoan-produced early Cambrian 
trace fossils from the Mickwitzia Sandstone Member, Västergöt-
land, Sweden. The trace fossils presented in Paper II have a range 
of morphological characters that can robustly assign their makers 
to at least stem-ecdysozoans. These findings, coupled with actual-
istic experiments, support a priapulid-like stem ecdysozoan for 
similar burrows appearing shortly above the Ediacaran-Cambrian 
GSSP. 

• In order to better understand the morphology and mode of for-
mation of Cruziana and the intergrading relationship with Ruso-
phycus I employed 3D ichnology techniques for the first time in 
invertebrate trace fossils. In Paper III, we introduce these tech-
niques, explore their applicability and reassess the morphology of 
Cruziana using this novel approach. 
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• Reexamination of the formation and nature of the ichnogenus Mon-
omorphichnus in Paper IV. Monomorphichnus is generally at-
tributed to arthropods and with an appearance already at the base 
of the Cambrian potentially provides the earliest record of euar-
thropds. In this paper we explore the many problems involved in 
the interpretation of such a morphologically simple trace fossil. 
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The science of ichnology 

Ichnology is the study of the behaviour of organisms through the traces, bur-
rows and trails they leave behind as a record of their activities (Buatois and 
Mángano, 2011). Ichnology can be subdivided into two subdisciplines; pal-
aeoichnology, which is the study of fossilized aspects of the behaviour of ex-
tinct animals (i.e. trace fossils), and neoichnology, which is the study of con-
temporary traces. Palaeontologists have studied the fossilized remains of ex-
tinct life forms for hundreds of years, but a similar attention to trace fossils, 
i.e. the fossilized aspects of the behaviour of extinct animals, was achieved at 
a much later point in time. While throughout the history of our own species 
we became accustomed to the tracks and traces of animals, we were quite late 
to approach the subject of ichnology scientifically, with the first mention of 
ichnology appearing in the works of William Buckland and the first compre-
hensive work including the term “Ichnology” (Hitchcock, 1858) emerging 
during the latter half of the 19th century. 

Unsurprisingly, owing to the enigmatic nature of trace fossils and the ap-
parent morphological similarity to repetitive patterns, early trace fossil work-
ers often misidentified the material as the fossilized remains of plants (for ex-
ample, the fucoids in Murchison, 1847); indeed many early “trace fossil” 
workers were botanists such as Adolphe Brogniart (1801-1876). A significant 
number of ichnotaxa, still valid today, bear names resembling plant species 
(e.g. Zoophycos and Rusophycus; for further examples see Osgood, 1970) but 
the time of the fucoids ended with Nathorst’s (1881) seminal work and the 
complete disassociation of trace fossils from plant remains. 

The study of trace fossils experienced a revival following the introduction 
of the concept of ichnofacies (Seilacher, 1953, 1955; 1967; Bromley, 1996; 
Baucon et al., 2012). Seilacher (1967) introduced the assemblage-level study 
of trace fossils throughout the Phanerozoic to allow for the interpretation of 
the palaeonvironmental conditions at the time of their formation. The ichno-
facies concept rapidly took hold of the ichnological world and for the first time 
the focus of trace fossil research became the ethology represented and the 
taphonomic processes permitting trace fossil preservation. Ichnology as a sci-
ence finds itself at the intersection of the fields of palaeontology, sedimentol-
ogy and biology. It provides, therefore, a unique means of approaching ques-
tions regarding animal ecology, ethology and evolution by synthesizing and 
advancing distinct sources of information (McIlroy, 2008). The study of trace 
fossils often provides considerable insights to a degree unattainable via body 
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fossils with regards to these fields. Ichnology has wider applications in geol-
ogy as well as further applicability in the commercial sector for petroleum 
exploration. Bioturbators, organisms that churn the sediment, have a profound 
effect as environmental engineers (Mángano and Buatois, 2014). Assemblage 
level ichnological studies assist in determining the palaeoenvironment and 
sedimentary properties at the time of their formation (Knaust, 2012) thus en-
abling the identification of likely reservoir candidates (Gingras et al., 2007; 
Knaust, 2017).  

Trace fossils are in essence, fossilized snapshots of behaviour. They record 
the interaction between an organism and the environment in which it acted 
(Minter, 2007). It is this interaction between an organism and the substrate 
that influences the morphology of trace fossils (Bertling et al., 2006). The re-
sulting trace fossil morphology and the preservation potential it has are closely 
dependent on both the morphology of the organism and the depositional envi-
ronment (in terms of sediment grain size, consolidation and energy levels). 

The wide morphological variability of (mainly) invertebrate trace fossils 
and the distinctly rare occurrence of trace fossil producers in situ alongside 
their associated trace fossils present a challenge to working with trace fossils. 
In a way, the lack of body fossils from trace fossil rich outcrops is to be ex-
pected, because of the general prevalence of trace fossils in porous sandstones 
that preclude the preservation of body fossils (Baldwin, 1977; Seilacher, 
2007). Only rarely do we have examples of concurrent preservation of trace 
fossil with their putative producer, as is the case for the trilobite Flexicalymeni 
meeki and the trace fossil Cruziana semiplicata (Fortey and Seilacher 1997; 
Mángano et al., 2020) or the preservation of the “death march” of Mesolimulus 
walchi (Fig. 1) in the Solnhofen Konservat-Lagerstätte (Lomax and Racay, 
2012). Nevertheless, such associations are rare, and while informative for the 
specific ichnotaxon – taxon genetic linkage, an ethological classification of 
trace fossils is preferred over attempts at identifying trace fossils with partic-
ular producers. While this is a basic tenet of ichnological research (Seilacher, 
2007; Buatois and Mángano, 2011), I argue that for select cases, the morphol-
ogy (Paper II) and a more precise reinterpretation of the represented behav-
iour (Paper I) of key trace fossil specimens can be informative, both for the 
purpose of inferring the morphology of their putative maker and also for ena-
bling wider evolutionary inferences for, in the case of this thesis, the associ-
ated ecdysozoan clade. 
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Figure 1. The trace fossil Kouphichnium isp with the associated producer Mesolimu-
lus walchi at its end. This type of preservation is rare. The example is provided 
from, the Solnhofen Konservat – Lagerstätte. Wikimedia commons. 
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Trace fossils – key concepts 

Trace fossils include a wide array of biologically produced sedimentary struc-
tures preserved in the substrate. They are the result of an organism’s life ac-
tivity (Bertling et al., 2006). As organisms tend to respond similarly to envi-
ronmental conditions, they tend to produce corresponding trace fossil mor-
phologies which can be systematically grouped into distinct ichnogenera 
(Bromley, 1996; McIlroy, 2004). Minor differences in morphology within an 
ichnogenus can adequately subdivide them in distinct ichnospecies. 

Trace fossils are ubiquitous throughout the sedimentological record, owing 
to the fact that a single trace maker can produce a great number of trace fossils 
in its lifetime and multiple producers can create similar trace fossil morphol-
ogies in similar environmental conditions. This also gives trace fossils expan-
sive temporal ranges. Trace fossils are, therefore, in general poor time markers 
(Seilacher, 1970). 

An advantage trace fossils have over body fossils, however, is that they are 
almost always found in situ in the sediment that they were formed in 
(Seilacher, 1967). This eradicates any effect of sediment reworking giving a 
significant advantage for biostratigraphy and palaeoenvironmental analysis. 
Trace fossils can be used in conjuction with the traditional stratigraphic meth-
odologies through microfossils and body fossils to at least supplement bio-
stratigraphic inferences. Dating of poorly fossiliferous strata can sometimes 
be supported by the introduction of trace fossil stratigraphical schemes. An 
example of this application can be seen in the erection of a stratigraphical 
scheme of the Cambrian-Ordovician successions of Gondwana via identifica-
tion of the distinct ornament of Cruziana (Crimes, 1969; Crimes and Marcos, 
1976; Seilacher, 1970).  

As a body fossil example, one might consider the trilobites (Babcock et al., 
2017), which have proved a valuable tool for the correlation of Palaeozoic 
sequences mainly owing to their variability of form and distinct separation 
into readily identifiable morphological taxa. The corresponding application of 
ichnology to biostratigraphy would by analogy thus be largely dependent on 
the correct assignment of trace fossils specimens to distinct ichnotaxa, some-
thing that has challenged ichnologists over the past decades. While the focus 
of the present thesis is not on ichnospecific characterization per se, I introduce 
new techniques (Paper III) to the of study invertebrate trace fossils, the suc-
cessful application of which have implications for the way we approach and 
interpret the morphology of trace fossils. 
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Stratigraphically useful trace fossils should therefore bear a significant 
amount of morphological detail. As mentioned above, the trace fossils Cruzi-
ana have been used to erect a stratigraphic scheme for Gondwana (Fig. 2) 
precisely because they exhibit a wide array of distinct morphologies through-
out the Palaeozoic in the form of a variety of arrangements and alignments of 
ridges on the parallel lobes, pleural spine imprints and occasional cephalic 
impressions. Such trace fossils exemplify the wide applicability of trace fos-
sils for the correlation of unfossiliferous rock units but also enable us to study 
the record of major evolutionary changes such as the evolution of predation 
and the effect of bioturbation from the Cambrian onwards and the manner in 
which this has been paramount in ecosystem engineering. 

 

 
Figure 2. Gondwanan Cruziana stratigraphy. Figure recreated from Seilacher, 2007 
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Trace fossils of the Cambrian Radiation 

The evidence for the Cambrian Radiation 
The Cambrian Radiation is the rapid radiation of metazoan clades into most 
extant phyla (Conway Morris, 1989, 1998; Knoll and Carroll 1999; Budd and 
Jensen 2000). The evidence for the early evolution of animals first appears at 
the onset of metazoan diversification before the beginning of the Cambrian 
with the still somewhat enigmatic Ediacara Biota (Narbonne, 2005; Budd and 
Jensen, 2017). The early diversification of metazoans is followed by the ap-
pearance of the first biomineralizing organisms (Murdock and Donoghue, 
2011; Wood, 2018) with increased preservation potential and their resulting 
body fossil record that forms a major part of the Phanerozoic fossil record 
(Valentine, 2002). 

A number of hypotheses attempting to define the causes of the Cambrian 
Radiation exist and fall in three main categories: ecological, genetic and envi-
ronmental. It is now widely accepted that no singular trigger would suffice to 
explain the Cambrian explosion and a multifaceted approach is preferred 
(Smith and Harper, 2013).  

A window into early Cambrian animal diversity is opened by the relatively 
rare Konservat-Lagerstätten (e.g. Conway Morris, 1977; Briggs et al., 1994; 
Vannier and Martin, 2017). Soft-bodied organisms with otherwise low fossil-
ization potential can be preserved in particularly high detail (e.g. Fig. 3) under 
the specific conditions that allow this type of preservation (Butterfield, 2003; 
Butterfield et al., 2007; Gaines et al., 2008, 2012). Unfortunately, Konservat-
Lagerstätten are not only rare but appear to be missing during a critical time 
interval of the early radiation and evolution of metazoans (approximately 541-
520Ma) (Budd, 2003; Slater et al., 2018). 

More recently a wealth of new material in the form of Small Carbonaceous 
Fossils (SCF) has added a new line of evidence via the identification of cryptic 
soft bodied early Cambrian biotas (Smith et al., 2015; Slater et al., 2017, 2018) 
by way of scalids and teeth corresponding to those found in the exceptionally 
preserved faunas of the later appearing Konservat-Lagerstätten. 
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Figure 3. A specimen of Ottoia prolifica (NMNH 57622) from the Burgess Shale 
Cambrian Series 3, Stage 5, Fossil Ridge, British Columbia. The exceptional preser-
vation of soft bodied organisms is characteristic of Konservat-Lagerstätten. Speci-
men illustrated in Smith et al. 2015. 

A further line of evidence, and a relatively understudied one, can be found in 
the extensive trace fossil record of early metazoans (Jensen, 2003; Mángano 
and Buatois, 2016). The bilaterian trace fossil record commences after 560 Ma 
and increases in complexity throughout the Cambrian (Martin et al., 2000; 
Droser et al., 2002). The first metazoans were likely non-or poorly mineralized 
organisms and therefore their trace fossil record is of particular significance 
when discussing the emergence of animal clades at the Ediacaran-Cambrian 
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transition (Jensen et al., 2005; for a claim that it is possible to identify an early 
producer, see Evans et al. 2020). As discussed earlier, the trace fossil record 
is much less affected by taphonomic biases compared to biomineralized ani-
mal remains. 

The nature and timing of the Cambrian explosion has been a subject of 
debate with two opposing views, the first taking into consideration the fossil 
record of the Bilateria as evidence for a “real” Cambrian explosion (Budd and 
Jensen 2000; Budd, 2008; c.f. Budd and Mann, 2020) and the second, based 
on molecular clocks (Wray et al., 1996; Dos Reis et al., 2015; Cunningham et 
al., 2017) arguing for much deeper origins and considering lack of body fossils 
as a taphonomical artefact of preservation (Fortey et al., 1996; Sperling and 
Stockey 2018). Molecular clock data appear relatively inconsistent with their 
predictions for the divergence point of the Bilateria but more recent studies 
support the existence of a rapid diversification in the Cambrian (Peterson et 
al., 2004; 2008). Even so, the most recent efforts suggest an important gap 
remains between the apparent fossil record and the most conservative molec-
ular clock estimates (e.g. Dos Reis et al., 2015); even though it is possible that 
this gap could be closed if certain statistical features of molecular clock tech-
niques are taken into account (Budd and Mann, 2019) 

The trace fossil record of the Bilateria from the terminal Ediacaran to the 
middle early Cambrian (Stage 2, when a more diverse record of body fossils 
appear) lends support to the argument that the fossil record represents the ac-
tual course of evolutionary events (Budd and Jensen, 2000). The trace fossil 
record supplements the apparent gap in fossilization at this interval providing 
an ‘independent line of evidence’ (Mángano and Buatois, 2014) for the cali-
bration of the Cambrian explosion. The trace fossil record of the bilaterians 
extends into the Ediacaran (ca 560 Ma) with representatives being simple sed-
iment – water interface trace fossils (Jensen, 2003, Jensen et al., 2005) that 
nevertheless record the ‘widening behavioural repertoire’ (Conway Morris, 
1987) of their producers towards the Cambrian. 

Metazoan clades exhibit a host of body plan innovations such as the devel-
opment of the coelom that serves as a preadaptation to the then novel burrow-
ing behaviour of early bioturbators (Budd and Jensen 2000, 2017). While the 
significance of key innovations such as the development of the coelom and 
burrowing are generally not disputed, recent modeling approaches to investi-
gating the Cambrian radiation suggest that the existence of large clades in fact 
necessitates an early burst of diversification. Thus high initial diversification 
rates of extant clades need not necessarily indicate any biological privilege of 
the group, but rather exist as necessary statistical artifacts (Budd and Mann, 
2018; 2020). Nevertheless, the rapid expansion of morphological, behavioural 
and ecological diversity and complexity in this period remains a point of fas-
cination and genuine, albeit challenging, scientific inquiry. 



 23

The fate of the Ediacara Biota is not as clearly defined. Lately support has 
been presented for the biotic replacement hypothesis, and the increase in bio-
turbation at the Ediacaran-Cambrian boundary suggests a direct link between 
ecosystem engineering and the decline of the Ediacara biota (Cribb et al., 
2019) but it is also known that  bioturbators are likely to have coexisted with 
Ediacaran organisms (Jensen, 2003, Seilacher et al., 2005, Jensen et al., 
2006, Mángano and Buatois, 2014) since approximately 560Ma. That indi-
cates that the interrelationship between Ediacaran organisms and early meta-
zoan might have been more complex or even beneficial for early metazoans 
(Budd and Jensen, 2017). In addition, recent modelling of stem and crown 
groups suggests that the rapid disappearance of stem groups after their respec-
tive crown group has emerged is to be expected as a null-hypothesis of random 
diversification (Budd and Mann 2020).  

Trace fossils as a record of ecological revolutions 

Establishment of the seafloor mixed layer – The effect of 
bioturbation 
The relatively serene benthic ecological landscape of the Ediacaran allowed 
for the formation of a number of somewhat simple trace fossils. Ediacaran 
trace fossils are typically horizontal, unbranched trails that were emplaced at 
or near the sediment-water interface (Jensen, 2003). In the Cambrian, concur-
rently with the documented expansion of metazoan phyla, an increase in 
deeper tier exploitation of the sediment and in the complexity of burrow mor-
phologies can be observed (Mángano and Buatois, 2017). Here we see for the 
first time branching trace fossils and a drastic increase in the diversity and size 
of burrows and trails, and the depth to which they enter the seafloor. The sig-
nificance of trace fossils in documenting this paradigm shift in behavioural 
complexity and related evolution of derived morphologies has been shown, by 
the increase in complexity of trace fossils across the Ediacaran-Cambrian 
boundary (Seilacher, 1956; Jensen, 2003). A concerted worldwide investiga-
tion of boundary sections leads to the observation that groups of trace fossils 
appear relatively consistently in sequential order. This has led to the erection 
of trace fossil zones (Crimes, 1987, 1992; Crimes and Fedonkin, 1994; Nar-
bonne et al., 1987) with a (relatively) consistent worldwide first order of ap-
pearance.  

The appearance of metazoan clades close to the Ediacaran-Cambrian 
boundary transformed earth systems, global geochemical cycles and ecology 
(Bottjer et al., 2000; Butterfield, 2007; Budd and Jensen, 2017). Foremost 
among these transformations, is the effect of sediment churning bilaterians on 
the relatively stagnant benthic sediments of the terminal Proterozoic 
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(Mángano and Buatois, 2017). Modern oceanic seafloors exhibit a character-
istically fluidized homogeneous upper layer of sediment that extends up to 
10cm downwards from the sediment-water interface (Rhoads and Young, 
1970; Thayer, 1979, 1983). The biogenic reworking (bioturbation) of sedi-
ment is the process that culminates in the upper mixed layer as seen in modern 
benthic environments as well as the majority of Phanerozoic sequences 
(Bromley and Ekdale, 1986; Teal et al., 2008, 2010). The process of sediment 
mixing appears to be a protracted process throughout the Palaeozoic towards 
the Silurian which indicates that the associated increase in bioturbation is 
likely attributable to behavioural innovation rather than ecological drivers 
(Tarhan et al., 2014). Nevertheless, recent studies on the Burin Peninsula, 
Chapel Island Formation indicate that the establishment of the mixed layer 
might have occurred in the early Cambrian (529Ma) (Gougeon et al., 2019) 
The introduction, therefore, of bioturbators regardless of the exact timing of 
the process, had a drastic effect on the establishment of modern seafloor geo-
chemical properties and the evolution of associated behaviours is a significant 
aspect of the Palaeozoic metazoan radiation.   
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Ecdysozoan evolution, insights from trace 
fossils 

Lower Cambrian (total-group) ecdysozoan trace fossils 
The widespread preservation of trace fossils in poorly fossiliferous strata has 
significance for studies pertaining to the early evolutionary diversification of 
metazoans in the Cambrian. A number of trace fossils attributable to at least 
total-group ecdysozoans appear well before the first appearance of their scle-
rotized or, for soft bodied organisms, exceptionally preserved putative pro-
ducers (Budd and Jensen, 1998; Daley et al., 2018). Arguably, some poorly 
sclerotized stem ecdysozoans would have been able to produce trace fossils 
comparable to those of the crown group and even illuminate potential symple-
siomorphies shared within the ecdysozoan clade (i.e. between the (stem) Ar-
thropoda-Cycloneuralia). Given that key innovations of the bilaterian body 
plan are likely to have accrued in relatively large benthic organisms (Budd 
and Jensen 2000), the corresponding trace fossil record of the early Cambrian 
demands attention. The first appearance of coelomate animals in the fossil 
record can only be gauged by their trace fossil record with trace fossils indic-
ative of sediment exploitation first being reported from the terminal Ediacaran 
(Jensen, 2006; but see Evans et al. 2020).  

The base of the Cambrian is marked by the appearance of large, branching 
probing burrows of the trace fossil Treptichnus pedum (Droser et al., 1999). 
The first appearance of Treptichnus pedum in the Chapel Island Formation, 
Burin Peninsula, Newfoundland is used to mark the Global Boundary Strato-
type Section and Point (GSSP) for the Cambrian (Narbonne et al, 1987). While 
a tentative association of treptichnids with priapulid-like scalidophorans has 
been previously suggested (Dzik, 2005; Vannier et al., 2010) robust evidence 
for the association where lacking until now. In Paper II I present unequivocal 
anatomical evidence preserved on trace fossils (Fig. 4) of the Mickwitzia 
Sandstone Member, Sweden that set apart such morphologies as product of at 
least stem-scalidophoran origin. Given the morphological similarity of trep-
tichnids and their deep first appearance it is likely that scalidophoran or stem 
ecdysozoans have their origin in the terminal Ediacaran. 
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Figure 4. Trace fossil of a priapulan origin, the anterior of the trace fossil captures in 
cast-like accuracy the anterior morphology of a scalidophoran vermiform organism. 
Scale bar 2mm. 

Trace fossils and the first appearance of arthropods 
Unequivocal evidence for the appearance of total group euarthropods in the 
fossil record comes from the earliest trilobites at ca. 521 Ma (Maloof et al., 
2010 and references therein). Apart from the trilobites, the majority of Cam-
brian representatives of stem and crown group euarthropods are derived from 
the productive but rare Konservat-Lagerstätten sites such as Chengjiang 
(Zhang et al., 2008), Sirius Passet (Harper et al., 2019) and the Burgess Shale 
(Whittington, 1979).  

While the terminal Ediacaran witnessed the first appearance of stem-ecdy-
sozoans, the first appearance of euarthropods cannot be confidently placed 
below the first appearance of the unequivocally arthropod produced Ruso-
phycus (between 530-535Ma (Jensen et al., 2013)). The appearance of Ruso-
phycus well below the first appearance of trilobites in several early Cambrian 
outcrops around the world including Newfoundland, Spain and Siberia, signi-
fies that the appearance of the euarthropods precedes trilobites by a consider-
able time interval, assuming the absence of a cryptic trilobite record (Paterson 
et al., 2019). The earliest Rusophycus provide a conservative indicator for the 
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appearance of euarthropods as they exhibit bilateral symmetry and ridges/im-
prints that were the product of paired appendages (Crimes and Anderson, 
1985) and have been use as a calibration for the appearance of the euarthro-
pods (Daley et al., 2018). It is notable that these early representatives are un-
usually large indicating that they were produced by a large benthic organism. 
Given that a putative producer has not been identified in the fossil record (e.g. 
a large “trilobite” existing approximately 10Ma before the reported first ap-
pearance of the clad), it is likely the producer was in fact not a mineralised 
arthropod but rather a member of the relatively poorly-scleritised stem group. 
However, researchers even suggested even earlier dates  (i.e. below the FAD 
of Rusophycus) for the FAD of euarthropods based on the sparse and equivo-
cal evidence of simple trace fossil morphologies reminiscent of arthropod limb 
activity that appear just above the Ediacaran-Cambrian boundary. One such 
example is the trace fossil Monomorphichnus, a set of simple ridges with ap-
parent alignment. Monomorphichnus has been found just above the Ediacaran 
– Cambrian GSSP in Newfoundland (Narbonne et al. 1987; Laing et al. 2019), 
and has been associated with arthropod activity thus providing an even deeper 
but disputed origin for the euarthropods. In Paper IV I examine the earliest 
reported Monomorphichnus and associated purported morphologies with the 
intent to clarify which of these structures could indicate a euarthropod pro-
ducer. It appears that while a number of early Cambrian Monomorphichnus 
morphologies can be attributed to arthropods it is debatable if they are life 
activities. Furthermore, several of the earliest Monomorphichnus are morpho-
logically very simple ridges for which interpretations other than that of an 
eauarthropod must be considered. To assign these structures to (stem) arthro-
pods would require at least a set of characters in the form of dactylic imprints 
to indicate an arthropod limb. . 

Behavioural innovations of Cruziana producers 
This project also focused on arthropod produced trace fossils and specifi-

cally the iconic Cruziana and, Rusophycus. The two ichnogenera are closely 
related with a variety of almost indistinguishable intermediate forms and rel-
atively confidently identifiable end members (Seilacher, 1953, 1970; Crimes, 
1970). In common with most trace fossils, the two ichnogenera have a wide 
temporal range throughout the Palaeozoic (Seilacher, 2007) but can also ex-
hibit characteristic “fingerprinting” and a range of distinct characters 
(Seilacher, 1970). 

The current consensus for the formation of Cruziana describes it as a contin-
uously forming infaunal trace fossil (Seilacher, 1970). This mode of formation 
is examined in Paper I as well as recent publications (Sadlok, 2014). While the 
debate on the formation of Cruziana has mostly focused on the position of the 
organism in relation to the sediment (Crimes, 1970; Goldring, 1985; Seilacher, 
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1985) it is important to study the formation of the trace fossils as an indicator of 
the behavioural and anatomical capabilities of their producers. 

Given the relatively undifferentiated morphology of at least trilobite limbs 
and their biomechanics, a fully infaunal lifestyle for most trilobites is some-
what unlikely. Furthermore, some lower Palaeozoic Cruziana (Jensen, 1997) 
appear not to be formed continuously which might be an indication of different 
behavioural pattern of their makers as compared to younger ichnospecies. For 
example, Cruziana tenella is a small Cambrian trace fossil with two parallel 
lobes bearing transverse ridges at a wide angle. Its width varies but is generally 
below 5mm and length below 8cm as the trace fossil extends in a straight to 
sinusoidal path. Similarly to other Cruziana it can be found in close associa-
tion with Rusophycus (here R. eutendorfensis). In Paper I I analyse the rela-
tionship between Rusophycus eutendorfensis and Cruziana tenella (Fig. 5), 
showing that the latter is formed as a serial concatenation of rusophycid ele-
ments owing to the oblique angles between individual segments revealing in-
dividual segments. 

 
Figure 5. Cruziana tenella from the MSM, observe the undulations along the extent 
of the trace fossil corresponding to distinct rusophycid elements. Scale bar 5mm. 
Lugnås. RM X11033. 

The behaviours inferred are a direct result of the organism’s capabilities in 
terms of muscle organization and locomotion. Through my findings in Paper 
I and with the support of the 3D models produced for Paper III (e.g. Fig. 6) 
it becomes apparent that at least some other lower Cambrian Cruziana apart 
from C. tenella appear segmental in comparison to their Ordovician counter-
parts with frequent interruptions along their axis of propagation corresponding 
to rusophycid elements. This is an indication of behavioural evolution as sed-
imentary properties might have remained relatively consistent throughout the 
Palaeozoic (Tarhan, 2014). 
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Figure 6. A. Trace fossil Cruziana rusoformis of the MSM. B. Decoulorised 3D 
model of the specimen. C. 3D depth map of the specimen indicating differential 
depth of excavation at intervals of activity, illuminating the possible segmental na-
ture of early Cambrian Cruziana 
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Advances in ichnological research 

Neoichnology 
While palaeoichnology is focused on analysing behaviours recorded in the 
fossil record of extinct organisms through the study of the morphology of trace 
fossils, its counterpart neoichnology, focuses on the study of tracks, traces and 
burrows of extant organisms. A plethora of organisms can be used for this 
kind of study with a corresponding setup that monitors aspects of their behav-
iour such as speed, gait, alterations in direction and responses to environmen-
tal stimuli (e.g. Milàn, 2006).  

In common with palaeoichnology, two broad interest groups exist: one fo-
cused on invertebrate tracks and the other on invertebrate traces, burrows and 
borings. Arguably a great amount of interest has been given to vertebrate 
tracks and the mechanisms and sediment properties facilitating their preserva-
tion (Milàn, 2006; Genise et al., 2009; Kubo, 2010). This is likely an effect of 
the interest dinosaur research has received over the past decades from the gen-
eral public and consequently from the funding bodies. 

Neoichnology provides considerable insight into the variability of trace 
fossils and therefore assists in ichnospecific characterization and the identifi-
cation of intermediate morphologies (Minter et al. 2007). Considering this, it 
is becoming increasingly important to study experimentally produced behav-
iours under controlled laboratory conditions in order to better understand as-
pects of the mode of formation of trace fossils. 

Neoichnology serves to create analogous behavioural models for the inter-
pretation of extinct animal behaviour and has resulted in numerous publica-
tions attempting to decode aspects of the behaviour of extinct animals through 
the study of close analogues (e.g. Genise et al., 2009; Curth et al., 2014). In-
vertebrate neoichnology is experiencing renewed interest (Davis et al., 2007). 
There exist a number of studies focused on the locomotion of terrestrial ar-
thropods (e.g. Manton, 1977; Davis et al., 2007) and an increasing interest in 
the study of marine invertebrate neoichnology (Dashtgard and Gingras, 2012).  

The study of invertebrate traces presents us with a drastically different con-
ceptual model to vertebrate locomotion that alongside a diverse range of mor-
phologies limits the depth of our understanding of invertebrate locomotion 
and general behaviour. Invertebrate biology encompasses a diverse range of 
modes of locomotion including basal organism locomotion facilitated by cili-
ated epithelia or muscle contractions along the trunk of the organism and later 
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reaching a level of organization reminiscent to that of vertebrates but funda-
mentally different for the arthropod clade. The lack of a strongly developed 
invertebrate-specific framework, I suggest, inhibits our investigations from 
reaching a similar degree of comprehensiveness of behavioural aspects of in-
vertebrates comparable to that of vertebrates. 

As previously discussed, ichnology brings together aspects of sedimentol-
ogy and ethology and interprets the causal influences for the morphology of 
invertebrate trace fossils. In a sense, a similar principle to Lyell’s uniformitar-
ianism for geological processes can be observed in metazoan trace fossils. 
Throughout the Phanerozoic record organisms of widely divergent clades re-
spond similarly to environmental factors (McIlroy, 2004), (sediment con-
sistency, current energy, salinity fluctuations, intensity of sedimentation etc.) 
producing roughly corresponding burrow and trace morphologies.  

Neoichnology can be utilized to extrapolate the morphology of trace fossils 
of obscure trace makers by studying burrows or traces produced by extant an-
imals alongside the morphology of the trace makers themselves. For this en-
deavor it is of great significance to establish extant analogues for explaining 
the behaviour and general anatomy of the trace producer and its ethologi-
cal/neurological capabilities. A generalized experimental procedure for a 
study of marine invertebrates could be summarized as an artificial recreation 
of a seafloor of predetermined properties that simulate a desired environment 
of deposition. The study organism is released under the set laboratory condi-
tions and allowed to interact with the substrate, going through the range of 
behaviours that are allowed to be recorded by the setup. After completion of 
the observations, the morphology of the traces or burrows can be recorded and 
studied (e.g. Vannier et al., 2010).  

As I show in the case of Cambrian basal ecdysozoan burrows investigated 
on Paper II, we analyzed the morphology and behaviour of extant priapulids 
(Priapulus caudatus) (Fig. 7) in order to associate the body plan of a putative 
early Cambrian vermiform stem group scalidophoran with the resulting trace 
fossil from the Cambrian locality of the Mickwitzia Sandstone Member. We 
were thus able to narrow down the maker of the Cambrian trace fossil through 
the study of the behaviour and morphology of living Priapulus caudatus in a 
laboratory setting. 
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Figure 7. Experimental production of burrows of Priapulus caudatus. The experi-
mental setup requires an aquarium with a plastic divider partitioning a side of the 
aquarium to be filled with sediment. The organism is then allowed to burrow and 
recorded in real time to study its behavioural pattern. 
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Virtual Ichnology 
3D Photogrammetry 
Novel imaging techniques – applications on invertebrate traces 

This project also aimed to further develop methodologies to better and faster 
investigate the morphology of my study material as well as illuminate obscure 
aspects of morphology that could aid our understanding of the mode of for-
mation for these trace fossils. This endeavor would enable a better ethological 
characterization for trace fossils that frequently intergrade to composites and 
also to further be able to identify intermediate forms. As mentioned above, the 
trace fossils at the core of the present thesis, Cruziana and Rusophycus exhibit 
a great amount of variability and their interrelationships are unclear. While 
end members of the two ichnogenera can relatively confidently be ascribed to 
distinct ichnogenera, the great variability of intermediate morphologies com-
plicates identification. A further problem is that we do not have a robust un-
derstanding of the way these trace fossils were originally formed and the pos-
sible linkage between the two ichnogenera. 3D photogrammetry as applied for 
the first time in this type of material (Paper III) highlights small morpholog-
ical variations that aid in the identification of characters significant for the 
ethological characterization of these ichnospecies.  

The minute features and low relief of Cruziana tenella poses a significant 
obstacle to the imaging, ethological interpretation and dissemination of obser-
vations. Cruziana tenella has already been recognized as a good candidate for 
alternative imaging techniques that greatly enhance resolution of individual 
specimens and the morphology associated with these minute traces (Hammer 
et al., 2002). 

I aimed to eliminate artefacts of imaging in our analysis and I therefore 
utilized 3D photogrammetry protocols that have found applicability in the 
more standardized vertebrate ichnology. The advancements in digital imaging 
and the development of 3D object manipulation software have produced a new 
sub-discipline for ichnology focusing on the production and handling of vir-
tual material known as digital ichnology. The discipline encompasses a wide 
range of techniques including laser scanning, close range photogrammetry and 
GIS to approach the study material from different perspectives. The aim is in 
general to create virtual models in 3D so as to be able to virtual manipulate 
the material and study aspects of the morphology in a non-destructive fashion 
in ways that would otherwise require at least partial destruction of the speci-
men. 

Digital ichnology has been, for a long time now, a commonly used tool in 
vertebrate ichnology. This was the incentive to apply for the first time these 
techniques to invertebrate trace fossils. In Paper III I apply digital ichnology 
techniques (3D photogrammetric models, false-colour depth maps, contour-
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lines and cross-sections) to specimens of Cambrian and Ordovician Cruziana 
and Rusophycus (Fig. 8). Digital models offer many advantages to palaeonto-
logical research that are already known from vertebrate ichnology. These in-
clude digital manipulation of samples, virtual cross-sections and depth analy-
sis of the material through depth maps. Importantly it allows the virtual preser-
vation of material at risk of erosion or difficult to collect outcrops.  

The study undertaken here provides insights for the potential of digital ich-
nology for the interpretation of the behaviour represented in invertebrate trace 
fossils. The digital models allow a detailed investigation of the ornament as 
well as slight variations in depth along the axis of propagation of Cruziana.  

The ability to manipulate virtual trace fossils by creating depth maps of 
their relief, cut along planes that would require the destruction of the original 
and illustrate details that traditional imaging techniques fail to fully grasp 
makes this novel approach integral to the present study. 

 

 
Figure 8. A. Trace fossil Cruziana tenella of the MSM. B. Decoulorised 3D model 
of the specimen. C. 3D depth map of the specimen with a colour gradient highlight-
ing subtle morphological details such as the segmental character of the trace fossil 
and the distinct Rusophucus eutendorfensis elements along the axis of propagation 
of the trace fossils. 
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Accomplishments and Future Directions 

These projects have provided novel insights pertaining to the formation of 
lower Palaeozoic ecdysozoan produced trace fossils. I have addressed the sig-
nificance of behavioural innovation for metazoans and the need to push to-
wards a better understanding of how the morphology of some of the most well-
known trace fossils came about. I suggest that behavioural mechanisms gov-
erning trace fossil formation should come under further scrutiny. Trace fossil 
research should regain focus on the ethological interpretation of trace fossil 
morphologies and not only be satisfied with ichnofacies and ichnofabric anal-
ysis but also attempt to analyse the evolutionary implications of the expansive 
record of trace fossil. 

For some arthropod produced trace fossils I have shown, through the study 
of key material from the trace fossil “Lagerstätte” of the Mickwitzia Sand-
stone Member, Sweden (Paper I), that the association of Cruziana and Ruso-
phycus, at least in the Cambrian, is much more intimately linked and does not 
only represent an ethological alternation of burrowing depth. These observa-
tions also suggest that these Cruziana are not solely a motion trail (i.e. repich-
nion), but rather reflect significantly energy-intense digging activity for which 
the motivation was presumably resource acquisition for deposit feeders. 

With these findings as a foundation I believe that future investigation into 
the morphology of Cruziana will be beneficial in uncovering the nature of 
later appearing forms. Expanding a detailed study focused on the formation of 
Cruziana to Ordovician (and younger) representatives either will result in il-
luminating similar patterns to those observed for the early Cambrian material 
or set these younger ichnogenera apart. A number of hypotheses could be for-
mulated as to why either might be the case, but in the case of a distinct mode 
of formation, ethological evolution in the arthropod clade would be the likely 
answer. Coupled with observations on the evolution of sediment properties 
throughout the Phanerozoic such findings will enable a better understanding 
of the evolutionary progression of behaviour of the earliest arthropod repre-
sentatives in the fossil record. 

The uncertainties pertaining to the producers of the trace fossil record of 
the Ediacaran-Cambrian transition have been investigated in Paper II. With 
a combination of actualistic experiments and morphological observations of 
exceptionally preserved trace fossil of the MSM I present evidence tying ec-
dysozoan producers to treptichnids of this period. These observations corrob-
orate a likely latest Ediacaran origin for the ecdysozoans. 
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I also introduced state-of-the-art imaging techniques that improve on the 
time required and resolution of surface detail for the study of invertebrate trace 
fossils (Paper III). 3D virtual palaeontology is rapidly picking up pace and is 
fast becoming a staple of both traditional palaeontology focused on body fos-
sils and vertebrate trace fossils.  

While a standardized framework has been established for the above men-
tioned material, little was known until now regarding the applicability of these 
techniques on invertebrate trace fossils. The production of virtual 3D models 
of invertebrate trace fossils allows the non-destructive manipulation of the 
material and the creation of virtual cross sections that can have wide applica-
bility for invertebrate trace fossil research. Similarly, depth maps of the sur-
face area of trace fossils (as illustrated for Cruziana) can aid in the ethological 
interpretation of trace fossils and the assessment of subtle alterations in be-
havioural patterns recorded. Since the surface of the 3D model is recreated 
virtually it is possible to eradicate artefacts of imaging, which is particularly 
useful for heavily oxidized material, for which traditional imaging is insuffi-
cient. With the applicability of these techniques now being proven for this 
material, I expect widespread utilization of 3D imaging for the study of inver-
tebrate trace fossils as well as the virtual preservation and dissemination of 
material/samples. A caveat is the requirement for more standardized shape 
descriptors or landmarks to be able to further compare morphologies in an 
analogous way to that already developed for vertebrate trace fossils. This en-
deavor will require more time and effort to materialize. 

Lastly, in Paper IV I address the importance of the earliest putative trace 
fossil record for the euarthopods close to the Cambrian boundary and clarify-
ing the significance of differentiating between the various morphologies of 
Monomorphichnus. Caution is advised for utilizing these simple morphologies 
to calibrate the appearance of the euarthropods. This study has implications 
for molecular clock calibration or other studies that require fossil data as the 
indicators for the first appearance of clades. 
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Svensk Sammanfattning 

Ichnologi är vetenskapen som utforskar organismers beteende genom de spår 
såsom grävda tunnlar som bevaras som fossil i sedimentet. Denna avhandling 
berör så kallade spårfossil, just sådana avtryck av organismers aktiviteter i det 
fossila registret. Spårfossil är enkelt uttryckt fossiliserade spår av organismers 
beteende och rörelser. De fångar interaktionen mellan organismen och miljön 
inom vilken den befann sig. Ett spårfossils morfologi och form varierar 
mycket beroende på depositionsmiljön samt organismens beteende och dess 
morfologi. 

Ryggradslösa djurs spårfossil uppvisar precis detta slags variabilitet. En 
organism kan lämna efter sig flera olika slags spårfossil och en viss typ av-
spårfossil kan produceras av fler än ett slags organism. För denna avhandling 
undersökte jag spårfossil från organismer i djurgruppen Ecdysozoa, dvs. spår-
fossil skapade av leddjur samt deras närmaste masklika släktingar. Jag foku-
serade på tidigkambriska spårfossil från Sverige bevarade i Mickwitzia-
sandstenen i Västergötland. Mitt arbete komplementerades med material ut-
anför Sverige för att bättre illustrera mina resultat. 

Materialet kommer nästan helt från lämningar från kambrium. Kambrium 
är en särskilt viktig geologisk period när det gäller evolutionens gång. Det var 
under denna tid (541-495 miljoner år sedan) som den största majoriteten av  
de distinkta djurgrupper som vi ser idag uppstod. Den kambriska perioden är 
förstås välkänd för detta och hundratals studier har publicerats på fossila läm-
ningar av djur från denna tid. Mindre välkänt och än mindre förstått är att 
leddjurens tidigaste fossila lämningar är kända från ungefär 520 miljoner år 
gamla avlagringar vilket lämnar ett 10-20 miljoner års gap mellan början av 
kambrium och den första kända, relativt välutvecklade, morfologin hos ledd-
djuren. Frågan som uppstår är vad som faktiskt skedde under denna tid? Svaret 
kan skönjas i spårfossilsregistret som är relativt kontinuerlig genom hela pa-
leozoikum.  

Spårfossil bevarar alltså ett slags beteendesevolution, vilket möjliggör slut-
ledning av den associerade morfologin hos dess skapare. Det följer rimligtvis 
att enkla hål skapades av masklika organismer medan mer komplexa spår 
skapades av organismer med bilateral symmetri, ben och ett bredare utbud av 
beteenden. 

Första delen av avhandlingen fokuserar på en omtolkning av beteendet hos 
de djur som skapade spårfossilen Cruziana och Rusophycus (Artikel I). Dessa 
spårfossil är välkända och högst variabla exempel på spårfossil skapade av 
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leddjur. Av stor vikt är att de uppvisar ett flertal karaktärer som tydligt visar 
på deras association med leddjur i form av bilateral symmetri, bland dem ris-
por i sedimentet från ben samt avtryck av organismens ryggsköld. Omtolk-
ningen av dessa spårfossil informerar både om morfologin hos deras skapare 
samt även mer generellt om leddjurens tidiga evolution. Det verkar som om 
de tidigaste Cruziana uppstår  genom ett antal associerade sammanhängande 
Rusophycus medan de yngre formera är kontinuerliga. Detta indikerar en evo-
lution i grävbeteendet hos de tidigare skaparna av dessa fossil och möjligtvis 
även skillnader i  hur kompakt ytsediment var mellan tidig kambrium och se-
nare kambrium samt ordovicium.  

Vissa spårfossil kan visa vilken slags organism som skapade dem. Detta 
gäller materialet i Artikel II vari spårfossil visar detaljerad avtryck av främre 
delen av en snabelsäckmask. Denna association gjorde det möjligt för mig att 
med stor säkerhet länka treptichnider, ett slags spårfossil, med denna djur-
grupp. Detta är av stor betydelse eftersom treptichnida spårfossil återfinns pre-
cis vid början av kambrium vilket gör att vi kan konstatera att relativt stora 
djur med snabelsäcksmasksliknande morfologi fanns redan vid denna tid. 
Denna studie komplementerades med neoichnologiska experiment. Neoich-
nologi syftar till att hitta analoga beteendemönster hos nulevande djur för att 
lära oss om beteendet hos utdöda djur. . I detta fallet lät vi snabelsäcksmasken 
Priapulus caudatus gräva gångar under laboratorieförhållanden för att kunna 
jämföra med ovannämnda spårfossil. 

De första ledjuren återfinns i det fossila registret vid ca 521 miljoner års 
ålder som de tidigaste trilobiterna. Majoriteten av fossilerna från kambriums 
stam- och krongrupper hittas i de rika men sällsynta konservat-lagerstätte. 
Rusophycus återfinns i långt äldre lager än de första trilobiterna i flertalet ti-
diga kambriska lokaliteter. De tidigaste Rusophycus förser oss med en relativt 
säker uppskattning äldreleddjuren  då de uppvisar bilateral symmetri samt 
mönster som indikerar att de skapades av sammanparade ben. Ett annat slags 
spårfossil som antas höra ihop med leddjuren är Monomorphichnus. Det är ett 
relativt enkelt mönster av till synes sammanhängande skrapspår som återfinns 
intill gränsen mellan ediacara och kambrium och som potentiellt kan förse oss 
med information om ännu tidigare leddjur. I Artikel IV undersöker jag de ti-
digaste kända Monomorphichnus och associerade morfologier och strävar ef-
ter att klargöra vilka strukturer som eventuellt har sitt ursprung i leddjursbe-
teende.  

Trots att ett flertal tidiga kambriska Monomorphichnusmorfologier kan 
länkas till leddjur är det oklart huruvida de faktiskt visar på beteenden. Dess-
utom är många tidiga Monomorphichnus morfologiskt sett mycket enkla var-
för andra organismer än leddjur eventuellt kan tänkas vara skapare. 

 Avhandlingen inriktar sig också på att ytterligare utveckla metoder för att 
bättre kunna kvantifiera morfologin av mitt studiematerial, i synnerhet de 
aspekter av morfologin som skulle kunna förbättra vår förståelse för hur dessa 
spårfossil skapades. En sådan förståelse skulle förse oss med en bättre bild på 
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hur enskilda och sammanhängande spårfossil hör ihop samt identifiera mel-
lanliggande former. För att åstadkomma detta använde jag mig av tredimens-
ionell fotogrammetri - den första studien av sitt slag på spårfossils från rygg-
radslöa djur (Artikel III). Metodologin upptäcker små morfologiska variat-
ioner som kan användas för att informera oss om beteenden som ger upphov 
till dessa spårfossil. Virtuell ichnologi har vissa fördelar jämfört med mer trad-
itionella metoder. Bland annat kan materialet undersökas icke-destruktivt ge-
nom att skapa digitala tredimensionella modeller. Virtuella tvärsnitt och yt-
kartläggningar har med stor sannolikhet stort potential vad rör undersökningen 
av leddjurens spårfossillämningar. I mitt arbete med dessa metoder var fokus 
på ytkartläggningar av spårfossilen (illustrerades med Cruziana) och dessa 
gav användbar information vad rör slutledningen av vilka beteenden som gav 
upphov till dessa lämningar. 

Sammanlagt har dessa projekt resulterat i nya insikter vad rör evolutionen 
av beteenden hos de tidiga leddjuren samt deras efterlämnade spårfossilmor-
fologier. Jag har kartlagt betydelsen av beteendesevolution för djur generellt 
och understrukit vikten av forskning om de mest välkända spårfossilen. Jag 
vidhåller att fortsatt undersökning bör riktas mot mekanismerna som ger upp-
hov till spårfossil. Därigenom kan evolutionära mönster och implikationer 
skönjas. 
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