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Summary

Summary

Life on earth began hundreds of millions of years ago. While the early biota was dominated by prokar-
yotic life, during the Ediacaran period (635-541 mya), the first metazoan organism appeared. And in
the succeeding Cambrian period (541-485.4 mya), nearly all other groups of animals occurred. Among
them, especially the arthropods arose, with “arms and weapons”, and structures evolved for hunting and
shelter.

Several famous Cambrian fossil sites worldwide are known. Among them, especially the
Chengjiang biota in Yunnan Province, China, stands out. The preservation mode of the fossils of this
Lagerstitte (mainly pyritized, non-biomineralized structures) allows for the application of 4CT studies,
that is, analyzing fossils with X-ray technology and three-dimensional scans to look inside the fossil
slabs.

With this technique, the morphology of several unique taxa of the Chengjiang biota in the past years has
been unraveled, extending the knowledge of its arthropods as well as allowing assumptions and inter-
pretations on the paleoecology of those animals.

While the euarthropods of the Cambrian were rather small (besides some anomalocaridids), often ben-
thic or pelagic, in the middle of the succeeding Ordovician period (485.4—443.8 mya), large, nektoben-
thic predators arose, the so-called eurypterids or sea scorpions. During the Silurian period (443.8-419.2
mya), they could even grow up to more than one meter. Several species were likely apex predators in
those early Paleozoic seas, owing to their specialized appendages.

Thus, both groups—early Cambrian Chengjiang euarthropods and Ordovician and Silurian sea
scorpions—are organisms suitable for applying virtual paleontological techniques to look for their hidden
morphology and to model their complex appendage kinematics based on built 3D models.

Virtual paleontology is a research field in paleontology and paleobiology. It encompasses methods to
unravel the ventral or inner structures of organisms by scanning the fossil slabs, for instance via 4CT,
and hereafter revealing their appendicular morphology via imaging techniques based on the digital out-
put of the scans. Besides those imaging techniques, also kinematic approaches can be conducted, with
3D models built upon fossil images, being hereafter digitally equipped with hypothetical joint axes, to
explore their range of motion.

This thesis represents genuine and advanced research on the morphology and functionality of early
Paleozoic marine euarthropods in the field of virtual paleontology.

Chapter I (Schmidt et al., in press, 2022) reveals the ventral as well as the entire appendicular morphol-
ogy of the enigmatic artiopodan Pygmaclypeatus daziensis, using the 3D visualization software Drishti.
A species, priorly only known from studies which used light microscopic imaging techniques. This pub-
lication uncovers a rather uncommon mode of heteronomy, with three distinct types of appendages
throughout the body. It presents the first evidence of sub-chelate endopods in all biramous appendages
throughout the trunk of an early Cambrian Chengjiang euarthropod, slightly comparable to the pincer-
like endopods in Limulus polyphemus, an extant horseshoe crab, and it draws conclusions on the paleo-
ecology of this rare Chengjiang species.
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Chapter II (Schmidt et al., 2021a) reinvestigates the morphology of three specimens of the previously
examined artiopodan Sinoburius lunaris with another 3D visualization software, Amira. This publica-
tion presents 3D computer models built with Blender of each specimen of this species and hints at dif-
ferent morphological characters presumably owing to intraspecific variation. Furthermore, it shows up
differences in the appendage number and location of the eyes as well as the number of elements in the
antennae and their length and distance to the anterior margin of the head shield. This publication, thus,
presents an advanced approach of taking intraspecific variation into account when considering the mor-
phology of early Cambrian Chengjiang euarthropods, and highlights the challenges of having a greater
number of specimens available for severe morphological descriptions.

Chapter III (Liu et al., 2021) uncovers previously unknown, additional structures of the protopodite of
the biramous trunk appendages of the two euarthropod leanchoiliids Leanchoilia illecebrosa and L.
obesa, as well as of two artiopodans, Naraoia spinosa and Retifacies abnormalis. Those structures, re-
vealed with Drishti, are interpreted as exites, that is, lateral outgrowths. While in the two leanchoiliids
and in N. spinosa, only the basal lamella is attached to the protopodite, and the remaining, overlying
lamellae are attached to the basal one, in R. abnormalis all lamellae are attached to the protopodite.
Those additional structures were unknown in any other early Cambrian Chengjiang euarthropod de-
scribed before and raise questions about the homology of the branches of euarthropod appendages.

Chapter IV (Schmidt et al., 2021b) illustrates the complex design process of a kinematic marionette for
further purposes on functional morphology, exemplified by the putative crustacean-related early Cam-
brian Chengjiang euarthropod Ercaicunia multinodosa. The morphology of this species was figured
with Amira, and three endopods of the trunk appendages were surface reconstructed, and the models
hereafter uploaded to Maya to demonstrate the design process and the subordination chain. Thus, this
paper encompasses two topics. It combines the morphological research on early Cambrian Chengjiang
euarthropods with the morpho-functional and methodological approach applied in the succeeding papers
on Ordovician and Silurian Sea scorpion appendage kinematics.

Chapter V (Bicknell, Melzer & Schmidt, 2021) analyzes the kinematics of the prosomal appendages
IIT and V of the Middle Ordovician megalograptid sea scorpion Pentecopterus decoharensis—the oldest
described sea scorpion—and the Silurian eurypterid sea scorpion Eurypterus tetragonophthalmus. This
study deals with generated 3D computer models of those appendages made in Blender, which were
hereafter equipped with hypothetical joint axes in Maya, for purposes on functional morphology follow-
ing instructions presented in Chapter IV. This study further compares the results to the kinematics in
the walking and pushing leg of the extant horseshoe crab Limulus polyphemus, and constitutes that re-
garding its feeding ecology, those eurypterid appendages were better in walking than in getting food to
the gnathal edges. This study is furthermore the first in this thesis to establish a comparison of extant
euarthropod appendage kinematics to those examined in extinct taxa.
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Chapter VI (Schmidt, Melzer & Bicknell, 2022) investigates the range of motion and the kinematics in
the pedipalps of two extant whip spider species (Amblypygi), Damon medius and Heterophrynus ela-
phus, and collects data on the excursion angles in the pedipalp joints. Those euarthropods were scanned
with a uCT, and surface reconstructions of their pedipalps were conducted in Amira. The pedipalp sur-
face models were equipped with hypothetical joint axes, and the kinematic analyses afterwards were
performed in Maya. While former analyses of whip spider pedipalp kinematics based on video capturing
or dissecting live or dead animals, this ex vivo approach contributes to a proper understanding of the
kinematic limitations of whip spider pedipalps, as those ex vivo excursion angles represent maximum
values, which can never be achieved in in vivo analyses. This publication, thus, sets a new frame for
interpreting the range of motion and the functional morphology of whip spider pedipalps, allows a better
understanding of their strike kinematics—and yields data for a comparison to morphologically similar
structures in ancient euchelicerates like sea scorpions.

Chapter VII (Schmidt et al., 2022), the last chapter in this thesis, explores the strike kinematics and the
flexibility of the frontal most appendages in two famous Ordovician sea scorpion species: Megalograp-
tus ohioensis and Mixopterus kiaeri. Those taxa are well known for having elongate and spinose ap-
pendages 11 and III, tentatively considered in earlier studies to play a major role in their foraging behav-
ior. To test this, 3D computer models were generated in Blender and kinematically tested in Maya—to
uncover that both species had their individual strategies in hunting and manipulating prey with their
uniquely shaped appendages. This publication also compares the collected data on the range of motion
of the sea scorpion appendages to the data of the extant whip spider species gathered in the former
Chapter VI, concluding that in both groups the kinematics are similar, though one group being terres-
trial and the other aquatic.

This thesis presents integrative and innovative approaches for the application of virtual paleontology in
the research area of early Paleozoic marine euarthropods. It expands the knowledge on the Chengjiang
biota and uncovers previously unknown structures. It raises awareness of the severe differences within
several specimens of a species. It enlightens ecological strategies in movement and feeding behavior in
sea scorpions. And it shows how useful and necessary the comparison of extinct kinematic data to extant
relatives and modern analogs is.

Virtual paleontology is a challenging and sophisticated, and relatively new field of research—and its
techniques in the future will unveil further unexpected morphological details and solve long-established
mysteries on the behavior of early Paleozoic marine euarthropods.
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Aim and structure of the thesis

Aim and structure
of the thesis

This doctoral thesis introduces recent research
on morphology and ecology of early Paleozoic
marine euarthropods in the field of virtual pale-
ontology. It gives an overview of hybrid meth-
ods and covers a vast range of taxa and tech-
niques to explore the morphological diversity in
early Cambrian euarthropods and the append-
age kinematics in Ordovician and Silurian eu-
rypterids as well as modern analogs.

Part 1 includes three publications dealing with
early Cambrian Chengjiang species. It reveals
new aspects of the ventral morphology of enig-
matic euarthropods, shows up intraspecific var-
iation and highlights previously unknown ap-
pendage structures. Those publications base on
micro-computed tomography data of scanned
Chengjiang fossils, which were three-dimen-
sionally reconstructed with the programs
Drishti and Amira. Furthermore, they contain
three-dimensional models of specimens and ap-
pendages built in the software Blender.

Part 2 includes one publication and exemplifies
the method of assembling a kinematic marion-
ette with the software Maya. This technique is
illustrated by showing the Chengjiang euarthro-
pod Ercaicunia multinodosa re-analyzed in
Amira. Surface reconstructions of endopods are
conducted to further explain how to equip those
appendage surface models with artificial joints
in Maya. This publication is a how-to-do ap-
proach on constructing a movable appendage,
which could be used for further kinematic anal-
yses and morpho-functional approaches.

Part 3 includes three publications dealing with
kinematic analyses of euchelicerate appendages
of Ordovician and Silurian sea scorpions and
modern analogs. The functional morphology of
four different, extinct sea scorpion species, two

extant whip spider species and one extant horse-
shoe crab species are investigated regarding
their feeding ecology and appendage flexibility.
While one of the three publications ex-
clusively highlights pedipalp kinematics in
whip spiders, the other two publications com-
pare the modeled sea scorpion appendage mo-
tions to modern analogs like the horseshoe crab
Limulus polyphemus, and the whip spiders (Da-
mon medius, Heterophrynus elaphus) analyzed
in the single publication. Part 3, thus, deals with
three-dimensional models of sea scorpions built
in Blender upon fossil photographs, while the
models of the appendages of the three modern
analogs were surface rendered with the software
Mimics. All three-dimensional models were
then kinematically analyzed in Maya following
the introduced and published steps in Part 2.

In summary, this thesis, and the publi-
cations therein, cover several methods and tech-
niques used in recent virtual paleontology. It en-
compasses a wide range of different programs
like Amira, Drishti, and Mimics to visualize
morphological information formerly hidden in
the stones based on micro-computed tomogra-
phy technique, and to perform surface recon-
structions of both, suitable fossils, as well as ex-
tant euarthropods.

On the other hand, this thesis presents
Blender and Maya work, used to build three-di-
mensional models based on photographic rather
than tomographic images and to kinematically
analyze three-dimensional appendage models
of different euchelicerates to unravel their mo-
tion possibilities and their feeding ecology.

Eventually, this thesis tries to answer questions
on the morphological innovations and previ-
ously undetected appendicular details, as well
morpho-functional aspects, and ecological im-
plications of appendage kinematics in early
Paleozoic marine euarthropods and modern an-
alogs.
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Introduction

1. Introduction

1.1 A virtual view

The analysis of fossils using computer-aided
visualization methods has revolutionized how
paleontologists and paleobiologists work (Cun-
ningham et al., 2014; Garwood, Rahman & Sut-
ton, 2010; Sutton, Rahman & Garwood, 2014;
Yin & Lu, 2019).

Following Sutton, Rahman & Garwood (2014),
virtual paleontology is the study of fossils
through interactive digital visualizations. This
refers to the application of a variety of ways for
understanding the complex morphology of fos-
silized animals. Those digital visualization
methods broadly can be divided into surface-
based and tomographic (slice-based) ap-
proaches. While surface-based approaches con-
tain methods like laser scanning and photo-
grammetry, thus digitizing the external surface
of a fossil, tomographic approaches refer to the
understanding of 3D structures through a series
of 2D slices of the respective fossil. The latter
can be subdivided into destructive tomography
(e.g., serial grinding, where the fossil may be
partly or completely destroyed) and non-de-
structive tomography. Especially, the use of
non-destructive tomography, like X-ray com-
puted tomography (CT), has yielded to a funda-
mentally enhanced understanding of the mor-
phology of fossil euarthropods.

As an example, lots of Cambrian euar-
thropods have been analyzed using micro-com-
puted tomography (uCT), a different approach
of CT for smaller objects of interest (Chen X et
al., 2019a; Jin et al., 2021; Liu Y et al., 2016,
2020a, b, 2021; Liu Y, Scholtz & Hou, 2015;
Schmidt et al., 2021a, b; Zhai et al., 2019a, b, c,
preprint, 2021; Zhang M et al., submitted;
Zhang X et al., under review). This is feasible
due to the pyritized euarthropod fossils of the
famous Chengjiang biota from China, owing to

A virtual view

their unique mode of preservation and post-dep-
ositional environmental circumstances.
However, the application of 4CT is not
limited to Cambrian animals. The famous Late
Ordovician (Caradoc, ca. 445 mya) Beecher’s
Trilobite Bed in Oneida County, New York,
USA (Briggs, Bottrell & Raiswell, 1991) also
contains pyritized euarthropods, especially
well-preserved trilobites. Using #CT, Hegna,
Martin & Darroch (2017) were able to uncover
in situ trilobite eggs under the cephalon of a
well-studied Upper Ordovician trilobite.
Clark et al. (2020) analyzed Early Ordovician
stylophoran echinoderm arms. Sutton et al.
(2002) as well as Briggs et al. (2012) unveiled
the appendicular morphology of a chelicerate
relative and a horseshoe crab, respectively; both
fossils were from the mid-Silurian Hereford-
shire Lagerstitte. However, as the fossil mate-
rial was not suitable for uCT scanning, they
used serial grinding, a destructive tomography
technique.

Sutton, Rahman & Garwood, (2014, p. 1) ex-
cluded the process of designing idealized virtual
3D models (for instance, in Maya or Blender)
from their definition of virtual paleontology.
However, in this thesis, the term will be
extended to also include biomechanical and kin-
ematic studies on fossil euarthropods.
Analyses of kinematics and biomechanics in
vertebrate fossils have been widely performed
(Falkingham & Gatesy, 2014; Nyakatura et al.,
2015, 2019; Rayfield, 2007; Turner, Falking-
ham & Gatesy, 2020).
Moreover, those techniques were applied to fos-
sil invertebrates as well: enrollment in trilobites
was modelled (Esteve et al., 2017, 2018), as
well as arm waving in fossil echinoderms
(Hegna, Martin & Darroch, 2017).
Furthermore, finite element analyses (FEA)
were applied to a mid-Cambrian Vicissicaudate
(Bicknell et al., 2018a) as well as to Cambrian
trilobites (Bicknell et al., 2021).

Dissertation, Michel Schmidt



Introduction

Another morpho-functional approach, the
method of computational fluid dynamics
(CFD), was adapted to analyze queuing behav-
ior in Devonian trilobites (Song et al., 2021) or
even to enlighten suspension feeding in the Edi-
acaran biota (Gibson et al., 2019).

Only recently, the application of kinematic
studies of 3D models of euarthropod append-
ages showed a wide variety of morpho-func-
tionality in early Paleozoic seas (Bicknell,
Melzer & Schmidt, 2021; De Vivo, Lauten-
schlager & Vinther, 2021; Schmidt et al.,
2021b, 2022)

Virtual paleontology is an auxiliary and unique
tool to uncover the morphology and function in
early Paleozoic animals. And to unravel the se-
crets of Cambrian, Ordovician and Silurian ma-
rine euarthropods.

1.2 The Cambrian
(541 — 485.4 mya)

1.2.1 - Life in Cambrian seas: The
awakening of armors and weapons

Life on earth already existed probably 3400 mil-
lion years ago, or even longer (Javaux, 2019).
In the earliest phase, that lasted many millions
of years, life was dominated by prokaryotic or-
ganisms like sulfur-metabolizing Dbacteria
(Wacey et al., 2011) or photosynthetically ac-
tive stromatolites (Allwood et al., 2006).

The evanescence of the Ediacaran

With the beginning of the Ediacaran pe-
riod (635-541 mya; Knoll et al., 2006), the first
ostensible animals appeared (McMenamin,
1996; Pehr et al., 2018; Sprigg, 1947). How-
ever, the fossil record of those animals, which
were first unearthed in the Ediacaran Hills in
South Australia (Knoll et al., 2004), is still chal-
lenging and some taxa still remain phylogenetic

The Cambrian

conundrums. The biota consisted of probably
sessile soft-bodied organisms, with fragile
structures and without a clear cephalization
(MacGabhann, 2014; Watson, 2020).

While the feather-like Charnia sp. (Dunn et al.,
2021) may have been composed of repeated
branches and grew from pre-existing branches,
the leaf-like Dickinsonia sp. (Bobrovskyi et al.,
2018) may have had an osmotrophic feeding
ecology (Sperling & Vinther, 2010). The worm-
like Yilingia sp. (Chen Z et al., 2019b) or lkaria
sp. (Evans et al., 2020) may have shown a bur-
rowing lifestyle.

Eventually, this rather calm and quiet
time with only smaller sized, “peaceful” ani-
mals was the last period in the late Neoprotero-
zoic—and the last before the Cambrian.

The Cambrian world
The Cambrian (541-485.4 mya), the
first period of the Paleozoic, is divided into four

series (Terreneuvian, “Series 2”, Miaolingian,
Furongian), which are further subdivided into
ten stages (Fortunian, “Stage 27, “Stage 3”,
“Stage 4”7, Wuliuan, Drumian, Guzhangian,
Paibian, Jiangshanian and “Stage 10”). The pre-
liminary named “Series” and “Stages” are yet to
define by the International Commission on Stra-
tigraphy. The early Cambrian world faced a
break-up of the putative short-living supercon-
tinent Pannotia (Bond, Nickeson & Kominz,
1984), resulting in smaller continents like Bal-
tica, Laurentia and Siberia, thus being separated
from Gondwana (Mckerrow, Scotese & Brasier,
1992). This massive southern continent united
present-day South America, Africa, Antarctica,
India and Australia. Besides the smaller conti-
nents mentioned above, also South China was
separated as an isolated land mass, western to
Gondwana (Cocks & Torsvik, 2013). There,
three distinct sedimentary provinces were de-
fined (Yangtze Platform, Jiangnan Belt, South-
east China Fold Belt; Zhang W, Chen & Palmer,
2003), with the Yangtze platform
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yielding the famous Chengjiang biota of pre-
sent-day Yunnan Province, South China.

The climate during the Cambrian period might
have been warm or rather hot, with vague esti-
mates above tropical 30°, though depending on
the estimation of the 0'0 values (compare
Scotese et al., 2021, sections 2.4.1 and 5.2, see
also Royer et al., 2004, Fig. 4A). The oxygen
level might have been up to 13 Vol.-% (Berner,
2006; Gill et al., 2011; Sperling et al., 2013;
Zhang X & Cui, 2016). The sea level, in aver-
age, was rising during the Cambrian, from only
20-30 m to about 200 m above PD during the
transition to the Ordovician (Haq & Shutter,
2008, Fig. 1).

Back in 1835, Adam Sedgwick coined
the name Cambrian period based on the Latin
name of Wales, Cambria (Sedgwick & Murchi-
son, 1835). As Robert Murchinson also as-
signed parts of the lower Silurian to the Cam-
brian period (Murchinson, 1839), Charles Lap-
worth erected the Ordovician period based on
the interval he excluded to solve this issue (Bas-
set, 1985; Lapworth, 1879). The beginning of
the Cambrian back in time was defined as the
first appearance of trilobite fossils (Walcott,
1890, Wheeler, 1947). However, the lower
boundary later was shifted downwards and set
as the first appearance of the trace fossil 7ri-
chophycus pedum (Narbonne et al., 1987).

The “Cambrian Explosion” represents
the beginning of a phase of rapid diversification
in animal life and biodiversity (Budd, 2008;
Chen J, 2009; Erwin & Valentine, 2013; Mar-
shall, 2006; Morris, 2000, 2003, 2006; Zhang X
& Shu, 2021). Some authors amended to reas-
sess the term “explosion” and suggested a more
apt term like Great Cambrian Biodiversifica-
tion (Beasecker et al., 2020) to avoid misinter-
pretations as a single event happening in a brief
time scale. However, the beginning of the Cam-
brian, especially the beginning of “Series 2” (ca.

The Cambrian

529 mya) denotes the rise of beweaponed or-
ganisms, the start of a severe occurrence of ar-
mored euarthropods with biomineralized hard
shells like trilobites (Babcock, 2003; Blaker &
Peel, 1997; Jell, 2003; Palmer, 1973) and with
morphological raptorial structures and acute vi-
sion for hunting like in radiodonts (Daley & Ed-
gecombe, 2014; De Vivo, Lautenschlager &
Vinther, 2021; Hou X & Bergstrom, 1995; Pat-
erson et al., 2011).

While the Ediacaran biota is thought to presum-
ably have been osmotrophically feeding (Sper-
ling & Vinther, 2010) or grazing on algae and
bacteria (Brocks et al., 2017), fossils of the
Cambrian biota show the rise of hunting behav-
ior and the beginning of a predatory lifestyle
(Nedin, 1999).

1.2.2 - Fossil sites and preservation
modes in the Cambrian:
the historical places

In 1909 and 1981, respectively, Charles Doolit-
tle Walcott and Xiang-guang Hou found fossil
specimens by chance—and their findings
changed the perspective on early euarthropod
life and animal evolution ever since.

While C. D. Walcott discovered the famous
Burgess Shale biota, located in the Yoho Na-
tional Park in the Canadian Rocky Mountains of
British Columbia, Canada, X.-G. Hou un-
earthed fossils which later would be known as
belonging to the tremendously well-preserved
Chengjiang biota in Yunnan Province, South
China.

Both remarkable Cambrian fossil sites were in-
scribed to the UNESCO World Heritage list.
And both fossil sites display elusive arthropod
fossils in an absolute delicate state of preserva-
tion.
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Example: Burgess Shale:

The arthropod treasure trove I

At the age of 44, Charles Doolittle Wal-
cott acquired the position as the director of the
United States Geological Survey in 1894. After
the first fossils were excavated on Mount Ste-
ven from what is now known as the Trilobite

beds, he became interested in the Rocky Moun-
tains, and in 1907 went there for stratigraphical
work. He searched for fossils from what he
called the “Ogygopsis shale”, referring to the
trilobite taxa which dominated the biota there.
In 1909, he turned back to look for more fossil
sites of this “Ogygopsis shale”but allegedly
stumbled over fossils which later would be
known worldwide as Marella splendens Wal-
cott, 1912, Waptia fieldensis Walcott, 1912 and
Naraoia compacta Walcott, 1912 (Walcott,
1912). Those were arthropod fossils unlike all
fossils hitherto known.

This treasure trove changed the view on the evo-
lution of early marine animals and the under-
standing of arthropods ever since (Briggs, Er-
win & Collier, 1994; Gould, 1989; Morris,
1998; Walcott, 1911; Yochelson, 1996).

The Burgess Shale (508 mya, Miaolingian) ex-
hibits fossil-rich black shale rock units (Butter-
field, 2003). The delicate preservation of the
Burgess Shale taxa, the so-called Burgess
Shale-type Preservation (BST), is due to distinct
factors (Gaines, 2014; Gaines, Briggs & Zhao,
2008; Gaines et al., 2012). Most of the fossils
are preserved as carbonaceous compressions of
non-mineralized sections of the organisms,
some exhibit also a silvery patina, but the fossils
in general underwent a metamorphism process
what is understood as greenschist facies meta-
morphism (Butterfield, 1990, 2003; Butterfield,
Balthasar & Wilson, 2007; Hou X et al., 2017;
Page et al., 2008; Powell, 2003). It is the preser-
vation of soft-body parts, what makes the Bur-
gess Shale biota so impressive and outstanding—

The Cambrian

in comparison to the biomineralized fossils of
prior to that time well-known trilobite fossils.

The Burgess Shale biota is thought to
have inhabited different niches in an around 200
m high water column of the western edge of
what is known as the Cathedral Escarpment
(Morris & Whittington, 1985), and over time
was buried by sediments—which have protected
them from scavengers or further decay, repeat-
edly.

More than 172 Burgess Shale species
are described, with arthropods being the domi-
nant group (Caron & Jackson, 2008). While
most arthropods had been described in the early
years after the discovery in the Rocky Moun-
tains (Walcott, 1911, 1912) and yielded to cele-
brated compendia about the life in the middle
Cambrian Burgess Shale (Briggs, Erwin & Col-
lier, 1994; Gould, 1989; Morris, 1998), recent
studies also took virtual paleontological consid-
erations into account (Bicknell et al., 2018a,
2021; De Vivo, Lautenschlager & Vinther,
2021; Haug C & Haug J, 2016; Haug J, Briggs
& Haug C, 2012; Haug J et al., 2012).

Worldwide, more than 40 localities exhibiting
BST preservation are known today (Hou X et
al., 2017). And besides the Burgess Shale, an-
other remarkable fossil site is the Chengjiang
Lagerstitte in Yunnan Province, South China.

Example: Chengjiang:

The arthropod treasure trove 11
Back in 1984, Xian-guang Hou col-

lected bradoriids at Maotianshan, northeast of
Fuxian Lake near Chengjiang, South China.
Those small bivalved arthropods were well
known early Cambrian arthropods back then,
and Xian-guang Hou—now Prof. em. of the Yun-
nan Key Laboratory of Palaeobiology in Kun-
ming—started collecting them for his Master’s
degree back in 1980. In his field diary in 1984,
he noted the significant discovery of fossils ap-
parently having soft-tissue and delicate appen-
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dages preserved. This specimen—which later
would be known as Naraoia longicaudata
Zhang & Hou 1985 (now transferred to
Misszhouia longicaudata (Chen J, Edgecombe
& Ramskold, 1997; Zhang W & Hou, 1985;
Zhao T et al., 2017)-marked the discovery of
the soft-bodied biota of Chengjiang (Hou X et
al.,2017; Hou X & Sun, 1988). After its discov-
ery, Prof. Hou and colleagues described dozens
of new species (Hou X, 1987a, b, ¢; Hou X &
Bergstrom, 1991, 1997, 1998; Hou X, Chen &
Lu, 1989; Hou X, Ramskold & Bergstrom,
1991; Hou X et al., 1999; see also Hou X et al.,
2017), and the Chengjiang fossil site in Yunnan
Province, South China (Fig. 1) ultimately would
be inscribed to the UNESCO World Heritage
List in 2012 (IUCN, 2012).

Fossils of the Chengjiang Lagerstitte
(518 mya, Series 2, Stage 3)—also ranging as a
BST Lagerstitte—are found in the Yu’anshan
Member, Chiungussu formation, and occur in
the so-called Eoredlichia-Wutingaspis trilobite
biozone (Hou X et al., 2017; Zhu, Zhang & Li,
2001).
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Figure 1. Geographical setting of the main
localities of the Chengjiang biota. After Hou
et al. (2017), reprinted with permission from
Wiley Blackwell.
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For the environment during the deposi-

tion of the Chengjiang biota, several models
have been proposed (Babcock, Zhang & Leslie,
2001; Zhang X et al., 2001).
However, Hu S (2005) speaks of the deposi-
tional environment as a gently eastwardly slop-
ing epeiric shelf, being filled with sands and
muds, and with that basin being influenced oc-
casionally by storms. This is the generally fa-
vored model (Zhang X, Liu & Zhao, 2008).

The common understanding is that the

biota represents a biocoenosis (in vivo commu-
nity) rather than a taphocoenosis (dead assem-
blage) due to post-mortem transportation (Zhao
F etal., 2009, 2012).
In general, carcasses needed to be prevented
from scavengers and enzymatic decomposition
by microbial activity to become fossils. A rapid
burial might have prevented the carcasses from
scavenging, and anoxic conditions might have
hampered enzymatic and bacterial activity
(Gabbott et al., 2004). Though the early Cam-
brian saw the so-called Cambrian substrate rev-
olution or agronomic revolution (Bottjer, Ha-
gadorn & Dornbos, 2000; Seilacher & Pfliiger,
1994), there was less diversity and complexity
of burrowing organisms compared to later peri-
ods (Orr, Benton & Briggs, 2003). Furthermore,
Chengjiang soft-bodied fossils were not found
next to burrows yet, which also favors sedimen-
tary sustained anoxia conditions prohibiting bi-
oturbation (Hou X et al., 2017).

The distinct processes of the preservation of soft
tissue in the early Cambrian Chengjiang La-
gerstitte is not fully understood yet and remains
controversial, though a complete or semi-an-
oxic environment alone would not have pre-
vented microbial and enzymatic destruction
(Gabbott et al., 2004; Hou X et al., 2017).

The Chengjiang biota is around a 10
million years younger than the celebrated Bur-
gess Shale biota, thus opening a window to ear-
lier animal evolution.
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However, the general mode of preservation in
both fossil sites is similar. The animals in both
Lagerstétten are mostly preserved as carbona-
ceous compression (Gaines et al., 2012), but the
Chengjiang fossils also exhibit pyritization as a
preservation mode (Gabbott et al., 2004), which
makes it furthermore suitable for 4uCT research
(Liu Y, Scholtz & Hou, 2015). Moreover, post-
depositional aspects need to be considered. The
Chengjiang Lagerstitte contains fossils, which
experienced deep weathering (Gabbott et al.,
2004; Hou X et al., 2017); the Burgess Shale
Lagerstétte contains fossils, which faced
greenschist facies metamorphism (Powell,
2003).

The best exposure sites of the Chengjiang biota
are Maotianshan or Ma’anshan near the
Chengjiang county, but also Ercaicun, Jianshan,
or the Haikou area, near the Dianchi Lake (Hou
X et al.,, 2017). Famous fossil species (e.g.,
Ercaicunia sp., Jianshania sp.) were named af-
ter those locations as well. Besides the
Chengjiang biota, there are several other Cam-
brian biotas in China, like the biota of the Kaili
formation (Zhao Y et al., 1999), the Qingjiang
biota (Fu et al., 2019) or the Guanshan biota (Hu
Setal., 2013).

However, among all those, the preservation of
the Chengjiang fossils is the most sophisticated
and extensive — and further allows in-depth uCT
research.

Other famous fossil sites:

Many more arthropod treasure troves

Besides those two famous and cele-
brated fossil sites with all their further locations,
some more might be briefly mentioned, like the
Sirius Passet, the Emu Bay Shale and the Orsten
biota.

The Sirius Passet in Peary Land, North Green-
land (520-535 mya; Babcock, 2005) was dis-
covered in J. P. Koch Fjord in 1984 with early
Cambrian fossils being preserved in dark
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colored black slates (Peel & Ineson, 2011). This
fossil site contains about 50 species; it does not
show a BST preservation either, but rather ex-
hibits silification owing to benthic cyanobacte-
rial mats (Strang et al., 2016).

The Emu Bay Shale (515 mya) is a Cambrian
fossil deposit in Kangaroo Island, South Aus-
tralia. The biota is preserved as carbonaceous
compressions, having some associated iron py-
rite and calcium phosphate (Gehling et al.,
2011; Paterson et al., 2015). The Emu Bay
Shale contains similar famous taxa (Anomalo-
caris sp., Isoxys sp.) like present in the Burgess
Shale or the Chengjiang Lagerstitte, with ar-
thropods being the most dominant group as
well.

Fossils from the Orsten-type were first discov-
ered in 1979 in Sweden (Miiller, 1979). They
range among the most interesting and special
Cambrian fossils, owing to their preservation
mode (Haug J et al., 2010; Miiller & Waloszek,
1985; Schoenemann, 2012; Waloszek et al.,
2014) and mostly date back to mid-Cambrian to
the Furongian (Maas et al., 2006). Those fossils
represent small (ca. 2 mm) animal carcasses
preserved mostly three-dimensionally as phos-
phate replacements in organic-rich nodular
limestone (Miiller, 1985; Waloszek, 2003a, b),
and are also known to other fossil sites world-
wide (Waloszek et al, 1993; Waloszek,
Repetski & Miiller, 1994; Waloszek & Sza-
niawski, 1991).

All those famous fossil sites exhibit remarkable
eumetazoan fossils, which are delicately pre-
served—but the Chengjiang Lagerstétte contains
fossil euarthropods suitable to apply virtual
paleontology techniques to unravel their ventral
and appendicular secrets.
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1.2.3 — Chengjiang euarthropods of
South China: the flowering of life

Paleoecology of the Chengjiang biota

Since its discovery in 1984 (Hou X &
Sun, 1988) and all the detailed descriptions of
the morphology of those early organisms, the

Chengjiang biota got more and more worldwide
courtesy. The paleoecology of this ecosystem
has already been portrayed (Vannier, 2007,
2009). Present-day studies cannot recapitulate
the original faunal composition, as species got
different potential to fossilize, and furthermore
might have been transported through currents.
However, there is common agreement on that
the vast majority of the Chengjiang biota repre-
sents a single marine community, once inhabit-
ing the ancient South China paleocontinent dur-
ing the early Cambrian (Hou X et al., 2017;
Zhao F et al., 2009, 2014). More than one-third
of this biota is represented by euarthropods, fol-
lowed by poriferans and priapulids (Hou X et
al., 2017, Fig. 6.1). Nearly all niches were
formed, from the infaunal priapulids and-less
abundant in the fossil record—sipunculids, to
swimming or floating cnidarians and cteno-
phores, and among euarthropods, leanchoiliids,
bradoriids or fuxianhuiids.

Nektobenthic nektaspidids crawled

above the sea floor, as well as vagile epibenthic
lobopodians. Vannier (2007) estimated that
more than 90% of the Chengjiang species lived
as epibenthos.
The average body size was rather small, with
the biggest arthropods being the putative Cam-
brian apex predators, the pelagic anomalo-
caridids like Anomalocaris saron Hou, Berg-
strom & Abhlberg, 1995 reaching about 1 m
(Hou X et al., 1999). Its Burgess Shale counter-
part, Anomalocaris canadensis Whiteaves,
1892 (Daley & Edgecombe, 2014), reached
similar sizes.

The Cambrian

Phylogeny of the Chengjiang euarthropods
Among the around 300 formally de-

scribed Chengjiang species (Hou X etal., 2017),
more than 80 are considered to belong to the
stem group Euarthropoda Lankester, 1904. Eu-
arthropods (Aria, preprint, 2021; Ortega-Her-
nandez, 2016) are designated as having a seg-
mented body, an exoskeleton, specialized head
appendages and jointed paired appendages in
the body (Aria et al., 2020). Extant crown-group
euarthropods comprise Chelicerata Heymons,
1901 and Mandibulata Snodgrass, 1938.
Though there were some debates about the rela-
tionships within the euarthropod stem lincage
(Budd, 2002; Edgecombe & Legg, 2014; Or-
tega-Hernandez, 2016), the commen agreement
according to Ortega-Hernandez (2016) is on a
division into extinct lower and upper stem
group euarthropods.

The lower stem group Euarthropoda
comprises early lobopodians like Hallucigenia
fortis Hou & Bergstrom, 1995 or Microdictyon
sinicum Chen, Hou & Lu, 1989 (Ramskold &
Chen, 1998), but also radiodonts like Amplecto-
belua symbrachiata Hou, Bergstrom & Ahl-
berg, 1995 (Hou X et al., 1999).

The upper stem group comprises famous taxa
like Isoxys auritus (Jiang, 1982) (Hou X et al.,
1999; Zhang C et al., preprint, 2021) and other
bivalved euarthropods like Kunmingella dou-
villei (Mansuy, 1912) or Kunyangella cheni
Huo, 1965 (Duan et al., 2014, Zhai et al.,
2019¢), fuxianhuiids  like
Fuxianhuia protensa Hou, 1987 (Ma et al.

furthermore

2012) or Chengjiangocaris longiformis Hou &
Bergstrom, 1991 (Yang et al., 2013).

Megacheirans are either considered as
upper stem group euarthropods (Edgecombe &
Legg, 2014; Legg et al., 2012; Legg, Sutton &
Edgecombe, 2013) or as part of the Chelicerata
in the crown group Euarthropoda (Chen J,
Waloszek & Maas, 2004; Cotton & Braddy,
2003; Dunlop, 2006; Haug J, Briggs & Haug C,
2012; Haug Jetal., 2012; Liu Y etal., 2014; Liu
Y, Hou & Bergstrom, 2007).
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This taxon comprises species like Jianfengia
multisegmentalis Hou, 1987 (Haug J et al.,
2012; Hou X et al., 1999, Zhang X et al., under
review, 2022), Fortiforceps foliosa Hou &
Bergstrom, 1997 (Dunlop, 2006; Haug J et al.,
2012; Hou X et al., 1999) or the Burgess Shale
Yohoia tenuis Walcott, 1912 (Haug J et al.,
2012). Furthermore, the famous Leanchoiliidae
are part of the megacheiran clade with the well-
studied Leanchoilia sp. (Lan et al., 2021; Liu Y,
Hou & Bergstrom, 2007; Liu Y et al., 2014,
2016, 2021; Haug J, Briggs & Haug C, 2012)
and Alalcomenaeus sp. (Lan et al., 2021;
Tanaka et al., 2013).

Besides chelicerates and mandibulates,

the crown group euarthropods consists of the
extinct Artiopoda Hou and Bergstrom, 1997,
the latter containing trilobites and non-trilobite
artiopodans (Daley et al., 2018, Fig. 3; Ortega-
Hernandéz, Legg & Braddy, 2013; Paterson et
al., 2010).
Non-trilobite artiopodans comprise many
Chengjiang species; they are morphologically
similar to trilobites in having, for instance,
dorso-ventrally flattened bodies. Famous non-
trilobite artiopodans, like the well-known
Acanthomeridion serratum Hou X et al., 1989,
Cindarella eucalla Chen et al., 1996; Kuamaia
lata Hou, 1987, Saperion glumaceum Hou et al.,
1991, Skioldia aldna Hou & Bergstrom, 1997 or
Squamacula clypeata Hou & Bergstrom, 1997,
to name just a few, had already been described
and investigated using traditional methods like
camera lucida drawings (Bergstrom & Hou,
1998; Chen J et al., 1996; Chen J & Zhou, 1997,
Edgecombe & Ramskdld, 1999; Hou X, 1987b;
Hou & Bergstrom, 1997; Hou X, Chen & Lu,
1989; Hou X et al., 1999, 2017; Hou X,
Ramskold & Bergstrom, 1991; Legg, Sutton &
Edgecombe, 2013; Paterson, Garcia-Bellido, &
Edgecombe, 2012; Ramskold et al., 1996, 1997,
Zhang X et al., 2004; Zhao F et al., 2013).

The Cambrian

However, since the beginning of the ap-
plication of virtual paleontology techniques to
extinct euarthropods using uCT (Liu Y, Scholtz
& Hou, 2015), the ventral and appendicular
morphology of Chengjiang species has been un-
raveled as well (Chen X et al., 2019a; Jin et al.,
2021; Liu Y etal., 2016, 2020a, b, 2021; Liu Y,
Scholtz & Hou, 2015; Schmidt et al., 2021a, b;
Zhaietal., 2019a, b, c, preprint, 2021; Zhang M
et al., submitted; Zhang X et al., under review).

In this thesis, publications unveiling the ventral
morphology of Pygmaclypeatus daziensis
Zhang, Han & Shu, 2000 (Schmidt et al., in
press, 2022, Chapter I) and highlighting intra-
specific variation in Sinoburius lunaris Hou et
al., 1991 (Schmidt et al., 2021a, Chapter II)
will be portrayed and discussed.

Furthermore, new appendicular details on Lean-
choilia illecebrosa (Hou, 1987), Leanchoilia
obesa He et al., 2017, Naraoia spinosa Zhang
& Hou, 1985 and Retifacies abnormalis Hou et
al., 1989 will be enlightened (Liu Y et al., 2021,
Chapter III), and a technique to explore ap-
pendage kinematics in extinct euarthropod ani-
mals (Schmidt et al., 2021b, Chapter IV) will
be exemplified by Ercaicunia multinodosa Luo
& Hu (in Luo et al., 1999).
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1.3 The later worlds
(485.4 — 419.2 mya)

1.3.1 — The Ordovician
(485.4 — 443.8 mya)

The Ordovician is the second period in the
Paleozoic era and predated the Cambrian. It was
erected in 1879 by Lapsworth as an attempt to
accommodate the difference between Adam
Sedgwick (who defined the Cambrian) and Ro-
derick Murchinson (who defined the Silurian),
as both considered the same strata belonging to
their erected system, respectively (Basset, 1985;
Lapworth, 1879; Murchinson, 1839; Sedgwick
& Murchinson, 1835).

It is divided into three series (Early, Middle,
Late Ordovician), which are further subdivided
into seven stages (e.g., the Darriwilian, 467.3-
458.4 mya). However, besides this formal inter-
national system of the ICS, there are several re-
gional subdivisions.

The Ordovician world back then
During the Ordovician period, the
southern great continent Gondwana still cov-

ered the southern part of the hemisphere, sur-
rounded by smaller dispersed land masses like
Siberia, Baltica and Laurentia.

Especially, the last two exhibited famous euar-
thropod biota, now unearthed for example in the
Winneshiek Lagerstétte in lowa (e.g., Lamsdell
etal., 2015), USA, back then Laurentia. The mi-
cro-continent Avalonia, which at the end of the
Ordovician would collide with Baltica, rifting
away from Gondwana since the beginning of
the Ordovician (Torsvik & Cocks, 2004). The
Ordovician saw the highest sea level of the
Paleozoic. In average, the sea level was between
100-200 m above PD, thus higher than during
the Cambrian, and got its peak (225 m above
PD) during the Late Ordovician (Sandbian,
early Katian, see Haq & Shutter, 2008, Fig. 1).
The overall temperature saw a decrease after the
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(sub)tropical conditions in the Cambrian and
ended in end-Ordovician glaciation events
(Royer et al., 2004, Fig. 4A; Scotese et al.,
2021). The oxygen level was about 13,5 Vol.-%
(Stigall, 2017).

The fall, the rise, and the fall of organisms
The Ordovician period lasted for 41.6
million years, hence shorter than the previous

Cambrian period (which lasted 55.6 million
years; ICS, 2021).

The Cambrian period ended around 485.4 mil-
lion years ago with a mass extinction known as
Cambrian-Ordovician extinction event. Theo-
ries of the cause of this event differ (e.g.,
Kravchinsky, 2012), but range from flood basalt
events to glaciation. The biota experienced a
major decline, with almost all typical Cambrian
arthropod taxa found in the Burgess Shale or the
Chengjiang Lagerstétte diminished (though
there were some successors, for instance the ra-
diodont Schinderhannes bartelsi Kiihl, Briggs
& Rust, 2009, which was found in the Hunsriick
Slate in Devonian strata, Kiihl, Briggs & Rust,
2009). Trilobites survived the Cambrian; how-
ever, they experienced a decline as well, with
some groups like the redlichiid trilobites went
extinct even during the mid-Cambrian. This
taxon also comprised famous Chengjiang trilo-
bites like Foredlichia intermedia (Lu, 1940) or
Yunnanocephalus yunnanensis (Mansuy, 1912).
Furthermore, some brachiopod and conodont
groups vanished.

However, the Ordovician period is also
known for another event, the so-called GOBE
(Great Ordovician Biodiversity Event, Sepkoski
& Sheehan, 1983). Servais & Harper (2018) de-
fined it as “(...) the sum of the diversity trends
of all individual fossil groups showing rapid in-
creases, diachronously, during different inter-
vals and across different regions.” (Servais &
Harper, 2018, p. 151).

The Ordovician experienced a vast incline in or-
ganismal diversity, which has hereafter never
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been so high. As the Cambrian set the beginning
of the so-called phyla—the higher ranks sharing
the gross morphology in terms of their morpho-
logical ground pattern—the Ordovician faced an
incline in lower-level taxa (Servais et al., 2009,
2010). Many new groups appeared (e.g., tabu-
late and rugose corals, also bryozoans) or diver-
sified (articulate brachiopods, spiny species of
trilobites).

While the Cambrian nektonic niche primarily
was inhabited by Cambrian radiodont apex
predators (Daley & Edgecombe, 2014; De Vivo,
Lautenschlager & Vinther, 2021), the Ordovi-
cian nektonic niche was dominated by large
cephalopods like the endocerids (Barskov et al.,
2008; Moore, Teichert & Robinson, 1953).
Those gigantic nautiloid cephalopods might
have grown up to 6 m and possibly played a ma-
jor role at the top of the pelagic food chain
(Teichert & Kummel, 1960). Though there were
also some thoughts about a suspension feeding
lifestyle (Mironenko, 2018), they might have
presumably fed on smaller pelagic prey — but
due to their sheer size, maybe also on another
but benthic apex predator group: eurypterids.

The Ordovician period ended 443.8 mya ago
with the first of the “big five” mass extinction
events in the timeline, and the second most im-
portant after the end-Permian mass extinction,
when it comes to the reduction of biota (Brench-
ley & Nevall, 1984; Harper, Hammerlund &
Rasmussen, 2014). During this mass extinction
(likely a series of events rather than a single
event), many groups of brachiopods, bryozoans,
conodonts and graptolites vanished, and within
the trilobites, the agnostids and the ptychopar-
iids.

Eventually, this multi-causal series of biomeres
(Palmer, 1973, 1984), gave rise to the following
period: the Silurian.

The later worlds

1.3.2 - The Silurian
(443.8 — 419.2 mya)

The Silurian period lasted only 24.6 million
years. It was the shortest period of the Paleozoic
and the successor of the Ordovician. It was
erected in by Roderick Murchinson in 1835
(Murchinson, 1839; Sedgwick & Murchinson,
1835) and comprises four epochs (Llandovery,
Wenlock, Ludlow, Pfidoli), further subdivided
into seven stages (ICS, 2021).

The Silurian world back then
After the collision of the smaller land-

masses of Avalonia and Baltica at the end of the
Ordovician, this new micro-continent collided
with the landmass of Laurentia, and during the
mid-Silurian formed the new bigger continent
Laurussia, or Euamerica. Meanwhile, the big-
gest continent, Gondwana, drifted towards the
equator (Seton et al., 2012; Torsvik & Cocks,
2004). The oxygen level reached about 14 Vol.-
%, and the temperature during the Silurian was
increasing after the decline in the end-Ordovi-
cian (Royer et al., 2004, Fig. 4A). The sea level
was about 180-190 m above PD (Haq & Shutter,
2008, Fig. 2), thus still high, also owing to the
melting ice caps after the glaciation events late
in the Ordovician.

A new fauna, new predators

After the major decline of the biota due
to the end-Ordovician extinction events, the
faunal composition at the beginning of the Silu-
rian was rather poor.

However, the Silurian marks the beginning of
fossil discoveries of the earliest vascular land
plants (Lang & Cookson, 1935) — though micro-
bial life might have inhabited terrestrial areas
millions of years before (McMahon et al.,
2021), while there were also some considerati-
ons about an early eukaryotic land-living
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Ediacaran biota (see Retallack, 2012; Runnegar,
2021; but also, Xiao & Knauth, 2013).

Life in the seas now faced a radiation of jawless
and jawed pelagic fish-like groups, for example,
acan-thodians, chondrichthyids, early ostheich-
thyids and placoderms.

As the water column now was inhabited by
probably fast swimming prey, there was a major
radiation in also fast swimming predators — for
example the pterygotoid sea scorpions (Jaekel,
1914; Kjellesvig-Waering, 1964; McCoy et al.,
2015; Waterston, 1964). This group arose dur-
ing the Llandovery epoch (ca. 443.8 mya) and
bore massive and huge taxa like Acutiramus sp.
(Laub, Tollerton & Berkof, 2010) or the Devo-
nian Jaekelopterus sp. (Braddy, Poschmann &
Tetlie, 2008). With their elongate and probably
pincer-like chelicerae, they were likely the eu-
arthropod apex-predators of the Silurian — to-
gether with their mixopterid sea scorpion com-
panions, bearing elongate and spiny frontal
most appendages derived from walking legs and
modified for hunting (Clarke & Ruedemann,
1912; Ruedemann, 1921; Schmidt et al., 2022;
Stermer, 1934).

1.3.3 — Ordovician and Silurian
eurypterid fossil sites

Famous eurypterid fossil sites and formations in
the Ordovician are for example the Winneshiek
Lagerstitte, lowa, USA, (Lamsdell et al., 2015),
or the Elkhorn formation, Ohio, USA (Caster &
Kjellesvig-Waering, 1964), which contain meg-
alograptids, among others. Well known Silurian
formations are the Viita Formation, Saaremaa,
Estonia, containing Eurypterus sp. fossil mate-
rial (Holm, 1898), or the Downtonian sandstone
at Rudstangen, Ringerike, Norway, where mix-
opterid fossils were found (Stermer, 1934).

The eurypterids

1.4 — The eurypterids:
the tale of early Paleozoic
sea scorpions

Sea scorpions (Eurypterida Burmeister, 1843)
were early Paleozoic aquatic euchelicerates
(Bicknell, Smith & Poschmann, 2020; Lamsdell
& Selden, 2017). They roamed the seas and riv-
ers for more than 200 million years (Ordovician,
467 mya — Permian, 254 mya; ICS, 2021).

The first ever to describe a eurypterid was Sam-
uel L. Mitchill in 1818, who erroneously misi-
dentified it as a catfish (Tetlie & Rabano, 2007).
Later, in 1825, James E. De Kay recognized this
fossil as an euarthropod (De Kay, 1825; Kjelles-
vig-Waering, 1958) and named it Eurypterus
remipes De Kay, 1825 deriving from Ancient
Greek evpig (euris = “wide”) and mtepdv
(pteron= “wing”). This was a reference to the
paddle shaped 6™ prosomal appendage, which
would later be the main character to distinguish
between the two subgroups of the Eurypterida.

However, back then De Kay did not recognize
E. remipes as a sea scorpion at all.

He thought it represents a branchiopod taxon.
In 1843, it was Burmeister, who ultimately
erected the group Eurypterida (Burmeister,
1843), which comprises all species now consid-
ered as sea scorpions.

Though he grouped them together with trilo-
bites, he was the first to discern their unique na-
ture.
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Phylogeny and evolution of The youngest stylonurid taxon described,
voracious villains and calm companions ?Woodwardopterus freemanorum Poschmann
The taxon Eurypterida is comprised of & Rozefelds, 2021, occurred during the Late
two major groups: the Eurypterina Burmeister, Permian (Changhsingian, ca. 252 mya), pre-
1843 and the Stylonurina Diener, 1924 (Fig. 2). sumably in freshwater habitats (Poschmann &
Those two taxa clearly represent monophyletic Rozefelds, 2021).
groups (see Braddy, Poschmann & Tetlie, 2008;
Lamsdell, Braddy & Tetlie, 2010; Tetlie & With more than 200 described species (Tetlie,
Cuggy, 2007; Tetlie & Poschmann 2008). 2007), the Eurypterida exhibited the highest
Eurypterine eurypterids shared a common mor- species diversity among Paleozoic euchelicer-
phological feature which enabled them to form ates (Dunlop, Penny & Jaekel, 2020; Dunlop et
a wide variety of niches: they developed their al., 2008). While the earliest sea scorpion taxa
last pair of appendages to a powerful set of inhabited the seas, later species occurred in
swimming legs (Tetlie & Cuggy, 2007). brackish or freshwater environments (Hallam &
Stylonurine eurypterids, however, retained their Wignall, 1997; Lamsdell et al., 2020) solely, or
posterior prosomal appendages for walking were partly inhabiting terrestrial areas
(Lamsdell, Braddy & Tetlie, 2010; Tollerton, (Lamsdell et al., 2020; Whyte, 2005).
1989). After the Devonian biotic crisis, the
The oldest known and described eurypterine eu- overall diversity declined (Lamsdell et al.,
rypterid is  Pentecopterus  decoharensis 2015; Lamsdell & Selden, 2017), and towards
Lamsdell et al., 2015, a marine megalograptid the Permian, most marine groups went extinct,
species dating back to the Middle Ordovician and only freshwater or brackish water taxa sur-
(Darriwillian, 467.3 mya, Lamsdell et al., vived.
2015).

Silurian Devonian Carboniferous
Tre |Flo|D] Dar |Sa] Kat{| Llandov |W]L LoIPlEmsl Ei I Gi IFrasl Famenn | Tourna | Visean | Ser | Ba |Mo A | Sak | Art |K C |WulC

............ Adelophthalmoidea
....... < Pterygotoidea
< Waeringopteroidea

__________________ < Mixopteridae <—
< Carcinosomatidae

[ Echinognathus clevelandi
""" {0 Megalograptus williamsae
O Megalograptus welchi

[ Megalograptus ohioensis <—

O Pentecopterus decorahensis‘—

............ —<] Eurypteridae‘—
------- {0 Paraeurypterus

------------- {0 Pentlandopterus

.................. <] Strobilopteridae
......... Dolichopteridae

......... < Onychopteridae
............................. Q Alkenopteridae
.......... | Moselopteroidea

Stylonurina

Figure 2. Phylogenetic tree of the major eurypterid groups (triangles) and single taxa (squares).
Arrows mark groups and select species treated in this thesis. Modified after Lamsdell et al. (2015).
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Before the Eurypterida ultimately vanished at
the end of the Paleozoic, only the Stylonurina,
and among eurypterine eurypterids, only the
Adelophthalmoidea Tollerton, 1989 persisted
(Lamsdell et al., 2020; Poschmann & Roze-
felds, 2021, Tetlie & Poschmann, 2008).

The Eurypteridae Burmeister, 1843 comprise
the two genera Erieopterus Kjellesvig-Waering,
1958 and Eurypterus De Kay, 1825, which lived
during the Silurian and the Devonian period
(Lamsdell & Selden, 2017; Tetlie, 2007). With
more than 90% of all known eurypterid fossil
specimens, Eurypterus is the most abundant ge-
nus in the fossil record of sea scorpions (Tetlie,
2007).
Moreover, Eurypterus (for example E.
tetragonophthalmus Fischer, 1839) is not only a
taxon with a long research history (Burmeister,
1843; De Kay, 1825; Fischer, 1839; Holm,
1898; Nieszkowski, 1858; Woodward, 1865).
Together with Pentecopterus, it ranges among
the species with the most detailed morphologi-
cal descriptions owing to explicitly preserved
fossil material (P. decoharensis material is from
the Winneshiek Lagerstitte, lowa, USA, Liu H
et al., 2009; E. tetragonophthalmus material is
from the Viita Formation, Silurian, Wenlock,
Homerian, in Saaremaa, Estonia, see Holm,
1898).

Pentecopterus resolves as a basal member of the
group Megalograptidae Caster & Kjellesvig-
Waering, 1955, which furthermore comprises
Megalograptus  Miller, 1874 and Echi-
nognathus Walcott, 1882. One of the famous
morphological features of those taxa is the de-
velopment of spinous and elongate frontal most
appendages. This is also present in members of
the group Mixopteridae Caster & Kjellesvig-
Waering, 1955, both belonging to the Carcino-
somatoidea Stermer, 1934 (Caster & Kjelles-
vig-Waering, 1955, 1964; Clarke &
Ruedemann, 1912; Ritchie, 1968; Ruedemann,
1921; Stermer, 1934).

The eurypterids

What makes a sea scorpion?
Though eurypterid morphology varies

greatly among all the different groups, there is a
general morphological pattern, which should be
exemplified by the famous and well-studied Fu-
rypterus tetragonophthalmus (Fig. 3).

Being a member of the Chelicerata s. str. (sensu
Maas et al., 2004), sea scorpions were generally
divided into a prosoma and an opisthosoma.
Despite the deceptive name and their broader
morphological resemblance (especially mix-
opterid taxa, Ruedemann, 1921; Stermer,
1934), they were not closely related to scorpi-
ons, hence their morphology was just owing to
homoplasy.

The prosoma bore six pairs of uniramous ap-
pendages, which, for instance, in the Eurypteri-
dae increased in size from anterior to posterior,
and in the Eurypterina in general ended in a pad-
dle-shaped 6" prosomal appendage that aided in
swimming (Plotnick, 1985). In stylonurids, the
appendages also increased from anterior to pos-
terior, but this group showed no specialized ap-
pendages, and no swimming leg-modifications
of the posterior most appendage (Stermer,
1955).

However, in some carcinosomatoids,
appendages decreased in size from anterior to
posterior (not taking the chelicerae into consid-
eration), or showed other length patterns
(Lamsdell et al., 2015; Tollerton, 1989).

While the swimming leg, appendage 6, only
showed smaller morphological variation (for
example, see Fig. 14 in Lamsdell, Gunderson &
Meyer, 2019; also, Tetlie & Cuggy, 2007; Plot-
nick, 1985), especially appendages 2 and 3 were
of a remarkable different shape in some groups
like mixopterids and megalograptids (Caster &
Kjellesvig-Waering, 1955, 1964; Ruedemann,
1921; Stermer, 1934).
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Otherwise, the Pterygotoidea Clarke &
Ruedemann, 1912 possessed really elongate
chelicerae, a morphological adaptation unlike in
any other sea scorpion (Braddy, Poschmann &
Tetlie, 2008; Clarke & Ruedemann, 1912;
Jaekel, 1914; Lamsdell & Legg, 2010; Water-
ston, 1964).

Besides the appendages, the prosoma further-
more possessed two lateral compound eyes and
two median ocelli. The visual system among eu-
rypterids might have been well developed, mak-
ing them highly agile aquatic predators (McCoy
et al.,, 2015; Poschmann, Schoenemann &
McCoy, 2016; Schoenemann et al., 2019).

The opisthosoma was comprised of the meso-
soma (tergites 1-6), the metasoma (tergites 7-
12) and the telson (Tollerton, 1989). Whether or
not the opisthosoma showed a high degree of
flexibility was already up for discussion (see ar-
gumentation in Persons & Acorn, 2017, as well
as the reaction of Lamsdell, Marshall & Briggs,
2018—and the reaction to this of Persons, 2018).

The eurypterids

Figure 3. General body parts of
a sea scorpion, exemplified by
Eurypterus tetragonophthalmus.
Abbreviations: app 2, 6: append-
ages 2, 6. ce: compound eyes. cl:
chelicerae. cx6: coxae of ap-
pendage pair 6. gen: genital ap-
pendage. mes: mesosoma. met:
metasoma. mo: median ocelli.
mst: metastoma. op: opistho-
soma. pr: prosoma. st: sternites.
te1, 12: tergites 1, 12. tel: telson.
Modified after Holm (1898).

Indeed, when considering the scorpi-
onoid telson of mixopterids, one could suggest
that those eurypterids may have used it as a
weapon or for defense (see Hanken & Stermer,
1975, p. 267, Fig. 9D; also Ruedemann, 1921,
Plate 1, Fig. 5; Stermer, 1934, p. 114).
However, there is no proof in the fossil record.

Looking from ventral, eurypterids gave sight to
the chelicerae and the proximal parts of the ap-
pendages 5-6. While the coxae of the anterior
appendages were involved in feeding (Haug C,
2020), the impressive coxae of appendage 6,
surrounding a plate-like structure known as the
metastoma (Dunlop & Selden, 1998; Holm,
1898; Tollerton, 1989), mainly aided in swim-
ming.

The first two mesosomal segments (the first two
segments of the opisthosoma or the 7™ and 8"
segment in total) were fused together to form
the so-called genital operculum, from which a
specialized genital appendage protruded.
(Braddy & Dunlop, 1997; Tollerton, 1989).
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The mesosoma itself possessed structures
known as “Kiemenplatten”, serving respiration
(Lamsdell et al., 2020; Manning & Dunlop,
1995; Selden, 1985); the metasoma bore sterni-
tes.

Massive euchelicerate

apex predators with spines and baskets
Size varied strongly among eurypterids.

Basal taxa (e.g., Moselopteridac Lamsdell,
Braddy & Tetlie, 2010; see Poschmann &
Tetlie, 2004) encompassed rather small species,
while Eurypteridae like Eurypterus sp. showed
a variation of 13-60 cm. The biggest eurypterids
ever described were pterygotids like
Jaekelopterus Waterston, 1964 (Jackel, 1914;
McCoy et al., 2015). They could grow up to 2
m or even more and were likely the pelagic apex
predators in the Silurian seas (Lamsdell &
Braddy, 2009). After all, they were most likely
the biggest aquatic euarthropods ever to live
(the biggest terrestrial one might be Ar-
thropleura, see Davies et al., 2021).

Megalograptids like the famous Mega-
lograptus ohioensis Caster & Kjellesvig-
Waering 1955, and since Lamsdell et al. (2015),
the remarkable Pentecopterus decoharensis,
could reach more than 1 m of body length
(Lamsdell et al., 2015; Caster & Kjellesvig-
Waering, 1955, 1964). Likewise, mixopterids,
as for instance Mixopterus kiaeri Stermer,
1934, could grow up to similar sizes (Stermer,
1934). However, besides their sheer size, they
ranged doubtlessly among the morphologically
most diverse and disparate eurypterids, with
spiny and elongate frontal most appendages,
presumably to catch prey.

However, this specific question on the func-
tional morphology has never been tested before.
Though there were some severe studies on eu-
rypterid appendage kinematics in the past
(Briggs, Dalingwater & Selden, 1991; Plotnick,
1985; Plotnick & Baumiller, 1988; Selden,

The eurypterids

1981, 1984), only recently advanced 3D kine-
matic approaches were applied to eurypterid ap-
pendages.

In this thesis, publications are presented
dealing with advanced appendage kinematics in
Eurypterus tetragonophthalmus and Pentecop-
terus decoharensis (Bicknell, Melzer &
Schmidt, 2021, Chapter V), as well as Mega-
lograptus ohioensis and Mixopterus kiaeri
(Schmidt et al., 2022, Chapter VII). A focus
here lies on the comparison to modern analogs,
to get a more fundamental understanding of
how those appendages could have functioned.
While E. tetragonophthalmus’ and P. decoha-
rensis’ appendages are compared to modern
Limulus polyphemus (Linnaeus, 1758) walking
and pushing leg, the megalograptid and mix-
opterid species’ frontal most appendages are
compared to extant whip spider pedipalps.

Eventually, those pedipalp kinematics of the
whip spiders Damon medius (Herbst, in Lich-
tenstein & Herbst, 1797) and Heterophrynus el-
aphus Pocock, 1903 are further analyzed in a
separate publication (Schmidt, Melzer & Bick-
nell, 2022, Chapter VI) in this thesis.
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Digitally unraveling the morphology of early
Cambrian Chengjiang euarthropods from China
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“Before trilobite legs: Pygmaclypeatus daziensis
reconsidered and the ancestral appendicular
organization of Cambrian artiopods”

Preface

The Cambrian Stage 3 Chengjiang biota in South China is one of the most influential Konservat-Lagerstatten
worldwide thanks to the fossilization of diverse non-biomineralizing organisms through pyritization. Despite
their contributions to understanding the evolution of early animals, several Chengjiang species remain poorly
known owing to their scarcity and/or incomplete preservation. Here, we use micro-computed tomography to
reveal in detail the ventral appendage organization of the enigmatic non-trilobite artiopod Pygmaclypeatus
daziensis—one of the rarest euarthropods in Chengjiang—and explore its functional ecology and broader evolu-
tionary significance. Pygmaclypeatus daziensis possesses a set of uniramous antennae and 14 pairs of post-
antennal biramous appendages, the latter of which show an unexpectedly high degree of heteronomy based on
the localized differentiation of the protopodite, endopodite and exopodite along the antero-posterior body axis.
The small body size (less than 2 cm), presence of delicate spinose endites, and well-developed exopodites
with multiple paddle-shaped lamellae on the appendages of P. daziensis indicate a nekto-benthic mode of life,
and a scavenging/detritus feeding strategy. Pygmaclypeatus daziensis shows that appendage heteronomy is
phylogenetically widespread within Artiopoda—the megadiverse clade that includes trilobites and their rela-
tives with non-biomineralizing exoskeletons—and suggests that a single exopodite lobe with paddle-like lamel-
lae is ancestral for this clade.

This publication shows Drishti renderings based on micro-computed tomography data of four speci-
mens, as well as 3D Blender models of a ventrally never explored early Cambrian Chengjiang euar-
thropod.
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the ancestral appendicular organization of Cambrian artiopods
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Summary

The Cambrian Stage 3 Chengjiang biota in South China is one of the most influential Konservat-La-
gerstitten worldwide thanks to the fossilization of diverse non-biomineralizing organisms through py-
ritization. Despite their contributions to understanding the evolution of early animals, several
Chengjiang species remain poorly known owing to their scarcity and/or incomplete preservation. Here,
we use micro-computed tomography to reveal in detail the ventral appendage organization of the enig-
matic non-trilobite artiopod Pygmaclypeatus daziensis —one of the rarest euarthropods in Chengjiang —
and explore its functional ecology and broader evolutionary significance. Pygmaclypeatus daziensis
possesses a set of uniramous antennae and 14 pairs of post-antennal biramous appendages, the latter of
which show an unexpectedly high degree of heteronomy based on the localized differentiation of the
protopodite, endopodite and exopodite along the antero-posterior body axis. The small body size (less
than 2 cm), presence of delicate spinose endites, and well-developed exopodites with multiple paddle-
shaped lamellae on the appendages of P. daziensis indicate a nekto-benthic mode of life, and a scaveng-
ing/detritus feeding strategy. Pygmaclypeatus daziensis shows that appendage heteronomy is phyloge-
netically widespread within Artiopoda—the megadiverse clade that includes trilobites and their relatives
with non-biomineralizing exoskeletons—and suggests that a single exopodite lobe with paddle-like la-
mellae is ancestral for this clade.

Keywords: Cambrian, Chengjiang, heteronomy, computed tomography, exceptional preservation
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Introduction

The artiopods compose a megadiverse
clade of crown-group euarthropods with a dis-
tinctively flattened dorsal exoskeleton and are
among the dominant epibenthic animals in
lower Paleozoic marine deposits [1-4]. Trilo-
bites are by far the most ubiquitous members of
Artiopoda thanks to the higher preservation po-
tential granted by their calcitic dorsal exoskele-
ton [5], but the group also contains a significant
diversity of non-biomineralizing taxa that are
primarily known from Cambrian Konservat-La-
gerstitten around the world, particularly from
localities in South China [e.g., 6], North Amer-
ica [e.g., 7], North Greenland [e.g., 8, 9] and
South Australia [e.g. 10, 11]. Although these
“soft-bodied” non-trilobite artiopods are mod-
erately disparate in terms of the dorsal exoskel-
etal morphology, their appendicular organiza-
tion has been traditionally regarded as a largely
homonomous series of biramous gnathobasic
limbs consisting of multi-segmented en-
dopodites, and lamellate or broad flap-like ex-
opodites [1, 6, 12, 13]. Thus, most non-trilobite
artiopods are usually considered as epibenthic
deposit feeders or generalized scavengers/pred-
ators based on their conservative limb construc-
tion [e.g., 6, 14], with only rare cases of clear
anatomical adaptations for more specialized di-
etary preferences such as durophagy [15-17].

The application of micro-computed to-
mography (micro-CT) to study pyritized
macrofossils from the Cambrian (Stage 3)
Chengjiang biota in South China can inform the
ventral three-dimensional organization of fossil
euarthropods in greater detail than would be
possible under conventional imaging tech-
niques [e.g., 18-21]. Recent studies of the

appendicular organization in the xandarellid Si-
noburius lunaris [22] and the nektaspid Na-
raoia spinosa [23] demonstrate a higher degree
of morphological differentiation in artiopods
than previously appreciated [e.g., 1, 6, 7, 24],
including the regionalization of the biramous
appendages along the antero-posterior body
axis, as well as functional changes in feeding
strategy during ontogeny. Although these ex-
amples demonstrate the cryptic complexity of
the appendages in two of the main lineages of
Trilobitomorpha [25], namely the group that in-
cludes all those forms more closely related to
trilobites than to vicissicaudates (xenopods,
cheloniellids aglaspidids; see [3]), the organiza-
tion of early branching members of Artiopoda
remains enigmatic owing to the scarcity of fos-
sil taxa with well-preserved and clearly exposed
limbs.

In this study, we describe the appendic-
ular organization of the rare and enigmatic non-
trilobite artiopod Pygmaclypeatus daziensis
[26] and explore its ecological and evolutionary
implications. More than 20 years after its origi-
nal description, the morphology, ecology, and
affinities of P. daziensis remain problematic
[27, 28]. Type material from Chengjiang hints
at the preservation of appendages (Fig. 1a), but
fine morphological details concealed within the
rock matrix are inaccessible through conven-
tional photography and preparation methods.
The early branching phylogenetic position of P.
daziensis within the artiopod tree [10, 30]
makes it directly significant for reconstructing
the ancestral appendage organization and func-
tional morphology of this major clade of Paleo-
zoic euarthropods.
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Material and methods

Material

The studied material includes four specimens
(YKLP 11427, 11428, 13928, and 13929a of
Pygmaclypeatus daziensis collected from the
Yu’anshan Member of the Chiungchussu For-
mation, Dazi section of Haikou in Yunnan Prov-
ince, South China. All specimens are deposited
at the Yunnan Key Laboratory for Palaeobiol-
ogy at Yunnan University, Kunming. All speci-
mens are preserved in dorsal view, and are rep-
licated in pyrite and/or iron oxides as typically
observed in fossil euarthropods from the
Chengjiang Lagerstitte [31, 32].

Fossil imaging

Light photography was performed with either a
Canon EOS 5DSR camera (DS126611) with an
MP-E 65mm macro photo lens or a Keyence
VHX-5000 digital microscope. Except for
YKLP 13929, scans of all the other specimens
were performed using an Xradia 520 Versa
(Carl Zeiss X-ray Microscopy, Pleasanton,
USA) either at the Yunnan Key Laboratory for
Palaeobiology (YKLP 11428) or at the Institute
of Geology and Geophysics, Chinese Academy
of Sciences (YKLP 11427, 13928). YKLP
13929 was scanned using a Phoenix Nanotom
(GE Sensing & Inspection Technologies) cone-
beam CT scanner located at the Bavarian State
Collection of Zoology, Munich. Scanning pa-
rameters are: YKLP 11427 (Fig. 1b-g): Beam

strength: 60kV/5W, Filter: no, Resolution:
8.79um, Number of TIFF images: 2030; YKLP
11428 (Fig. 2): Beam strength: 50kV/4W, Fil-
ter: no, Resolution: 8.74um, Number of TIFF
images: 1937; YKLP 13928 (Extended Data
Figure 1c, d): Beam strength: 60kV/5W, Filter:
no, Resolution: 8.79um, Number of TIFF im-
ages: 2030; YKLP 13929 (Extended Data Fig-
ure la, b): Beam strength: 130kV/14W, Filter:
no, Resolution: 17.5um, Number of TIFF im-
ages: 2397. Volume and surface renderings for
YKLP 11428, and YKLP 11429 were produced
in Drishti 2.4 [29]. Three-dimensional morpho-
logical reconstructions were created in Blender
2.9 [33].

Phylogenetic analysis

The character matrix used for the phylogenetic
analysis consists of 65 taxa and 92 characters.
We employed an updated version of the dataset
used by Chen et al. [22], including new morpho-
logical characters and updates to previous cod-
ings (Supplementary Information). Parsimony
analyses were performed with TNT v.1.5 [34]
under New Technology Search, using Driven
Search and Sectorial Search, Ratchet, Drift, and
Tree fusing options activated with standard set-
tings. The analysis was set to find the minimum
tree length 100 times and to collapse trees after
each search. All characters were treated as un-
ordered. Analyses were performed under equal
and implied weights.
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Figure 1. Pygmaclypeatus daziensis from the Cambrian (Stage 3) Chengjiang biota of South
China. a. Specimen YKLP 11427, photographed under light microscopy. b. Dorsal view of three-dimen-
sional computer model based on X-ray tomographic data rendered in Drishti [29]. ¢. Isolated three-
dimensional model of second thoracic appendage in ventral view. d. Isolated three-dimensional model
of first post-antennal cephalic appendage in ventral view. e. Isolated three-dimensional model of first
post-antennal cephalic appendage in dorsal view, showing attachment site of elongate stenopodous
exopodite. f. Ventral view of three-dimensional computer model based on X-ray tomographic data, ex-
ceptionally preserved appendage morphology. g. Isolated three-dimensional model of left antenna,
showing segmental boundaries and accessory spines. Abbreviations: an, antenna; Cn, cephalic post-
antennal appendage pair number; ed, enditic spine bristles; ex, exopodite; hs, head shield; Pn, podo-
mere number; pg, pygidium; pp, protopodite; tc, terminal claw; Tn, tergite number; Thn, thoracic ap-
pendage pair number; ts, tailspine.
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Results

Systematic Paleontology

Euarthropoda Lankester, 1904 [35]

Artiopoda Hou and Bergstrom, 1997 [6]
Pygmaclypeatus Zhang, Han, and Shu, 2000
[26]

Emended diagnosis: Small artiopod with dorso-
ventrally flattened exoskeleton, broader than
long. Dorsal exoskeleton with poorly defined
axial region without clearly developed axial fur-
rows. Cephalon short, covering widely conter-
minant hypostome, uniramous antennae, and
four appendage pairs. Trunk consists of six
freely articulating tergites, each covering a sin-
gle appendage pair. Pygidium nearly isopygous,
covering four appendage pairs, and short multi-
articulated tailspine. All post-antennal append-
ages biramous, consisting of protopodite, en-
dopodite with five podomeres, and exopodite.
Biramous appendage construction variable
throughout the body; anterior three pairs of ce-
phalic limbs lacking protopodal gnathobases
and with reduced stenopodous exopodite,
whereas all remaining posterior pairs have deli-
cate spinose endites on protopodite, and well-
developed exopodite lobe bearing thick paddle-
shaped lamellae. Modified from Zhang et al.
[26].

Remarks: Pygmaclypeatus is among the rarest
fossil taxa in the Chengjiang biota, with an esti-
mated total of around 10 specimens available to
date [28]. Since its original description [26],
only one study has made further contributions
to the morphology and preservation of Pyg-
maclypeatus, namely the recognition of a short
multiarticulated tailspine [27]. The phyloge-
netic position of Pygmaclypeatus within Arti-
opoda has also received little attention, although
most studies concur in close affinities with the
similarly enigmatic Retifacies based on the
presence of a pygidium with a multiarticulated

tailspine [6, 10, 11], and Squamacula from
Chengjiang based on their overall shield-like
shape and body proportions [36]. Our new mor-
phological data allows us to produce a more ac-
curate diagnosis for Pygmaclypeatus in the con-
text of Artiopoda.

Pygmaclypeatus daziensis Zhang, Han and Shu,
2000

2000 Zhang, Han and Shu, p. 980, Fig. 1 [26]
2004 Xu, p. 331, Plate 1, Figs 4 and 5 [27]
2017 Hou et al., p. 197, Fig. 20.28 [28]

Diagnosis:
As for genus.

Description: All known individuals are pre-
served in a dorsoventrally flattened position.
Completely articulated specimens have a broad
dorsal exoskeleton that is slightly wider than
long, reaching up to 14 mm in length (sagittal),
and a maximum width (transverse) of up to 17.5
mm measured at the level of the anterior trunk
(Fig. 1). The dorsal exoskeleton has a shield-
like rounded outline, with the anterior end of the
body being easily distinguished by featuring a
straight margin. The body consists of a cepha-
lon, a trunk with six freely articulating tergites,
and a pygidial shield associated with a mul-
tisegmented tailspine (Figs 1-3). The cephalon
constitutes approximately 25% of the total body
length (sag.). The cephalic outline is sub-rectan-
gular with a straight anterior margin, rounded
antero-lateral edges that develop into posterior-
facing acute genal angles, and a posterior mar-
gin that is gently reflexed adaxially (Fig. 1a).
The dorsal surface of the cephalon is mostly fea-
tureless, without dorsal ecdysial sutures, and
lacks evidence of eyes or other ocular-derived
structures (contra [27]). Although the main
body axis is demarcated by a difference in
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coloration relative to the lateral areas of the
cephalon, there is no indication of an elevated
axial region or furrows. Previous studies have
interpreted the presence of a rostral plate or an-
terior sclerite in the type material of Pygmaclyp-
eatus daziensis (e.g., [10, 26, 37, 38]). Close ex-
amination of our material, including micro-CT
data, does not demonstrate the presence of a dis-
crete anterior sclerite. Instead, the anterior mar-
gin of the head shield frequently features a
transverse narrow band that appears to be a
compaction artifact produced by the direct con-
tact between the head shield and the ventral hy-
postome (Fig. 2d). We find no evidence of an
anterior sclerite in P. daziensis.

The ventral side of the cephalon in-
cludes a hypostome, a pair of uniramous anten-
nae, and four pairs of post-antennal biramous
appendages (Fig. 1d, f; 2a, d). The hypostome is
conterminant, directly attached to the anterior
margin of the cephalon. The hypostome trans-
versely covers ca. 33% of the width of the ceph-
alon, and extends posteriorly to ca. 50% of the
length of the cephalon, completely covering the
proximal bases of two post-antennal append-
ages. Morphologically, the hypostome has a
rounded posterior margin, including a small me-
dian notch that most likely indicates the position
of the posterior-facing mouth as typically lo-
cated in artiopods [39]. The edges of the hypo-
stome are strengthened by convex crescent-
shaped ridges that meet adaxially, defining the
median notch, conveying a bi-lobed appear-
ance. The antennae are antero-laterally oriented
and attach ventrally in the cephalon close to the
antero-lateral edges of the hypostome (Fig. 1f;
2d). The proximal portions of the antennae are
well preserved in YKLP 11427 (Fig. 1b, f), con-
sisting of at least four articles. The antennae ap-
pear to have a sub-cylindrical cross-section, and
gently taper in width distally. The articles tele-
scope into each other, with each featuring a pair
of short spines located on their anterior margin
and facing adaxially relative to the main body
axis. The full extent of the antennae is unknown
owing to their fragmentary preservation.

The first four post-antennal biramous
appendages become progressively larger to-
wards the posterior end of the cephalon and in-
clude two morphological variants. The first
three post-antennal appendages consist of a sub-
rectangular protopodite attached to an en-
dopodite with five podomeres, and a reduced
stenopodous exopodite (Fig. 1d, e; 2b). The ex-
opodites lack a clear indication of segmental
boundaries, but it is unclear if this results from
a preservation artifact or accurately reflects the
original morphology. The endopodites are pre-
served in a strongly curved orientation facing
towards the main body axis, and taper to an
acute terminal claw. The podomeres are later-
ally compressed. In these limbs, there is little
evidence of well-developed endites or any other
processes on the protopodite or the endopodites
in either of the examined specimens (Fig. 1d, e,
f), suggesting that this absence is legitimate ra-
ther than taphonomic.

The only exception is the presence of a short
ventral spine on the anterior margin of the sec-
ond endopodite podomere (Fig. 1d, 3e). The ce-
phalic endopodites are prominent in size, and
are the only appendages that extend beyond the
exoskeleton margins (Fig. 2a). The exopodite is
attached dorsally to the protopodite (Fig. 1d,
3e), and consists of a slender rod-shaped branch
less than half the length of each corresponding
endopodite. The fourth post-antennal biramous
appendage pair has a similar —albeit more robust
—overall endopodite organization but differs
substantially in the morphology of other com-
ponents. The protopodite bears gnathobases
along the ventral margin consisting of two or
three densely populated rows of delicate spinose
endites (Fig. 11).

The exopodite is fully developed, consisting of
a sub-triangular proximal base attached to the
protopodite, and which bears up to six thick
paddle-shaped lamellae (Fig. 2c). Each of the
paddle-shaped lamellac shows a preferential
preservation along the edges, suggesting that
this region had strengthened cuticle relative to
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the interior face of the paddle. Within each ex-
opodite, only the most distal paddle-shaped la-
mella bears a series of short marginal setae (Fig.
2c¢); the fact that this pattern is observed in sev-
eral appendage pairs argues that this organiza-
tion is not the result of a preservation artifact,
and instead suggests that it is a legitimate bio-
logical feature. The variable orientation in the
preservation of the paddle-shaped lamellae, as
seen from dorsal view, indicates that these
structures were freely articulated and allowed
some degree of motion through pivoting rela-
tive to the exopodite lobe (Fig. 2a, d).

The trunk of Pygmaclypeatus daziensis
consists of six freely articulating tergites that
overlap widely with each other (Fig. 1a, b). The
trunk makes up approximately 50% of the total
body length (sag.). All trunk tergites are much
wider (trans.) than long (sag.) and share the
same overall morphology. The axial region of
the trunk suggests a weak elevation, which is
also indicated by the anteriorly reflexed poste-
rior margin of the tergites. The tergites have a
sub-rectangular outline adaxially with straight
margins, but become progressively curved pos-
teriorly and abaxially, terminating in acute pleu-
ral angles. The first trunk tergite is approxi-
mately the same width (trans.) as the head
shield, whereas the subsequent tergites gently
taper in width towards the posterior end, con-
veying a rounded body outline (Fig. 1a, b). Each
trunk tergite is associated with a single pair of
biramous appendages on the ventral side.

The trunk limbs are morphologically similar to
the fourth post-antennal appendage pair, includ-
ing the presence of a protopodite with delicate
spinose ventral endites, endopodites with five
podomeres, and exopodites with a triangular
base that supports paddle-shaped lamellae with
marginal setae (Fig. 1¢). However, the trunk ap-
pendages differ in some details. The trunk en-
dopodites are more robust and the podomeres
are laterally compressed. Most significantly, the

distal most part of the endopodite, consisting of
second to last podomere and the terminal claw,
is modified into a strong sub-chelate termina-
tion (Fig. 1c). The terminal claw is broad and
sub-triangular, and features a wide area of artic-
ulation with the neighboring podomere that sug-
gests a function as a moveable finger with a
finely serrated inner edge, whereas the pre-ter-
minal podomere is enlarged distally forming a
robust thumb-like projection (fixed finger).
Lastly, the larger size of the trunk exopodites
can accommodate up to nine thick lamellae. A
dorsal view of the articulated trunk appendage
series shows that the ventral limbs are entirely
concealed within the margins of the exoskeleton
(Fig. 1a, b), which explains the difficulty of re-
solving these structures without the aid of mi-
cro-CT imaging.

The pygidium of Pygmaclypeatus
daziensis consists of an unsegmented shield
covering the posterior segments and has a gen-
tly rounded posterior margin (Fig. 1a, b). The
pygidium corresponds to approximately 25% of
the total body length (sag.), but is narrower
(trans.) than the cephalon and the anterior por-
tion of the trunk. The weakly defined axial re-
gion of the cephalon and trunk continues into
the pygidium, but ends at approximately the
middle portion of the posterior shield with a
rounded sub-triangular termination. The ventral
side of the pygidium shows the presence of at
least four pairs of biramous appendages; these
indicate that P. daziensis has ca. 14 pairs of
post-antennal appendage pairs (Fig. 1f; 2a, d).
The morphology of the biramous appendages
under the pygidium is identical to that of those
in the trunk region, although the limbs become
progressively smaller posteriorly and closer to-
wards the midline. The posterior end of the
body bears a short multi-articulated tailspine
tucked underneath the body in YKLP 11427
(Fig. 1f), which corroborates the most recent re-
vision of P. daziensis [27].
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Figure 2. Pygmaclypeatus daziensis from the Cambrian (Stage 3) Chengjiang biota of South
China. a. Specimen YKLP 11428, dorsal view of three-dimensional computer model based on X-ray
tomographic data rendered in Drishti [32]; dorsal exoskeleton tergites removed to illustrate the append-
age organization. b. Isolated three-dimensional model of first post-antennal cephalic appendage in dor-
sal view, showing attachment site of elongate stenopodous exopodite. c. Isolated three-dimensional
model of first thoracic appendage in dorsal view, showing morphology and attachment site of well-de-
veloped exopodite with paddle-shaped lamellae; note that marginal setae are only present on the distal
most lamella. d. Ventral view of three-dimensional computer model based on X-ray tomographic data,
showing well-preserved hypostome. Abbreviations: Cn, cephalic post-antennal appendage pair number;
el, exopodite lobe; ex, exopodite; hy, hypostome; Im, paddle-shaped lamellae; ms marginal setae; Pn,
podomere number; pp, protopodite; Thn, thoracic appendage pair number.
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Discussion

Appendicular heteronomy in Pygmaclypeatus

The use of micro-CT in pyritized
Chengjiang fossils reveals the overall appen-
dage morphology of Pygmaclypeatus daziensis
in substantial detail (Figs 1-3), made all the
more striking by the fact that the known ventral
organization of this taxon until now consisted of
faint impressions of the hypostome and frag-
mentary antennae [26—28]. The appendages of
P. daziensis combine a unique suite of ancestral
and derived characters within the broader con-
text of Artiopoda, and significantly, demon-
strate a higher degree of appendage heteronomy
than any other representative of this clade de-
scribed to date.

Flagelliform antennae are widespread
among artiopods, present in both trilobites (e.g.,
[13, 40]) and their non-biomineralized relatives
(e.g., [6, 23, 37]); the Chengjiang xandarellid
Sinoburius lunaris represents the only known
case to date where the antennae are highly re-
duced and non-flagelliform [22]. Paired spines
on the uniramous antennae are also expressed in
several non-biomineralizing artiopods such as
Retifacies, Kuamaia and Emeraldella (e.g., [6,
37, 41]), and even trilobites, as in Hongshiyana-
spis [13]. Although the antennae of P. daziensis
fall within the known diversity observed in arti-
opods, this is not the case for the post-antennal
appendages.

The organization of the first to third
post-antennal biramous appendage pairs of P.
daziensis is uncommon in the absence of well-
developed spinose endites along the ventral
edge, typical in most artiopods, with the excep-
tion of short spines associated with the anterior
podomere margins in the endopodite (Fig. 1d, e;
2b). Intriguingly, this organization parallels that
of the prosomal endopodites in the extant horse-
shoe crab (Xiphosura) Limulus polyphemus

[42], in terms of both the number of podomeres
and the presence of sparse short spines on their
anterior edge. The occurrence of highly reduced
stenopodous exopodites associated with the first
to third post-antennal biramous appendages is
also notable, as this precise morphology is un-
known from most other artiopods. Comparable
structures among Cambrian representatives in-
clude the flagelliform cephalic exopodites of S.
lunaris [22] and Sanctacaris uncata [43], alt-
hough these differ in being longer and multiar-
ticulated, and the so-called proximo-lateral pro-
cess found on the protopodite of Sidneyia inex-
pectans [2, 17, 44]. Significantly, the latter
comparison invites further parallels with the
“flabellum” of L. polyphemus, a small lobe-like
structure found on the protopodite of the sixth
prosomal limb pair that has been interpreted as
either a vestigial exopodite [45] or possibly an
exite [46, 47].

The fourth pair of biramous appendages
in P. daziensis has a more conventional organi-
zation based on the presence of prominent
endites on the protopodite and a well-developed
exopodite, but their precise morphology also
has some uncommon features. The protopodite
endites of P. daziensis are delicate and spinose,
similar to those recently described in the proto-
podite of adult
Chengjiang [23], and those of the anterior walk-
ing legs of Limulus polyphemus [15, 17]. How-
ever, the detailed morphology of the exopodite

Naraoia spinosa from

differs drastically from the elongate lobed or-
ganization observed in most artiopods, in which
the exopodite typically consists of a rod-like
shaft (e.g., Misszhouia longicaudata, Naraoia
compacta, Xandarella spectaculum), or is dif-
ferentiated into a slender proximal and large
tear-shaped distal lobe (e.g., Naraoia spinosa,
Olenoides serratus, Saperion glumaceum) (see
fig. 4 in [3]).
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Figure 3. Three-dimensional morphological reconstruction of Pygmaclypeatus daziensis. a. \Ven-
tral view. b. Dorsal view, with transparent dorsal exoskeleton to show organization of appendages. c.
Lateral view showing habits of ventral appendages. d. Antennae. e. Morphology of first to third post-
antennal cephalic appendage pairs. f. Morphology of fourth post-antennal cephalic appendage pair. g.
Morphology of thoracic and pygidial appendage pairs. Abbreviations: ant, antennae; Cn, cephalic post-
antennal appendage pair number; ed, enditic spine bristles; el, exopodite lobe; ex, exopodite; hs, head-
shield; hy, hypostome; Im, paddle-shaped lamellae; ms, marginal setae; pg, pygidium; Pn, podomere
number; pp, protopodite; tc, terminal claw; Tn, tergite number; Thn, thoracic appendage pair number;
ts, tailspine.
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The fully developed exopodite of P. daziensis
most closely resembles that of Retifacies abnor-
malis in the presence of a single robust lobe at-
tached to the protopodite, and which bears thick
paddle-shaped lamellae with short marginal se-
tae [6]. Key differences between the exopodite
in these taxa include the shape of the lobe—sub-
triangular in P. daziensis versus semiovate in R.
abnormalis, the presence of only up to nine la-
mellae in P. daziensis (compared with over a
dozen in R. abnormalis), and the fact that R. ab-
normalis paddle-shaped lamellae are more elon-
gate and more tightly imbricated.

A comparable exopodite organization has also
been recently confirmed in Naraoia compacta
from the Burgess Shale [48], and tentatively
suggested for Emeraldella brocki [37] and
Kuamaia lata [6]. Although N. compacta also
features paddle-shaped lamellae with short mar-
ginal spines, it differs from P. daziensis and R.
abnormalis in that the exopodite morphology
consists of an elongate shaft, rather than a single
robust lobe (Fig. 2¢). The fifth to fourteenth
appendages of P.
daziensis share a similar overall morphology to
that of the fourth pair, excluding their progres-

post-antennal biramous

sively smaller size posteriorly, but differ sub-
stantially in the morphology of the distal en-
dopodite.

The differentiation of a modified terminal claw
and pre-terminal endopodite podomere into a
robust moveable finger and fixed thumb, re-
spectively, is not known in any other artiopod,
nor the biramous appendages of any Cambrian
euarthropod more broadly, as the endopodite
termination usually consists of a single terminal
claw that may carry smaller accessory spines
that form a small functional foot (e.g., [2, 13,
37)).

In this context, the sub-chelate en-
dopodites of the trunk appendages are morpho-
logically more comparable with the walking
legs in Limulus polyphemus [42], even if the ter-
minal regions of the endopodites in P. daziensis
are not fully developed into chelae as in horse-
shoe crabs. Subchelate limbs are also known
from more phylogenetically distant euarthro-
pods, such as pycnogonids and crustaceans
[45], and are particularly well developed among
burrowing representatives [49].

The presence of four morphologically
distinct sets of appendages in Pygmaclypeatus
daziensis (i.e. antennae, first to third post-anten-
nal, fourth post-antennal, and fifth to fourteenth
post-antennal) reflects some of the highest de-
grees of limb heteronomy expressed in any arti-
opod described to date. Although artiopods
have been traditionally regarded as having
largely homonomous series of biramous post-
antennal appendages [6, 12, 13, 50], recent in-
vestigations record a growing number of cases
of limb differentiation along the body. For ex-
ample, the trilobite Redlichia rex from the Stage
4 Emu Bay Shale shows differences between
the proportions of the anterior and posterior ex-
opodites, even if their respective endopodites
are morphologically similar [51]. Limb heteron-
omy is more frequent among non-trilobite arti-
opods.

The Miaolingian vicissicaudate Emer-
aldella features long antenniform antennae, one
set of seemingly uniramous post-antennal ap-
pendages, biramous trunk limbs with some var-
iability in terms of the relative length of the dis-
tal endopodite podomeres, and a pair of caudal
flaps that likely represent modified exopodites
[37, 52]. Sidneyia inexpectans from the Wul-
iuan Burgess Shale also shows some differences
between the (possibly uniramous) anterior and
posterior post-antennal biramous trunk append-
ages [2], which might be linked with its du-
rophagous feeding preferences [15—17, 53].
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Figure 4. Results of parsimony-based phylogenetic analyses and morphological reconstruction.
a. Strict consensus of four most parsimonious trees (265 steps; Cl=0.419; RI=0.74) under equal weights;
Bremer support values above nodes. b. Strict consensus of two most parsimonious trees (Cl= 0.41;
RI=0.73) under implied weights (k=4); nodal support expressed as symmetric resampling after 100 rep-
etitions. For character codings, see Extended Data Tables 1 and 2. Note the widespread occurrence of
exopodites with paddle-shaped lamellae among trilobitomorphs (see text for discussion). c¢. Morpholog-
ical reconstruction of Pygmaclypeatus daziensis. Artwork by Holly Sullivan (https://www.sulscien-
tific.com/).
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However, the most notable cases of limb differ-
entiation in Cambrian artiopods are found in the
trilobitomorphs Sinoburius lunaris [22] and Na-
raoia spinosa [23] from Chengjiang, both of
which have been recently redescribed based on
micro-CT imaging. In addition to greatly re-
duced antennae, S. lunaris shows a striking dif-
ferentiation in exopodite structure along the
body: the first two pairs of post-antennal ap-
pendages have elongated stenopodous ex-
opodites, whereas the remaining limb pairs have
a more conventional exopodite shaft with lamel-
lae. Sinoburius lunaris also has well-developed
ridge-like endites on the trunk protopodites,
whereas these are absent from the cephalic re-
gion [22].

Naraoia spinosa also shows differenti-
ation between the protopodite morphology in
the cephalic and trunk regions, expressed as
long spinose endites versus short blunt endites
respectively, as well as more pronounced
changes during ontogeny that suggest a shift
from plankton/detritus feeding to scavenging
[23]. Pygmaclypeatus daziensis reflects possi-
bly the highest degree of appendage heteron-
omy and functional specialization within Arti-
opoda described to date, given that differentia-
tion is expressed in all components of the bira-
mous limbs (i.e. protopodite, endopodite, ex-
opodite), as well as between the cephalic and
trunk regions (Fig. 3).

Functional morphology and paleoecology

The new data on the ventral organiza-
tion of Pygmaclypeatus daziensis prompt a re-
consideration of its mode of life and paleoecol-
ogy. Whereas earlier studies suggested an
epibenthic habitus based only on the dorsoven-
trally flattened exoskeleton, the presence of
well-developed paddle-like lamellae on the
trunk exopodites suggests a considerable swim-
ming prowess. Similar to Naraoia compacta
[48], the exopodites would have likely produced
effective propulsion during the power-stroke of

a typical metachronal wave, and allowed for
low drag during the recovery phase owing to the
pivot-like articulation of the individual paddles
relative to the exopodite lobe. Taken together,
the imbrication of the trunk exopodites coupled
with the small overall body size (less than 2 cm)
suggest that P. daziensis would have been able
to swim in the water column periodically, in line
with an active nektobenthic mode of life.

Based on recent studies supporting a
gill-like function for the trilobite exopodite
[54], the well-developed exopodites of P.
daziensis may have effectively conveyed a large
surface area for gas exchange thanks to the pres-
ence of more than 200 individual paddle-shaped
lamellae (Figs 2, 3). The functional morphology
of the protopodite and endopodites further in-
forms the feeding habits of P. daziensis. The
presence of delicate spinose endites on the pro-
topodite of most biramous appendages suggests
a diet consisting of soft-food items and organic-
rich particles, compatible with scavenging / de-
tritus feeding. The morphology of the endites
rules out a durophagous diet, as shell crushing
requires robust molariform gnathobases on
transversely elongate protopodites, as seen in
Sidneyia inexpectans, Redlichia rex and Limu-
lus polyphemus [17].

The absence of endites on the ventral
side of the endopodites suggests that food pro-
cessing mainly took place proximally within the
trunk protopodites that form a food groove lead-
ing to the posteriorly directed mouth opening
underneath the hypostome (Fig. 2d), whereas
the cephalic endopodites would be better suited
for object manipulation in front of the body. The
distal portion of all the endopodites would have
been primarily used for locomotion. In particu-
lar, the strong ventral curvature of the legs, cou-
pled with the presence of subchelate termina-
tions on the trunk region consisting of the fixed
thumb and the moveable finger appear to be
well suited for a more specialized grabbing/an-
choring function on hard substrates, and possi-
bly burrowing behavior, as observed in extant
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forms such as amphipods [54—56]. The similar-
ities between P. daziensis and L. polyphemus
(see previous section) suggest that these organ-
isms shared a broadly comparable mode of life,
the only important exception being that the lack
of robust gnathobases in the former argues
against effective durophagy as observed in L.
polyphemus [17, 53], and instead favors a diet
based on soft food items and/or decaying or-
ganic matter.

Implications for artiopod evolution

The detailed three-dimensional ap-
pendage organization of Pygmaclypeatus
daziensis contributes towards a better under-
standing of the paleobiology of this taxon
(Fig. 3) and has direct implications for recon-
structing the evolutionary history of Arti-
opoda. The results of our phylogenetic anal-
yses consistently resolve P. daziensis as the
sister-taxon to Retifacies abnormalis, sup-
ported by the organization of the exopodite
(single lobe with paddle-shaped lamellae with
marginal setae), and the presence of both a
pygidium and a multiarticulated tailspine;
these results concur with earlier analyses that
also support a close relationship between
these two taxa [10, 11, 30]. Implied weights
(k=4) support the position of P. daziensis + R.
abnormalis as the earliest branching clade
within trilobitomorphs (Fig. 4b), although its
precise placement relative to the former is un-
resolved under equal weights (Fig. 4a).

Despite the difference in these topol-
ogies, both analyses support an early-branch-
ing position within Artiopoda, which allows
reconstructing the ancestral organization for
these euarthropods.

The morphology of P. daziensis and R. abnor-
malis includes some characters that are wide-
spread — and possibly ancestral — for trilobi-
tomorphs, such as the conterminant hypo-
stome and the presence of a pygidium. The
presence of a multi-articulated tailspine ap-
pears to be unique to these two taxa within tri-
lobitomorphs, even though this character is
known from more distantly related Cambrian
forms such as Molaria spinifera [58]; the lat-
ter case is most likely a result of homoplasy.

A potentially significant new insight consists
of the clarification of the detailed exopodite
structure in P. daziensis and R. abnormalis,
and its bearing for understanding the evolu-
tion of this structure among trilobitomorphs.
The exopodite of P. daziensis and R. abnor-
malis is unique as it consists of a single lobe
with paddle-shaped lamellae, whereas the ex-
opodite of most other trilobitomorphs is dif-
ferentiated into a proximal lobe with lamellae
and a distal lobe with short setaec. As high-
lighted in recent work [48], and further
demonstrated in the present study, the re-
peated occurrence of paddle-shaped lamellae
in artiopods could argue in favor of an ances-
tral organization of the exopodites that has not
been fully appreciated owing to the delicate
nature of these structures, and the bias caused
by compaction during burial.

We explored this hypothesis through

the optimization of paddle-shaped lamellae
(Char. 15, state 2; see Supplementary Infor-
mation) using the character mapping function
in TNT [34, 58]. Under equal weights (Fig.
4a), the ancestral organization of the ex-
opodite lamellae for Artiopoda remains un-
certain in all four most parsimonious trees re-
covered owing to topology conflict resulting
in a polytomy at the base of this clade.
By contrast, the two most parsimonious trees
recovered under implied weights (k=4) sup-
port the paddle-shaped lamellae as ancestral
for Artiopoda, in line with our hypothesis
(Fig. 4b). A more definitive test for this hy-
pothesis will require further investigations on
the detailed appendage morphology of several
early branching artiopods (e.g. Squamacula,
Protosutura; see [57]), trilobitomorphs (e.g.
Nektaspida, Xandarellida, Conciliterga; see
[1, 6, 7]) and vicissicaudates (e.g., Xenopoda,
Cheloniellida, Aglaspidida; see [3, 60]).

The presence of only five endopodite
podomeres (including the terminal claw) in P.
daziensis is remarkable in the context of Arti-
opoda, as most of these organisms feature the
typical seven-segmented endopodite that is con-
sidered as ancestral for crown-group Euarthro-
poda in a broad sense [45, 47].
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Evidence for endopodites with fewer than seven
podomeres in artiopods is rare. Possible cases
include the reduced endopodites on the anteri-
ormost biramous limbs of Sinoburius lunaris
[22] and Emeraldella [37, 52] based on their
small size compared with trunk appendages, but
in both cases, the proximal portions of the en-
dopodites are not well known. P. daziensis rep-
resents the only Cambrian artiopod for which all
the post-antennal biramous appendages have a
five-segmented endopod, as even its sister taxon
Retifacies abnormalis shows more conventional
limbs [6]. The Devonian cheloniellid Chelo-
niellon calmani [61] is the only other known ar-
tiopod with consistently five-segmented en-
dopodites throughout the body confirmed to
date, although their structure is much closer to a
generalized walking leg when compared with P.
daziensis.

Beyond Artiopoda, the five-segmented
endopodite is widespread among mandibulates,
and in particular crustaceans, whereas the
seven-segmented endopodite is common among
chelicerates [45, 47]. Although the number of
endopodite podomeres carries little phyloge-
netic information by itself, the biramous ap-
pendage construction of P. daziensis can be
confidently interpreted as a derived trait among
artiopods, with rare instances of convergence,
as observed in the phylogenetically and biostrat-
igraphically distant C. calmani [61].

Another significant implication of this
study is that it challenges the traditional notion
that trilobitomorphs, and more broadly arti-
opods, are characterized by largely homono-
mous post-antennal appendage pairs [1, 6, 13,
62]. Instead, Pygmaclypeatus daziensis reveals
that some of the earliest branching representa-
tives of this clade already demonstrate substan-
tial limb differentiation (Fig. 4). Although P.
daziensis is the latest example, it is by far not
the only one, as variable degrees of post-anten-
nal appendage specialization have been de-
scribed in the literature (see discussion above).
Most of the main artiopod clades include at least
one representative for which there is substantial

evidence of limb differentiation, including also
Nektaspida (e.g., Naraoia spinosa [23]), Xan-
darellida (e.g., Sinoburius lunaris [22]), Trilo-
bita (e.g., Redlichia rex [51]), and Vicissi-
caudata (e.g., Emeraldella [37, 52], Sidneyia in-
expectans [2]). It is notable that these taxa are
among the most complete and recently rede-
scribed representatives of their respective
groups, which suggests that antero-posterior
limb differentiation might be more widespread
within Artiopoda than it is currently considered.
Other clades, such as Conciliterga, include taxa
that have not been revised in at least the last dec-
ade, or that contain forms mostly known from
the dorsal exoskeleton without complete ap-
pendage series. In this context, it appears likely
that the archetypical homonomous appendage
series of trilobites could represent a phylogenet-
ically derived trait, rather than an ancestral one
as commonly considered historically (e.g., [13,
45, 50, 62]).

Further morphological investigations
on the appendage structure of Artiopoda that
provide more comparable information between
species are required, but the increased availabil-
ity of new data on Chengjiang euarthropods
through micro-CT imaging offers great promise
for testing this hypothesis.
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Extended Data Figure 1. Additional specimens of Pygmaclypeatus daziensis. a. Specimen YKLP
13929, photographed under light microscopy. b. Dorsal view of three-dimensional computer model. c.
Specimen YKLP 13928, volume rendering. d. Isosurface model showing ventral endites. Abbreviations:
Cn, cephalic post-antennal appendage pair number; ed, endites; ex, exopodite; Tn, tergite number.
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Extended Data Table 1. Phenotypic characters of Pygmaclypeatus daziensis.

Array characters

01.
02.
03.
04.

05.

06.

07.
08.
09.
10.

11.
12.

13.
14.
15.

16.

17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.

30.
31.
32.
33.
34.
35.
36.

37.
38.

nature of first appendage: raptorial appendage (0); antennae (1).

number of podomeres on raptorial limb: four (0); three (1); two (2).

raptorial appendages with flagellum: absent (0); present (1).

length of distal spines on podomeres: absent or shorter than podomere (0); subequal to length
of podomeres (1); longer than entire podomere series (2).

number of post-ocular head segments: none (0); one (1); two (2); three (3); four (4); five (5); six
(6); seven (7).

nature of second appendage pair: biramous walking leg or antennae (0); uniramous walking leg
(1).

nature of third appendage pair: biramous walking leg (0); uniramous walking leg (1).
appendages under cephalo-thoracic articulation: absent (0); present (1).

trunk endopods: absent or reduced (0); present (1).

trunk exopod structure (UPDATED): simple oval flap (0); exopod differentiated into proximal
and distal lobes, the proximal lobe bearing lamellar setae, the distal lobe bearing short setae (1);
numerous podomeres, each bearing a single seta (2); undivided lobe with lamellae (3); book
gills (4).

proximal exopod lobe: flattened lobe (0); slender shaft (1).

distal exopod lobe: small to moderate sized flap (0); large, teardrop shaped lobe with long at-
tachment (1).

exopod with articulations: absent (0); present (1).

imbricate exopod lamellae: absent (0); present (1).

lamellae structure (UPDATED): thick, flat lamellae (0); delicate, comb-like lamellae (1);
paddle-shaped lamellae with marginal setae (2).

non-overlapping marginal setae on distal lobe: absent (0); small setae (1); long spines or fila-
ments (2).

gnathobasic limbs: absent (0); present (1).

lateral eyes: absent (0); present (1).

nature of lateral eyes: stalked (0); sessile (1).

ventral eyes in front of head: absent (0); present (1).

calcified eyes: absent (0); present (1).

dorsal exoskeletal bulge: absent (0); present (1).

eye slits: absent (0); present (1).

dorsal median eyes: absent (0); present (1).

free head shield: absent (0); present (1).

bivalved carapace: absent (0); present (1).

cephalic doublure: absent (0); present (1).

cephalon notched: absent (0); present (1).

hypostome: median extension of the doublure, with no suture (0); natant, sclerite not in contact
with doublure (1); with narrow overlap with pre-hypostomal sclerite (2); narrow attachment to
doublure at hypostomal suture (3); absent (4).

anterior sclerite: absent (0); present (1).

ecdysial sutures: absent (0); present (1).

position of ecdysial sutures: marginal (0); dorsal (1).

elevated marginal rim: absent (0); present (1).

marginal rim ornamented: absent (0); present (1).

differentiated glabellar region: absent (0); present (1).

head shield outline: genal spines (0); acute genal angles (1); rounded genal angles (2); lateral
spine-like extensions of the carapace (3).

posterior cephalic band: absent (0); present (1).

pleural cephalic furrows: absent (0); present (1).
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39.
40.
41.
42.
43.
44.

45.

46.
47.

48.
49.
50.

51,
52.
53.
54.
55.
56.
57.
58.

59.
60.

61.
62.
63.
64.
65.
66.
67.
68.
69.

70.
71.
72.
73.
74.
75.
76.
7.

78.
79.
80.
81.

cuticle sculpture: absent (0); present (1).

mineralized cuticle: absent (0); present (1); State 2 (2).

expanded lateral pleurae: absent (0); present (1).

free thoracic tergites: absent (0); present (1).

decoupling of tergites and limb pairs: absent (0); present (1).

tergite articulations: tergites non-overlapping (0); extensive overlap of tergites (1); edge to edge
pleural articulations (2).

dorsal trunk effacement: trunk with defined (separate or fused) tergite boundaries (0); trunk
tergite boundaries effaced laterally (1); trunk tergite boundaries completely effaced (2).
cephalic articulation fused: absent (0); present (1).

head shield extends over anterior tergites: overlap absent or identical to overlap between
thoracic segments (0); head shield covers first thoracic tergite only (1); head shield covers
multiple anterior trunk tergites (2).

articulation with reduced tergite: absent (0); present (1).

trunk narrowed anteriorly: absent (0); present (1).

trunk tergites reflexed anteriorly: absent, boundaries transverse or reflexed posterolaterally (0);
present (1).

joints between posterior tergites functional: absent (0); present (1).

posterior tergite with single axial spine: absent (0); present (1).

radial pleurae: absent (0); present (1).

raised axial region: absent or weakly defined (0); present and well defined (1).

anterior tergal processes: absent (0); present (1).

tuberculation of posterior tergite margin: absent (0); present (1).

axial spines or nodes: absent (0); present (1).

length of postabdomen: one segment (0); two segments (1); three segments (2); five segments
(3).

postabdomen without walking legs: absent (0); present (1).

postabdomen as differentiated tergites: absent (0); present - tergite free (e.g. some aglaspidids,
cheloniellids, Emeraldella, Sidneyia) (1); present - preterminal tergite fused with telson (most
aglaspidids) (2).

posterior tergites strongly curved: absent (0); present (1).

pygidium: absent (0); present (1).

position of anus: terminal, within telson (0); at base of telson (1).

pygidium with median keel: absent (0); present (1).

pygidium with broad median spine: absent (0); present (1).

pygidium with lateral spines: absent (0); present (1).

tailspine: absent (0); present (1).

tailspine shape: spinose (0); paddle shaped (1); cap-like (2).

length of tailspine: shorter than half the length of the trunk (0); longer than half the length of the
trunk (1).

marginal spines on tailspine: absent (0); present (1).

tailspine with medial cleft or keel: absent (0); present (1).

paddle with projections: absent (0); present (1).

ventral sclerite covering anal region: absent (0); present (e.g. aglaspidids, Sidneyia) (1).

paired modified appendages: absent (0); present (1).

nature of preterminal appendages: uropods (0); furca (1).

reduced carapace: absent (0); present (1).

width of doublure: narrow to moderately wide (0); wide (1); covers entire ventral side of
cephalon (2).

length of thorax relative to pygidium: longer than pygidium (0); shorter than pygidium (1).
articulating half rings: absent (0); present (1).

axial furrows on trunk: absent (0); present (1).

postventral plate medial attachment: narrow attachment by central portion (0); wide longitudinal
attachment (1).
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82.
&3.
&4.

85.
86.

87.
88.
&89.
90.
91.

92.

dorsal eyes confined to anterior half: absent (e.g. Trilobita) (0); present (e.g. Aglaspidida) (1).
dorsal eye abutting glabella anteriorly: absent (e.g. Trilobita) (0); present (e.g. Aglaspidida) (1).
dorsal eyes merge anteriorly into cephalon: absent (e.g. Trilobita) (0); present and eyes are
separate (e.g. Glypharthrus) (1); present and eyes are medially fused (e.g. Cyclopites) (2).
nature of anal sclerite: anal plate (e.g. Sidneyia) (0); postventral plate (e.g. Aglaspidida) (1).
nature of differentiated preterminal tergite: tergite with reduced pleurae (e.g. Weinbergina) (0);
cylindrical tergite without pleurae (e.g. Aglaspidida, Cheloniellida, Emeraldella (1).

pleural tips on posterior end with elongate spines: absent (0); present (1).

antennal scale: absent (0); present (1).

head shield with lateral notches: absent (0); present (1).

tailspine with multiple articulations (NEW): absent (0); present (1).

shape of undivided expod lobe with lamellae (NEW): broad lobe (e.g. Retifacies, Pygmaclype-
atus) (0); slender shaft (e.g. Naraoia compacta) (1).

head/trunk exopods heteronomous (NEW): absent, exopods with same morphology in head and
trunk (0); present, exopods with different morphology in head and trunk (1).
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Extended Data Table 2. Character matrix for phylogenetic analyses. Coded only for use in TNT.
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Chapter I

Chapter Il

“Intraspecific variation in the Cambrian:
new observations on the morphology of the
Chengjiang euarthropod Sinoburius lunaris”

Preface

The Chengjiang biota from southwest China (518-million-years old, early Cambrian) has yielded nearly

300 species, of which more than 80 species represent early chelicerates, crustaceans and relatives. The appli-
cation of pCT-techniques combined with 3D software (e.g., Drishti), has been shown to be a powerful tool in
revealing and analyzing 3D features of the Chengjiang euarthropods. In order to address several open ques-
tions that remained from previous studies on the morphology of the xandarellid euarthropod Sinoburius lu-
naris, we reinvestigated the uCT data with Amira to obtain a different approach of visualization and to gener-
ate new volume-rendered models. Furthermore, we used Blender to design 3D models showing aspects of
intraspecific variation. New findings are: (1) antennulae consist of additional proximal articles that have not
been detected before; (2) compared to other appendages, the second post-antennular appendage has a unique
shape, and its endopod is comprised of only five articles (instead of seven); (3) the pygidium bears four pairs
of appendages which are observed in all specimens. On the other hand, differences between specimens also
have been detected. These include the presence/absence of diplotergites resulting in different numbers of post-
antennular appendages and tergites and different distances between the tip of the hypostome and the anterior
margin of the head shield. Those new observations reveal intraspecific variation among Chengjiang euarthro-
pods not observed before and encourage considerations about possible sexual dimorphic pairs or ontogenetic
stages. Sinoburius lunaris is a variable species with respect to its morphological characters, cautioning that
taxon-specific variabilities need to be considered when exploring new species.

This publication presents morphological reconsiderations on previously published information of the
Chengjiang euarthropod Sinoburius lunaris. It shows new and unpublished Amira volume renderings
and highlights intraspecific morphological variation by showing 3D Blender models for each of the
three analyzed specimens.
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Chapter lll

“Exites in Cambrian arthropods and homology of
arthropod limb branches”

Preface

The last common ancestor of all living arthropods had biramous postantennal appendages, with an endopodite
and exopodite branching off the limb base. Morphological evidence for homology of these rami between crus-
taceans and chelicerates has, however, been challenged by data from clonal composition and from knockout
of leg patterning genes. Cambrian arthropod fossils have been cited as providing support for competing hy-
potheses about biramy but have shed little light on additional lateral outgrowths, known as exites. Here we
draw on microtomographic imaging of the Cambrian great-appendage arthropod Leanchoilia to reveal a pre-
viously undetected exite at the base of most appendages, composed of overlapping lamellae. A morphologi-
cally similar, and we infer homologous, exite is documented in the same position in members of the trilobite-
allied Artiopoda. This early Cambrian exite morphology supplements an emerging picture from gene expres-
sion that exites may have a deeper origin in arthropod phylogeny than has been appreciated.

This publication shows previously undetected appendage structures we refer to as exites in two
Leanchoilia species as well as in Naraoia spinosa and Retifacies abnormalis. We used micro-com-
puted tomography to unravel the morphology of those structures in Drishti and created 3D Blender
models of the isolated appendages of the species for a more comprehensive understanding of their
structure.
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Chapter IV

Chapter IV

“Moving legs: A workflow on how to generate a
flexible endopod of the 518 million-year-old
Chengjiang arthropod Ercaicunia multinodosa
using 3D-kinematics (Cambrian, China)”

Preface

Understanding the functional morphology and mobility of appendages of fossil animals is important for ex-
ploring ecological traits such as feeding and locomotion. Previous work on fossils from the 518 million-year-
old Chengjiang biota of China was based mainly on two-dimensional information captured from the surface
of the specimens. Only recently, uCT techniques started to reveal almost the entire, though flattened and com-
pressed, three-dimensionally preserved morphologies of the arthropods from Chengjiang. This allows more
accurate work on reconstructing the possible movement of certain structures such as the appendages. Here,
we present a workflow on how to reconstruct the mobility of a limb of the early Chengjiang arthropod Ercai-
cunia multinodosa from the famous Chinese fossil site. Based on pCT scans of the fossil, we rendered surface
models of the 13th—15th right endopods using the 3D visualization and 3D-rendering software Amira. The 3D
objects then were postprocessed (Collapse Hierarchy, Unify Normals) in SAP 3D Visual Enterprise Author
before being imported into the 3D animation program Autodesk Maya 2020. Using the add-on tool X ROMM
in Maya, we illustrate step-by-step on how to make the articles of the limbs swing-in toward each other. Even-
tually, we propose several possible limb movements of E. multinodosa, which helps to understand how this
early arthropod could have moved its endopods.

This publication presents the novel approach of constructing a flexible appendage by equipping
elements with artificial joints. We used Amira to re-analyze the early Cambrian Chengjiang euarthro-
pod Ercaicunia multinodosa, surface rendered endopodites and hereafter showed step-by-step how
to get an endopodite model flexible using Maya.
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Chapter V

Chapter V

“Three-dimensional kinematics of euchelicerate
limbs uncover functional specialization in
eurypterid appendages”

Preface

Sea scorpions (Euchelicerata: Eurypterida) explored extreme limits of the aquatic euchelicerate body plan,
such that the group contains the largest known marine euarthropods. Inferences on eurypterid life modes, in
particular walking and eating, are commonly made by comparing the group with horseshoe crabs (Euchelic-
erata: Xiphosura). However, no models have been presented to test these hypotheses. Here, we reconstruct
prosomal appendages of two exceptionally well-preserved eurypterids, Eurypterus tetragonophthalmus and
Pentecopterus decorahensis, and model the flexure and extension of these appendages kinematically in three
dimensions (3D). We compare these models with 3D kinematic models of Limulus polyphemus prosomal
appendages. This comparison highlights that the examined eurypterid prosomal appendages could not have
moved prey items effectively to the gnathal edges and would therefore not have emulated the motion of an L.
polyphemus walking leg. It seems that these eurypterid appendages were used primarily to walk or grab prey,
and other appendages would have moved prey for mastication. Such 3D kinematic modeling highlights how
eurypterid appendage morphologies placed substantial limits on their function, suggesting a high degree of
specialization, especially when compared with horseshoe crabs. Such three-dimensional kinematic modeling
of these extinct groups therefore presents an innovative approach to understanding the position of these ani-
mals within their respective paleoecosystems.

This publication deals with two different sea scorpion species, the Ordovician Pentecopterus deco-
harensis and the Silurian Eurypterus tetragonophthalmus. We created 3D Blender models of several
appendages related to walking, conducted kinematic analyses in Maya and compared the range of
motion to extant Limulus polyphemus walking and pushing leg models surface rendered in Mimics.
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Sea scorpions (Euchelicerata: Eurypterida) explored extreme limits of the aquatic euchelicerate body plan, such
that the group contains the largest known marine euarthropods. Inferences on eurypterid life modes, in particular
walking and eating, are commonly made by comparing the group with horseshoe crabs (Euchelicerata: Xiphosura).
However, no models have been presented to test these hypotheses. Here, we reconstruct prosomal appendages of
two exceptionally well-preserved eurypterids, Eurypterus tetragonophthalmus and Pentecopterus decorahensis, and
model the flexure and extension of these appendages kinematically in three dimensions (3D). We compare these
models with 3D kinematic models of Limulus polyphemus prosomal appendages. This comparison highlights that
the examined eurypterid prosomal appendages could not have moved prey items effectively to the gnathal edges
and would therefore not have emulated the motion of an L. polyphemus walking leg. It seems that these eurypterid
appendages were used primarily to walk or grab prey, and other appendages would have moved prey for mastication.
Such 3D kinematic modelling highlights how eurypterid appendage morphologies placed substantial limits on their
function, suggesting a high degree of specialization, especially when compared with horseshoe crabs. Such three-
dimensional kinematic modelling of these extinct groups therefore presents an innovative approach to understanding
the position of these animals within their respective palaeoecosystems.

ADDITIONAL KEYWORDS: Eurypterus tetragonophthalmus — functional morphology — Limulus polyphemus —
Pentecopterus decorahensis — three-dimensional kinematic analyses.

INTRODUCTION 2020). In arthropod palaeontology, 3D kinematics has
been used recently to explore trilobite enrollment
(Esteveetal.,2017,2018) and appendage motion in non-
trilobite artiopodans (Schmidt et al., 2021). This last
approach presents a novel avenue for understanding
appendage flexure of other fossil arthropod groups.
Such applications are especially useful when modern
analogues can be suggested.

Sea scorpions (eurypterids) are a diverse group of
extinct, primarily marine euchelicerates from the
Palaeozoic (Lamsdell & Selden, 2017; Bicknell et al.,
2020; Dunlop et al., 2020). Eurypterids were subject
to innovative kinematic research during the 1980s
(Selden, 1984; Plotnick, 1985; Plotnick & Baumiller,
1988; Briggs et al., 1991). However, little modelling has
*Corresponding author. E-mail: rdcbicknell@gmail.com been presented recently. This is striking, because sea

Biomechanical and kinematic examination of fossil
groups has recently experienced an explosion of
research. In particular, three-dimensional (3D)
biomechanical analyses have massively extended
our knowledge on mechanical limitations of fossil
groups (Rayfield, 2007; Bright, 2014). Comparatively,
3D kinematic research has highlighted aspects of
organismal motion. A key example of this is the
application of kinematics in vertebrate palaeontology
to explore how trace fossils were produced (Falkingham
& Gatesy, 2014; Nyakatura et al., 2019; Turner et al.,
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scorpions are bracketed phylogenetically by two extant
clades that can be used to test functional hypotheses,
namely horseshoe crabs (Xiphosura) and Arachnida
(Legg et al., 2013; Brandt & McCoy, 2014; Selden
et al., 2015). Indeed, aspects of eurypterid ecology
are commonly compared with extant xiphosurans,
in particular Limulus polyphemus (Linnaeus, 1758)
(Andrews et al., 1974; Dalingwater, 1975, 1985;
Selden, 1981; Anderson et al., 2014; McCoy et al.,
2015; Bicknell et al., 2018¢). It has been suggested
that eurypterids walked and moved prey to the
gnathal edge of prosomal appendages for mastication,
analogous to horseshoe crabs (Selden, 1981; McCoy
et al., 2015). Select eurypterid prosomal appendages
should therefore have a similar degree of flexure to
horseshoe crab appendages. To test this hypothesis, we
present the first 3D kinematic models of L. polyphemus
walking and pushing legs and compare these with
reconstructions of prosomal appendages from two
disparate eurypterids. We consider the eurypterine
Eurypterus tetragonophthalmus Fischer, 1839 from
the Viita Formation (Silurian: Wenlock, Homerian),
Saaremaa, Estonia and the oldest known sea scorpion,
the megalograptid Pentecopterus decorahensis
Lamsdell et al., 2015 from the Winneshiek Lagerstdtte
of the Winneshiek Shale (Middle Ordovician,
Darriwilian), TA, USA. These species represent
examples of exceptionally well-preserved eurypterids
with amazing appendage data that permit accurate
3D reconstructions.

MATERIAL AND METHODS
RECONSTRUCTION OF L. POLYPHEMUS APPENDAGES

Two L. polyphemus specimens, accessioned into the
New England Natural History Arthropod collection
(NENH-AR) at the University of New England (UNE),
were used for the kinematic models: an anterior walking
leg (prosomal appendage II; NENH-AR0002) and a
pushing leg (prosomal appendage VI; NENH-AR0003).
Both specimens were scanned using micro-computed
tomography (micro-CT). The specimens were scanned
in a GE-Phoenix V|tome|xs micro-CT scanner
with 240 kV ‘Direct’ tube at UNE using optimized
X-ray tube settings (Supplementary Data, Table S1).
Data were captured using the acquisition software
DATOS v.2.2.1 (phoenix, Wunstorf, Germany) and
reconstruction software RTM v.2.2.1. Scans were
imported into MIMICS v.23.0 (Materialise, Leuven,
Belgium). Distinct appendage sections (podomeres)
were separated using the ‘Segmenting’ tool, and any
internal material (muscles, tendons, etc.) was removed
with the ‘Segmenting’ tool. Segmented podomeres
were exported as .STL files from MIMICS and imported

into GEOMAGIC STUDIO (3D Systems, Cary, NC, USA).
Exoskeletal components were smoothed in GEOMAGIC
STUDIO. Smoothed .STL files were exported as an .OBJ
file for kinematic analyses in MAYA 2020 (Autodesk,
San Rafael, CA, USA). Subsequently, .STL files were
exported from MAYA (see ‘Construction of kinematic
marionettes’) to generate 3D PDFs using TERTA4D
(Adobe Systems) (Supporting Information, Figs S1-4;
Data S1 and S2; Bicknell et al., 2021b).

RECONSTRUCTION OF EURYPTERID APPENDAGES

Reconstructions of the E. tetragonophthalmus
(prosomal appendage IV) and P. decorahensis
(prosomal appendages III and V) were rendered in
3D in BLENDER (v.2.91) (Garwood & Dunlop, 2014).
The meshes were refined with the ‘sculpting’ tool.
Reconstructions were exported as an .OBJ file for
kinematic analyses in MAYA. Subsequently, .STL
files were exported from MAYA (see ‘Construction of
kinematic marionettes’) to generate 3D PDF's using
TERTA4D (Supporting Information, Figs S5-10; Data
S3—6 found at Bicknell et al., 2021b).

Reconstructions were informed by examining fossils,
high-resolution published images of appendages,
proposed reconstructions and, where possible,
identifying specimens that demonstrate different
preservation orientations (Holm, 1898; Selden, 1981;
Lamsdell et al., 2015; Haug, 2020). The scale of
podomeres relative to each other was also determined
from fossils. Appendage ‘inflation’ was based on
L. polyphemus appendages. This inflation would not
impact the modelling, because overall morphology
primarily influences the kinematic motion. The
eurypterid material from the Viita Formation and the
Winneshiek Lagerstdtte is exceptionally preserved
and represents two rare situations where original
eurypterid cuticle is preserved (Selden, 1981; Lamsdell
et al., 2015; Bicknell et al., 2018¢; Haug, 2020). These
specimens have also been successfully removed from
their rock matrix. As such, they could be scanned with
a micro-CT. However, specimens showing a complete
array of undamaged podomeres are rare. Furthermore,
owing to flattened preservation, the scans would
need to be retro-deformed, introducing additional
uncertainty. As such, following Bicknell et al. (2018b,
2021a) and Esteve et al. (2017, 2018), we present 3D
reconstructions.

CONSTRUCTION OF KINEMATIC MARIONETTES

Eurypterid and L. polyphemus appendage models
were imported as .OBJ files into MAYA to perform
kinematic movements (Schmidt et al., 2020,
2021). Artificial joints were assigned to podomere
articulations to allow for rotation using the X_ROOM’
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tool (Brainerd et al., 2010; Gatesy et al., 2010).
Bicondylar joints (joints with two articulation
points) were modelled because they are common in
arthropods (Boxshall, 2004, 2013). These hypothetical
joint axes were modelled as long cylinders; the most
basic mathematical representation of joints. Given
that rotation points always occur about the centre
of an object, radii and cylinder size were designed
entirely for graphical purposes. After all joints were
equipped with joint axes, we used ‘srjoints’ to deflect
podomeres in conjunction with adjacent podomeres
following Schmidt et al. (2021: section 2.4.1, fig. 3).
Each ‘srjoint’ was assigned to a joint axis with the
‘point constrain’ and ‘orient constrain’ functions.
Subsequently, each ‘srjoint’ adopted the respective
translation and rotation coordinates of the assigned
axis. Then a subordination process parenting each
distal podomere with its respective proximal ‘srjoint’
was preformed (compare Schmidt et al., 2020: fig. 2,
step 23). This resulted in a kinematic marionette, in
which distal podomeres followed the movement of
deflected proximal podomeres. Selden (1981: figs 20,
21) illustrated several presumably monocondylar
joints (joints with one articulation point) in
E. tetragonophthalmus. As such, we developed
two models for this appendage: one showing our
interpretation of the organism and the other following
the hypothesis of Selden (1981). Furthermore, for
all models, the arthrodial membranes and muscles
were not considered. These would have restricted
movement, and our aim was to consider podomere
morphology, thus showing the maximum flexibility.

MEASUREMENT OF JOINT ANGLES

Joint angles were measured following Schmidt et al.
(2021: fig. 4, section 2.4.2). The kinematic marionette
of each appendage model was split into its respective
joints and saved as separate MAYA files (Supporting
Information, Data S1-3, S5 and S6). The original
‘srjoint’ from the kinematic marionette was deleted.
Subsequently, both proximal and distal podomeres
of each joint were parented to the joint axis. This pair
was then orientated along the y-axis in the coordinate
system. After unparenting all components, a new ‘srjoint’
was created. The ‘rotate’ tool was then used to deflect
podomeres with each other and calculate the amount of
rotation (in degrees) (Supporting Information, Table S2).

RESULTS

Limulus polyphemus prosomal appendages show
varying degrees of rotation (Ward, 1969). The
walking leg (Fig. 1A-F; NENH-AR0002) can rotate
the trochanter and patella to bring the tibiotarsus

and dactylopodite to the coxal region (Fig. 1C, D).
This position emulates feeding. Trochanteral spines
present limits on rotation and therefore how far the
tibiotarsus and dactylopodite can move towards the
coxal region. Furthermore, the walking leg can splay
out laterally beyond the coxal edges, and the femur sits
within a notch in the coxa during splay. The pushing
leg (Fig. 1G-M; NENH-ARO0003) has less rotation at
the coxal-trochanter articulation compared with the
walking leg. However, it extends more laterally. The
splay of the pushing leg processes reflects the action
L. polyphemus uses to propel the body forwards
(Bicknell et al., 2018a).

Two models of E. tetragonophthalmus are presented:
our proposed interpretation of the appendage and
the model presented by Selden (1981), modelled off
Manton (1977). Our model reconstructs the walking
leg with the coxa and podomeres 2—8 in the same
plane (Fig. 2A-F, N; Supporting Information, Figs
S5, S6). Kinematic modelling of this reconstruction
shows that this appendage was probably unable
to rotate distal podomeres to the coxal region (Fig.
2D-F). Furthermore, the appendage splay would
have been limited and unable to kink, comparable to
L. polyphemuswalkinglegs (compare Fig. 1E,F with Fig.
2A~C). In contrast, Selden (1981; figs 20, 21) suggested
a different podomere orientation and the presence
of monocondylar joints (Supporting Information,
Figs S7, S8). There are four key differences between
our model and the hypothesis of Selden (1981): (1)
podomere 2 is rotated ~45° relative to the coxal y-axis;
(2) podomere 3 has a vertical joint axis that permits
a horizontal movement along the podomere 2-3 joint;
(3) podomeres 3—7 have monocondylic joints, limiting
motion; and (4) the podomere 7-8 joint has a horizontal
joint axis, enabling podomere 8 to swing sagittally
(compare Fig. 2A-F, N with Fig. 2G-M, O). This model
would not allow distal podomeres to rotate to the coxal
row and would severely limit the appendage splay.
Furthermore, given the arrangement of rotation points
and podomere orientation, the leg could not be used in
effective walking.

The modelled P. decorahensis prosomal appendages
represent two appendage morphologies known from
the taxon (Lamsdell et al., 2015) (Fig. 3; Supporting
Information, Figs S9, S10). Both prosomal appendages
could have extended out to complete horizontality,
suggesting that the appendages could extend beyond
the prosomal shield. The appendages also have a similar
degree of maximum flexure. However, the stout and
interlocked morphology of podomeres 2—4 in prosomal
appendage V limited rotation between these podomeres
(compare Fig. 3A, B with Fig. 3C, D). Furthermore,
podomere 2 of prosomal appendage V is rotated such
that more distal podomeres fall in a different plane
from the coxa (Supporting Information, Fig. S10).
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Figure 1. Three-dimensional kinematic models of Limulus polyphemus appendages. A—F, models of the walking leg (prosomal
appendage II, NENH-AR0002; Supporting Information, Figs S1, S2). A, B, walking leg model in an unflexed, neutral position.
C, D, walking leg model showing maximum rotation and position of distal appendage sections at the gnathal edge. E, F,
walking leg model showing maximum extension; note that the femoral section fits within a divot in the coxa. G-M, models of
the pushing leg (prosomal appendage VI, NENH-AR0003; Supporting Information, Figs S3, S4). G, H, pushing leg model in an
unflexed, neutral position. I, J, pushing leg model in a position of maximum rotation. K, L, pushing leg model in a position of
maximum extension. M, processes of the pushing leg, completely splayed. A, C, E, G, I, K, anterior view. B, D, F, H, J, L, posterior
view. A—F were reflected to show appendage sections opposing each other. Scale bars: 15 mm in A—F; 20 mm in G-M.

Two groups, namely xiphosurans and eurypterids,
are uncovered by considering the joint angles for the
modelled appendages (Fig. 4; Supporting Information,
Table S2). Overall, L. polyphemus appendages have a
notably higher range of motion than the eurypterid
appendages. However, the most distal podomeres of
the eurypterids have a larger range of motion than
distal L. polyphemus appendage sections.

DISCUSSION

Comparing the modelled eurypterid and xiphosuran
appendages, there are marked differences in the

amount of motion observed (Fig. 4). In particular, the
eurypterid appendages show limited alibility to move
distal podomeres to the gnathal edge, whereas the
prosomal appendages of horseshoe crabs can complete
this action effectively. This likely reflects the stout
morphology of eurypterid podomeres and the limited
range of motion associated with it. The eurypterid
appendages modelled here would therefore have have
been used primarily in grabbing (P. decorahensis
prosomal appendage III) and, potentially,
walking (P. decorahensis prosomal appendage V;
E. tetragonophthalmus prosomal appendage IV;
Selden, 1981; Lamsdell et al., 2015). Other prosomal
appendages, potentially more anterior sets, would have
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Figure 2. Three-dimensional kinematic models of Eurypterus tetragonophthalmus prosomal appendage IV. A—F, models of
the prosomal appendage IV following our interpretation of the animal (Supporting Information, Figs S5, S6). A—C, prosomal
appendage IV showing maximum extension. A, lateral view. B, posterior view. C, sagittal view. D-F, prosomal appendage IV
showing maximum rotation. D, lateral view. E, posterior view. F, sagittal view. G-L, models of the prosomal appendage IV
following Selden (1981: figs 20, 21) (Supporting Information, Figs S7, S8). G, J, L, prosomal appendage IV showing maximum
extension. G, lateral view. J, posterior view. L, sagittal view. H, I, K, prosomal appendage IV showing maximum rotation. H,
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Figure 3. Three-dimensional kinematic models of
Pentecopterus decorahensis prosomal appendages. A,
B, models of the prosomal appendage III (Supporting
Information, Fig. S9). A, dorsal view showing maximum
extension. B, dorsal view showing maximum rotation. C, D,
prosomal appendage V (Supporting Information, Fig. S10).
C, lateral view showing maximum extension. D, lateral
view showing maximum rotation. Scale bars: 20 mm in
A, B; 10 mm in C, D. Scales are based on specimens in
Lamsdell et al. (2015). Abbreviations: fps, fixed podomere
spines; mps, moveable podomere spines.

moved prey to the gnathal edge. This situation hints at
the possibility that eurypterid appendages were more
specialized than those of xiphosurans. Although the
modelled appendages had a limited ability to move
prey to the gnathal edge, gnathobases on the coxal
sections would still have been used in mastication
(Barbour, 1914; Bicknell et al., 2018c¢).

Moveable spines in eurypterid prosomal
appendages reflect development of spinous endites
detached from the arthrodial membrane that are
occasionally socketed within appendage sections
(Selden, 1981). They are, presumably, analogous
to the socketed spines of xiphosuran prosomal
appendages; consider trochanteral spines of the
L. polyphemus walking legs and the hypertrophied
patellal spine on the L. polyphemus pushing legs.
However, an explanation for which prosomal
appendage spines are moveable in comparison
to those that are fixed is somewhat ambiguous,
especially in the considered species (Selden, 1981;
Lamsdell et al., 2015). As such, we did not model
the motion of spines in the present study. However,
moveable spines, which were probably moved with
small tendons, might have imposed further limits
on podomere flexion. The motion of such spinous
structures could therefore have played a role in
constraining appendage rotation further.

Arachnids provide another analogue for examining
aspects of sea scorpion function. Scorpions, in
particular, might make a useful comparison,
because the eurypterid Bauplan is morphologically
comparable to that of scorpions (Dunlop & Selden,
1998; Schoenemann et al., 2019). However, eurypterids
were almost exclusively aquatic organisms (Lamsdell
et al., 2020), whereas modern scorpions are exclusively
terrestrial (Wendruff et al., 2020). Entirely different
selection pressures acting on the two groups resulted
in modifications to appendages and life modes. This
makes scorpions poor analogues for exploring the
motion of eurypterid appendages (Manton, 1977).
However, the limits of eurypterid mesosomal and
metastomal flexure could be modelled effectively by
considering scorpions.

The application of the innovative 3D kinematic
method used here has presented unique insight into
the limits on the motion of sea scorpion appendages. It
opens up the possibility for further areas ofexamination,
including the functional morphology of eurypterid
swimming legs, appendage flexibility in stylonurid
eurypterids, and even exploration of metastomal and
mesosomal tergal motion and testing of hypotheses on
extreme eurypterid opisthosomal flexibility (Persons

lateral view. I, posterior view. J, sagittal view. M, labelled model explaining all joint axes. N, O, posterior view of coxa with
podomere 2 removed showing differences in joint axis directions between our proposed model and that of Selden (1981).
N, joint orientations proposed here. O, joint orientations proposed by Selden (1981). G-0O, grey cylinders illustrate the
direction of rotation. Grey cylinders were not included in A-F because all joint axes are perpendicular to the appendage
longitudinal axis. Scale bars: 5 mm. Scale bars are based on specimens in Selden (1981). Abbreviations: b-cja, body—coxal
joint axis; c-p2ja, coxa—podomere 2 joint axis; fgs, fixed gnathobasic spines; fps, fixed podomere spines; me, moveable endite;
mgs, movable gnathobasic spines; mps, moveable podomere spines; p2-p3ja, podomere 2—-3 joint axis; p3-p4ja, podomere 3—4
joint axis; p4-p5ja, podomere 4-5 joint axis; p5-p6ja, podomere 5-6 joint axis; p6-p7ja, podomere 6—7 joint axis; p7-p8ja,

podomere 7-8 joint axis.
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Figure 4. Joint angles, showing the degree of motion between maximally stretched and maximally rotated conditions for
the kinematic models examined. Note the Selden Eurypterus tetragonophthalmus model is not presented.

& Acorn, 2017; Lamsdell et al., 2018). Ultimately, by
comparing precise kinematic models of eurypterid
appendages with extant euchelicerates, the functional
morphological restrictions experienced by eurypterids
can be understood, allowing us to more completely
understand the titans of the Palaeozoic oceans.
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SUPPORTING INFORMATION
Supporting Information may be found at Bicknell et al. (2021b):

Figure S1. Three-dimensional (3D) interactive model of Limulus polyphemus prosomal appendage II,
NENH-AR0002, as modelled from micro-computed tomography scanning and 3D kinematic modelling: rotated
position.

Figure S2. Three-dimensional (3D) interactive model of Limulus polyphemus prosomal appendage II,
NENH-AR0002, as modelled from micro-computed tomography scanning and 3D kinematic modelling: stretched
position.

Figure S3. Three-dimensional (3D) interactive model of Limulus polyphemus prosomal appendage VI,
NENH-AR0003, as modelled from micro-computed tomography scanning and 3D kinematic modelling: rotated
position.

Figure S4. Three-dimensional (3D) interactive model of Limulus polyphemus prosomal appendage VI,
NENH-AR0003, as modelled from micro-computed tomography scanning and 3D kinematic modelling: stretched
position.

Figure S5. Three-dimensional (3D) interactive model of Eurypterus tetragonophthalmus prosomal appendage IV,
as modelled in BLENDER and 3D kinematic modelling: rotated position.

Figure S6. Three-dimensional (3D) interactive model of Eurypterus tetragonophthalmus prosomal appendage IV,
as modelled in BLENDER and 3D kinematic modelling: stretched position.

Figure S7. Three-dimensional (3D) interactive model of Eurypterus tetragonophthalmus prosomal appendage IV,
as modelled in BLENDER and 3D kinematic modelling following Selden (1981): rotated position.

Figure S8. Three-dimensional (3D) interactive model of Eurypterus tetragonophthalmus prosomal appendage IV,
as modelled in BLENDER and 3D kinematic modelling following Selden (1981): stretched position.

Figure S9. Three-dimensional interactive model of Pentecopterus decorahensis prosomal appendage III, as
modelled in BLENDER: neutral position.

Figure S10. Three-dimensional interactive model of Pentecopterus decorahensis prosomal appendage V, as
modelled in BLENDER: neutral position.

Data S1. STL and MAYA files associated with the Limulus polyphemus prosomal appendage II models.

Data S2. STL and MAYA files associated with the Limulus polyphemus prosomal appendage VI models.

Data S3. STL and MAYA files associated with the Eurypterus tetragonophthalmus prosomal appendage IV models
as proposed here.
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Data S4. STL files associated with the Eurypterus tetragonophthalmus prosomal appendage IV models as
proposed by Selden (1981).

Data S5. STL and Maya files associated with the Pentecopterus decorahensis prosomal appendage III models.
Data S6. STL and Maya files associated with the Pentecopterus decorahensis prosomal appendage V models.
Table S1. Micro-computed tomography scanning conditions for examined Limulus polyphemus appendages.
Table S2. Joint angles for analysed models. Data are depicted in Figure 4.
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Results

Chapter VI

Chapter VI

“Kinematics of whip spider pedipalps: a 3D
comparative morpho-functional approach”

Preface

Amblypygi are tropical and subtropical ambush predators that use elongated, raptorial pedipalps for different
activities. Although pedipalp use in predation and courtship has been explored in videography in vivo analyses,
kinematic ex vivo examination of these appendages has not been conducted. Here, we rectify this lack of data
by using micro-CT scans to 3D-kinematically model the appendage morphology and the range of motion
(ROM) of the joints for Damon medius and Heterophrynus elaphus. We illustrate the successful application
of this technique to terrestrial euarthropods in determining the maximum ROM values for each pedipalp joint.
We also note that, in life, these values would be lower due to motion restricting structures like tendons, ar-
throdial membranes, and muscles. We further compare our maximum values obtained here with data from
video-based motion analyses. The ROM of each joint shows the greatest flexibility in the femur-tibia joint
(140-150°), the lowest in the basitarsus-claw joint (35—40°). ROM in the tibia-basitarsus joint is markedly
distinct (D. medius: 44°; H. elaphus: 105°). This disparity reflects how H. elaphus uses the joint in the capture
basket, while D. medius uses the femur-tibia joint to form the capture basket. We further illustrate notable
vertical motion of the H. elaphus pedipalp compared to D. medius. This difference reflects the retro-ventral
trochanter apophysis of H. elaphus. Our study opens the possibility to further whip spider kinematic under-
standing. Examination of other taxa using this approach will result in a more comprehensive understanding of
the ecological significance and ethological implications of this unique arachnid group.

This publication deals with extant euchelicerates and highlights appendage kinematics in whip spider
pedipalps. It generates novel data on morpho-functionality using Mimics to obtain surface models of
the micro-computed tomography scanned specimens and Maya to perform range of motion anal-
yses.
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Chapter Vi

“Spines and baskets of apex predatory sea
scorpions uncover unique feeding strategies using
3D Kkinematics”

Preface

Megalograptidae and Mixopteridae with elongate, spinose prosomal appendages are unique early Paleozoic
sea scorpions (Eurypterida). These features were presumably used for hunting, an untested hypothesis. Here,
we present 3D model-based kinematic range of motion (ROM) analyses of Megalograptus ohioensis and Mix-
opterus kiaeri and compare these to modern analogs. This comparison confirms that the eurypterid appendages
were likely raptorial, used in grabbing and holding prey for consumption. The Megalograptus ohioensis model
illustrates notable Appendage III flexibility, indicating hypertrophied spines on Appendage III may have held
prey, while Appendage II likely ripped immobilized prey. Mixopterus kiaeri, conversely, constructed a capture
basket with Appendage 111, and impaled prey with Appendage II elongated spines. Thus, megalograptid and
mixopterid frontal most appendages constructed a double basket system prior to moving dismembered prey to
the chelicerae. Such 3D kinematic modeling presents a more complete understanding of these peculiar euche-
licerates and highlights their possible position within past ecosystems.

This publication presents advanced data on the functional morphology of the frontal most append-
ages of two unique eurypterid taxa. We designed 3D Blender models of head and Appendages I
and Ill, conducted the range of motion analyses of the appendages in Maya and compared it to the
former obtained whip spider specimen range of motion data.
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Discussion

3. Discussion

3.1 The euarthropod
appendage

3.1.1 — Biramous and uniramous
appendages

The morphology of euarthropod appendages,
their evolutionary origin and the modifications
among the ecuarthropod groups have been
widely discussed over the last years (Boxshall,
2004, 2013; Bruce, preprint, 2021; Bruce & Pa-
tel, 2020; Jockusch, 2017; Liu Y et al., 2021;
Minelli, 2003).

In general, there are two types of major euar-
thropod appendage constructions known: a bi-
ramous and a uniramous appendage. Biramy re-
fers to an inner branch (the endopodite) and an
outer branch (the exopodite) of an appendage,
both arising from the same base section (proto-
podite, or basipodite). Uniramous appendages,
however, do only possess one branch (telo-
podite, also often referred to as endopodite),
which originates from the protopodite (Box-
shall, 2004, 2013). However, two Silurian euar-
thropods are described, where the exopodite
may rather originate from the body wall instead
of the protopodite (Briggs et al., 2012; Sutton et
al., 2002). This, though, is ambigiuos, as it
would represent the only two extinct species
ever to bear such a distinct set-up.

It might be also owing to methodologi-
cal circumstances, as those fossils were exam-
ined using serial grinding as an invasive tech-
nique. And the visualization of the volumes in
SPIERS as well as the graphical output was less
informative compared to uCT-generated data.

Despite those three major appendage elements,
there are several other structures like exites or
endites —depending on their orientation towards
the midline of the body (Boxshall, 2004; Han-

sen, 1925). Euarthropod groups bearing post-

The euarthropod appendage

antennal biramous appendages always share a
pair of uniramous first appendages (Boxshall,
2004, 2013), which are referred to as antennae—
though there are several terms for several
groups. There exists bi-, tri- or even multi-flag-
ellate first appendages in several Cambrian
megacheirans and extant malacostracans (Box-
shall, 2013). However, there are no true bira-
mous first appendages (despite a small myria-
pod group, see Boxshall, 2004, Fig. 2g).

3.1.2 — Evolutionary and
developmental aspects of
euarthropod appendages

Phylogenetic relationships

among euarthropods
The question of whether uniramous or

biramous euarthropod appendages represent the
ancestral state in euarthropods, is not easy to an-
swer—and might be regarded when reviewing
the current understanding of the phylogenetic
relationships among euarthropods.

The common agreement on euarthro-
pod phylogeny (Giribet & Edgecombe, 2012;
Legg, Sutton & Edgecombe, 2013; Regier et al.,
2010), is a sister group relationship of chelicer-
ates and mandibulates, with mandibulates con-
taining myriapods, crustaceans and hexapods,
while the latter two together forming the so-
called “Pancrustacea” or Tetraconata (Richter,
2002; see also Melzer et al.,, 1997; Melzer,
Michalke & Smola, 2000).
The term “Pancrustacea” was suggested by
Zrzavy & Stys (1997), but Tetraconata (Dohle,
2001; Richter, 2002) is more used and less am-
biguous (see Richter, 2002, p. 224).

However, for the Tetraconata, molecular phylo-
genetic studies resolved Remipedia Yager,
1981 being rather related to hexapods (Fanen-
bruck, Harzsch & Wigele, 2004).

This would make the “crustacea” a paraphyletic
group among the Arthropoda (Fahrbach, 2004;
Regier et al., 2010; Rota-Stabelli et al., 2011).
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Trilobites cluster with several non-trilobite taxa
within the Artiopoda, a group being regarded as
crown-group euarthropods (Legg, Sutton &
Edgecombe, 2013; Ortega-Hernandéz, 2016).
The relationships among mandibulates were
once thought to resolve crustacea as a single
clade and sister group to myriapods and hexa-
pods — both together forming the so-called Atel-
ocerata (Heymons, 1901). This group shared
several morphological features (like tracheae as
breathing structures) but did not resolve by mo-
lecular phylogenetic studies as a valid taxon
(Friedrich & Tautz, 1995; Telford & Thomas,
1995), thus, those air-breathing structures might
have evolved independently (see Bruce, pre-
print, 2021). Tetraconata is now widely ac-
cepted (e.g., Giribet & Edgecombe, 2012;
Koenemann et al.,, 2009; Legg, Sutton &
Edgecombe, 2013; Mallatt, Garey & Shultz,
2004; Regier et al., 2010), though some studies
also favored the Atelocerata (e.g., Bitsch &
Bitsch, 2004).

Despite those relationships, which all ground on
the mandibulates being a monophylum contain-
ing myriapods, hexapods and crustaceans, there
was also the idea of chelicerates being a sister
group to myriapods. This Myriochelata or Para-
doxopoda concept (Pisani et al., 2004), how-
ever, was not supported by molecular phyloge-
netic studies (e.g., Friedrich & Tautz, 1995;
Sombke et al., 2012).

Taking the sea spiders (pygnogonids)

into account, which generally are thought to
cluster among chelicerates, there was also the
suggestion of making the pygnogonids a sister
taxon to all other arthropods, which were sum-
marized then as Cormogonida (Legg, Sutton &
Edgecombe, 2013).
Eventually, back in time, Tiegs & Manton
(1958) even proposed a polyphyly of Arthrop-
oda, with a group called “Uniramia” (see Man-
ton, 1973, 1977, and Wégele, 1993, on its rejec-
tion).

The euarthropod appendage

The ancestral condition
Biramy in post-antennal appendages is

thought to have been the ancestral condition
(Bergstrom & Hou, 2005; Boxshall. 2004); a
plesiomorphic character for crustaceans and eu-
arthropods. Thus, uniramous appendages might
have evolved several times independently
(Budd, 2002; Waloszek & Miiller, 1997). In the
fossil record of the earliest known euarthropod
fossils from the Cambrian, there is no euarthro-
pod known and described bearing uniramous
appendages (Hou X et al., 2017).

The first well developed and clearly distinguish-
able uniramous appendages found in the fossil
record are the appendages of xiphosurans, eu-
rypterids and chasmataspididis, which were all
aquatic chelicerates. And the earliest eurypterid
fossils were found in Middle Ordovician strata
(Lamsdell et al., 2015).

In extant and extinct euarthropods, uniramous
appendages occur in myriapods, various insects
and chelicerates. Biramous appendages in ex-
tant euarthropods are present in some crusta-
cean groups, while in the past times most extinct
chelicerates, trilobites and early crustacean rel-
atives (like Ercaicuna, Schmidt et al., 2021b,
Chapter IV; Zhai et al., 2019b) bore biramous
appendages.

The general difference between uni-
ramy and biramy is the presence of an exopodite
in biramous appendages, which—occurring in
primarily aquatic arthropods—aids and aided in
respiration, osmoregulation, and motion (Haug
C & Haug J, 2016; Hou J, Hughes & Hopkins,
2021; Schmidt et al., in press, 2022, Chapter I;
Suzuki & Bergstrom, 2008). As both, trilobite
relatives and crustacean relatives bear and bore
biramous post-antennal appendages, the origin
of biramy might root deep within the earliest
crown-group euarthropods (Boxshall, 2004;
Waloszek & Miiller, 1997).
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Developmental perspectives of euarthropod
appendage types

Uniramous appendages in some euar-
thropod groups were once considered to have
evolved via a loss of the exopodite, the outer
branch, while the inner branch, the endopodite,
remained (e.g., Hansen, 1925; Olesen, Richter
& Scholtz, 2001). There were also considera-
tions of the endopodite emerging from the main
axis of the appendage, while the other structures
(exites, endites) emerge from additional
branches (Borradaile, 1926; Snodgrass, 1958;
Thiele, 1905). However, Wolff & Scholtz
(2008) showed for a malacostracan eucrusta-
cean via cell lineage studies that endopodite and
exopodite of a biramous appendage develop by
a split of the main axis, instead of developing
from several axes. And that a uniramous ap-
pendage otherwise develops by not splitting of
this main proximo-distal axis.

3.2 Appendages in Cambrian
Chengjiang euarthropods

Amon the non-trilobite artiopodans, the species
Pygmaclypeatus daziensis (Schmidt et al., in
press, 2022, Chapter 1), Sinoburius Ilunaris
(Schmidt et al., 2021a, Chapter II), Naraoia
spinosa and Retifacies abnormalis (Liu Y et al.,
2021, Chapter I1I) were analyzed in this thesis.
Furthermore, the two leanchoiliids Leanchoilia
illecebrosa and L. obesa (Liu Y et al., 2021,
Chapter III), as well as the crustacean-related
euarthropod Ercaicunia multinodosa (Schmidt
et al., 2021b, Chapter IV) were considered.
Among all, the patterns of appendage structures,
as well as the number of elements and append-
ages will be viewed and discussed.

Appendages in Cambrian Chengjiang euarthropods

3.2.1 — Considerations about
euarthropod appendage structures

The protopodite, endites and exites

The basal most structure of an euarthro-

pod appendage is the proto- or basipodite. From
this part, each branch emerges alongside its
proximo-distal axis. For euarthropods having
biramous post-antennal appendages, it is easy to
distinguish, being the structure where the
branches emerge. However, for uniramous ap-
pendages, it is not that clear. Besides those two
rami, also endites and exites emerge from the
protopodite.
The biggest difference between the latter two
and the two main rami are muscles. While en-
dopodites and exopodites—known as developing
by a split of the main axes, Wolff & Scholtz,
2008—do possess muscles, all additional struc-
tures like endites, exites (and among those, also
epipodites), lack those.

Endites are ventrally protruding structures of
the protopodite and are found in all Cambrian
Chengjiang euarthropods analyzed in this the-
sis.

Pygmaclypeatus daziensis showed sev-
eral rows of pointed and spinose endites
(Schmidt et al., in press, 2022, Figs. 1c, 3f, g,
Chapter I) in all trunk appendages as well as in
the fourth post-antennal biramous head append-
age (which is thought of as a transitory append-
age sharing several morphological characters of
the head and the trunk appendages).

Sinoburius lunaris, however, showed rather
ridge-like crescentic endites (Chen X et al.,
2019, Figs. 2, 3b, 7; Schmidt et al., 2021a, Fig.
2, Chapter II). And while in Naraoia spinosa
and Retifacies abnormalis, the protopodal
endites were also pointed and dense, in Lean-
choilia illecebrosa and L. obesa, endites were
organized in only two to three rows and were
less curved (Liu Y et al., 2021, Fig. 3, Chapter
1110
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For the crustacean-related Ercaicunia multino-
dosa, the presence of endites is less clear in the
fossils (Schmidt et al., 2021b, Fig. 4f, Chapter
IV; Zhai et al., 2019b, Figs. 1E, 2F, G). How-
ever, Zhai et al. (2019b, p. 174) spoke of rather
rounded endites. Interestingly, this species is
the only one among all which bore another
structure, so-called epipodites.

Those structures are referred to as exites in gen-
eral, owing to the site of their emergence, and
occur in many extant and extinct crustaceans
(Boxshall, 2004). Together with the presumed
presence of mandibles in E. multinodosa, Zhai
et al. (2019b) considered it belonging to the
crown-group crustaceans.

Exites are defined as structures protrud-
ing dorsally from the protopodite (Boxshall,
2004, 2013). Prior to the findings of Liu Y et al.
(2021), Chapter 111, those structures were un-
known (or undescribed) in any early Cambrian
Chengjiang euarthropod.

The authors could show for L. illecebrosa and
L. obesa, that those exites occur as up to four
lobe-like lamellae, with the biggest lamella be-
ing attached directly to the protopodite, and the
three smaller lamellae emerging from the big-
gest lamella (Liu Y et al., 2021, Fig. 3a, Chap-
ter III). While in N. spinosa all elongate lamel-
lae are rather equal, with two also emerging
from the main lamella (Liu Y et al., 2021, Fig.
3b, Chapter III), in R. abnormalis all exite la-
mellae are of different length, and all are at-
tached to the protopodite (Liu Y et al., 2021,
Fig. 3¢, Suppl. Fig. 9, Chapter III). For the re-
maining analyzed species (Pygmaclypeatus
daziensis, Sinoburius lunaris and Ercaicunia
multinodosa), in-depth uCT studies could not
uncover exites like those in the former species
(Chen X et al., 2019; Schmidt et al., 2021a, b,
in press, 2022, Chapter L, II, IV; Zhai et al.,
2019b). However, in E. multinodosa the de-
tected epipodites would count as such.

And even in the earlier study of Naraoia spi-
nosa (Zhai et al., 2019a), the exites found by Liu
Y et al. (2021), Chapter III were not detected.
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While endites in the Chengjiang arthro-
pods may have served functions as gnathobasic
structures throughout the species, the functions
of exites remain a conundrum. Nevertheless, the
findings in Liu Y et al. (2021), Chapter I1I
could imply that exites have a deeper origin in
euarthropod phylogeny than assumed before.
The four analyzed taxa are artiopodans (N. spi-
nosa, R. abnormalis) and megacheirans (L.
illecebrosa, L. obesa), with the latter group pos-
sibly being polyphyletic. Both, artiopodans as
well as megacheirans had been assigned various
times repeatedly to different related groups—for
example, artiopods being either mandibulates
(Boudreaux, 1979; Scholtz, Staude & Dunlop,
2019; Zeng H et al., 2017) or chelicerates (Aria,
2020; Legg, Sutton & Edgecombe, 2013), and
megacheirans, if monophyletic, being either
stem-group euarthropods (Budd, 2002; Legg,
Sutton & Edgecombe, 2013) or stem-group che-
licerates (Chen J, Waloszek & Maas, 2004; Cot-
ton & Braddy, 2003; Liu Y et al., 2020b; Zeng
H et al., 2020).

The endopodite
The endopodite is defined as the inner

branch of a post-antennal biramous appendage.
In taxa with uniramous appendages, the term
telopodite is widely accepted (Boxshall, 2004,
2013). Endopodites in early Cambrian Cheng-
jiang euarthropods show a high degree of varia-
bility. For Pygmaclypeatus daziensis, Schmidt
et al. (in press, 2022, Figs. 1c, d, 3e—g), Chap-
ter I showed up two different endopodite types:
a walking leg-like type in the head appendages,
and a sub-chelate-like type in the trunk and py-
gidium appendages. This heteronomy of ap-
pendages is not present in the other analyzed
species.

Sinoburius lunaris turned out to have a
rather conservative set of cylindrical en-
dopodites throughout the body, though Schmidt
et al. (2021a), Chapter I1, found a different en-
dopodite morphology of endopodite 2 among
the head appendages of at least one specimen
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(YRCP 0011, Schmidt et al., 2021a, Fig. 2j-1,
Chapter II). Furthermore, this species showed
a reduction of the first endopodite of the post-
antennal head appendages (Schmidt et al.,
2021a, Fig. 2c, k, Chapter III). A common ob-
servation is that the total size of endopodites
(actually, the entire post-antennal biramous ap-
pendages) decreases from anterior to posterior.

For Naraoia spinosa, Zhai et al.
(2019a), Chapter I11, showed in a former study
the presence of cylindrical endopodites tapering
in size, with pointed endopodal spines present
at elements two to five (Liu Y et al., 2021, Fig.
3b; Zhai et al., 2019a, Fig. 3, Chapter III). This
is also observable in Retifacies abnormalis (Liu
Y et al., 2021, Fig. 3¢, Chapter I1I ; Zhang M
et al., submitted) and the analyzed leanchoiliids
(Liu Y et al., 2021, Fig. 3a, Chapter III).

In Ercaicunia multinodosa, though, the en-
dopodite morphology was rather simple
(Schmidt et al., 2021b, Fig. 4, Chapter 1V; Zhai
et al., 2019b, Figs. 2f, g, 3).

The endopodites, thus, were structures primar-
ily modified for walking. However, in taxa like
Pygmaclypeatus daziensis, they may have
served other functions like digging or grabbing,
at least the sub-chelate endopodites throughout
the body, while the function of the reduced first
endopodite pair in S. lunaris still remains un-
clear.

The exopodite
The exopodite is defined as the outer

branch of a post-antennal biramous appendage.
(Boxshall, 2004, 2013). It is in general a rather
flat and broad structure, which might have
served functions for respiration and osmoregu-
lation, at least assumed for trilobites (Hou J,
Hughes & Hopkins, 2021). Among non-trilobite
artiopodans, there is greater variability in ex-
opodite shape and structure.

In Pygmaclypeatus daziensis, two types
of exopodites were found: rather short, reduced
and stenopodous exopodites in the first three
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post-antennal biramous head appendages
(Schmidt et al., in press, 2022, Figs. 1d, e, 2b,
3e, Chapter I) and an exopodite lobe with thick
paddle-shaped lamellae in the fourth head ap-
pendage and the remaining appendages
(Schmidt et al., in press, 2022, Figs. 2c, 3f, g,
Chapter I). Like Haug C & Haug J (2016) also
suggested for the Cambrian Burgess Shale spe-
cies Naraoia compacta, those structures could
have aided in swimming as well. While a simi-
lar exopodite shape with a basal lobe and sev-
eral lamellae was given in the investigated lean-
choiliids and V. spinosa (Liu 'Y et al., 2021, Fig.
3a, b, Chapter III), the exopodite in Retifacies
abnormalis differed. This species possessed a
broad lobe with up to 16 single lamellae orga-
nized in a fan-like structure (Liu Y et al., 2021,
Fig. 3c, Chapter III).

Nevertheless, the greatest morphological varia-
tion in exopodite shape may be present in Sino-
burius lunaris. Chen X et al. (2019) already
showed that the first two exopodites of the post-
antennal biramous head appendages are multi-
articulated elongate structures protruding even
beyond the head shield (Chen X et al., 2019,
Figs. 1, 2, 6, 7; see also Schmidt et al., 2021a,
Fig. 2¢, k, Chapter II). This is among the most
specialized exopodite in terms of morphology
uncovered for early Cambrian Chengjiang euar-
thropods yet. Furthermore, also the remaining
exopodites throughout the body of S. lunaris
differed in being composed of a tri-partite shaft
with short lamellae attached to the penultimate
and ultimate shaft element (Chen X et al., 2019,
Figs. 5b, 7c; Schmidt et al. 2021a, Figs. 2d, e, 3,
Chapter II).

In Ercaicunia multinodosa, the severe morphol-
ogy of the exopodite, however, is unclear but
might have been a tri-partite shaft with lamellae
attached to the last two exopodite elements as
well (Zhai et al., 2019b, Figs. 2f, g, 3c¢).
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3.2.2 — Considerations about
numbers and elements
of appendages

The elements, an euarthropod appendage is
composed of, are often labeled as podomeres.
However, this term is ambiguous, as it rather re-
fers to malacostracan (crustacean) appendages
(see Schmidt et al. 2021a, p. 12, Chapter II).
Thus, other terms like elements or articles are
less ambiguous but also precise and more ap-
propriate.

Whichever term might be applied in the litera-
ture throughout the early Cambrian Chengjiang
arthropod studies, there is high variability in
both, the number of appendages in the species
(and specimens) as well as the number of ele-
ments per appendage, and even throughout the
body regarding several tagmata.

Number of appendages of the body
Trilobites in general have a rather con-
servative set of appendages with up to seven el-

ements per appendage and lots of appendages
throughout the body, though the number varied
owing to the anamorphic development of those
arthropods (e. g., Zeng F et al., 2017).

Non-trilobite artiopodans, however, are less
uniform, and show great specialization. How-
ever, despite the exception of segmental mis-
match in some specimens or species (Chen X et
al., 2019; Schmidt et al., 2021a, Chapter II),
each body or trunk segment was regarded to
possess only one pair of appendages.

Pygmaclypeatus daziensis was first de-
scribed by Zhang X, Han & Shu (2000) based
on light microscopic imaging solely. Xu (2004)
added details on an multi-articulated tailspine.
However, the advanced imaging techniques in
Schmidt et al. (in press, 2022), Chapter I, could
uncover the appendicular morphology for the
first time—and could reveal unique post-anten-
nal biramous appendages, modified in a way un-
like any others. The study uncovered 14 post-
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antennal biramous appendages in total, four in
the head, six in the trunk-related to all six
tergites—as well as four in the pygidium.
Sinoburius lunaris once was thought to
possess 17 post-antennal biramous appendages
throughout the body, with four in the head, nine
in the body and three (or four) in the pygidium.
Schmidt et al. (2021a), Chapter II, though,
were able to hint on possible preservation biases
or intraspecific variation within this species,
pointing out for S. /unaris the same set and ar-
rangement of appendages only for specimen
YKLP 11407. For the latter two specimens an-
alyzed (YRCP 0011 and Hf-z-10-45), the total
biramous appendage number was rather 16,
with four head-, eight trunk- as well as four py-
gidium appendages (Schmidt et al., 2021a, Fig.
2, Chapter II).
This restudy, thus, showed a different approach
and highlighted several aspects like possible on-
togenetic or intraspecific differences among
specimens of the same species, also regarding
the number of their tergites.

The appendicular morphology of Naraoia spi-
nosa and Retifacies abnormalis was already
considered. Zhai et al. (2019b) could uncover
up to 20 total biramous appendages in N. spi-
nosa, of which up to six might belong to the
head. Zhang M et al. (submitted) pointed out up
to 23 total post-antennal biramous appendages
for R. abnormalis, that is, four in the head, 14 in
the trunk, and five in the pygidium.
Leanchoiliids, in general, possessed
around 11 trunk segments, each carrying one
pair of post-antennal biramous appendages,
while the number of post-SGA biramous head
appendages differed between two to four (Gar-
cia-Bellido & Collins, 2007; Haug J, Briggs &
Haug C, 2012; Liu, Hou & Bergstrom, 2007,
LiuY etal., 2020b, 2021, Chapter III), making
up in total around 15 post-SGA biramous ap-
pendages.
Eventually, for Ercaicunia multinodosa, Zhai et
al. (2019b) uncovered 16 “post-antennal” bira-
mous trunk appendages, together with what
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they believed to represent antennae, antennulae,
mandibles and maxillulae in the head.

Thus, in the four analyzed artiopodan taxa in
this thesis, as well in E. multinodosa, total bira-
mous post-antennal appendage number uncov-
ered lies between 14 and 23, while in leanchoili-
ids it is about 15. This contributes to the under-
standing of the morphology of those arthropods.
In classical studies (Hou X & Bergstrom, 1997,
Hou X et al., 2017), the counted number of ap-
pendages was always depending on the preser-
vation quality of the fossils.

And most dorso-ventrally flattened organisms
were preserved only in dorsal aspect, sometimes
not allowing any information on the exact ap-
pendage number.

Number of elements in the appendages
The number of elements per appendage

was not very high in the investigated species. It
varied between five in the endopodites of the
post-antennal biramous head appendages of
Pygmaclypeatus daziensis (Schmidt et al., in
press, 2022, Fig. 3e, Chapter I) and nine in the
two leanchoiliids (Liu Y et al., 2021, Fig. 3a,
Chapter III). However, the major issue when
counting elements of appendages, is, whether to
take the terminal claw into account or not.
Bruce (preprint, 2021) counted the terminal
claw of extant arthropods as a distinct append-
age element, not an additional structure.

This, however, is ambiguous, as true podomeres
(in malacostracan crustaceans, for example),
that is, true distinc appendage elements, are de-
fined by having musculature, allowing those
podomeres to fulfil a movement of a distal
podomere more or less independent from the
movement of the adjacent proximal one. This
might not be given when considering that claws
are simple cuticular structures without any mus-
culature, like present in the tiny claws of extant
arachnids, which are not to count as telopodite
elements (e. g., Foelix, 2010, Fig. 2.17).
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Nevertheless, this also depends on the
size of the elements, and in the vast majority of
early Cambrian Chengjiang euarthropods, the
cylindrical endopodite tapers in size distally,
ending in a terminal claw as an ultimate append-
age element which is not that different in size
compared to the former pen-ultimate one.
According to Boxshall (2004, 2013), the ances-
tral number of elements in post-antennal bira-
mous appendages is seven. Indeed, this number
is present in most artiopods. However, there are
also groups described from the Chengjiang La-
gerstitte which possessed another set of en-
dopodal elements. In Xiaocaris luoi Liu Yet al.,
2020 for example, endopodites are comprised of
up to 15 elements with bulb-like ventral parts.
And in fuxianhuiids like Chengjiangocaris kun-
mingensis Yang et al., 2013 or Alacaris mirabi-
lis Yang et al., 2018, endopodal elements might
have been up to 20 or more (Yang et al., 2013,
2018).

Eventually, this raises the question of
the ancestral number of endopodal elements in
arthropods, which is still to discuss.

3.2.3 — Progress in virtual
paleontology research of
Chengjiang euarthropods

Several studies showed the powerful applica-
tion of uCT research in combination with
Drishti to reveal the ventral morphology of
early Cambrian Chengjiang euarthropods (Tabl.
1). Until several years ago, when Liu Y, Scholtz
& Hou (2015) introduced this technique to the
Chengjiang biota to enlighten the appendicular
morphology of Xandarella spectaculum Hou et
al., 1991, analyses of early Cambrian
Chengjiang euarthropods were based on tradi-
tional techniques, like light microscopic imag-
ing or camera lucida drawings. The introduction
of uCT owing to the exceptional mode of
preservation of this biota (Gabbott et al., 2004)
opened a window to a world that was hidden in
the slabs for millions of years.
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Up to now, around 19 euarthropod spe-
cies were described or re-described using virtual
paleontological techniques. Many of them were
only known from single specimens, (e.g., Pyg-
maclypeatus daziensis), while other species are
known from hundreds of specimens (e.g., Lean-
choilia illecebrosa).

Besides the taxa analyzed in this thesis, also the
naraoiid Misszhouia longicaudata (Zhang &
Hou, 1985) (Zhao T et al., 2017) and the cana-
daspididid Pectocaris spatiosa Hou, 1999 (Jin
et al.,, 2021) were investigated. Furthermore,
UCT techniques uncovered appendicular as-
pects of the fuxianhuiids Jianshania furcatus
Luo & Hu, 1999 (and the former mentioned
Xiaocaris luoi, Liu Y et al., 2020a) as well as of
Fuxianhuia protensa Hou, 1987 (Aria, Zhao &
Zhu, 2021).

Appendages in Cambrian Chengjiang euarthropods

Zhai et al. (2019c) unveiled the magnificent
specialization of appendages in the bradoriids
Kunmingella douvillei (Mansuy, 1912), Indiana
sp. and Kunyangella cheni Huo, 1965.
Eventually, the waptiid arthropod Chuandian-
ella ovata (Lee, 1975) (Zhai et al., preprint,
2021a), the “bivalved” arthropod Isoxys auritus
(Jiang, 1982) (Zhai et al., preprint, 2021b) as
well as the megacheiran Jianfengia mul-
tisegmentalis Hou, 1987 (Zhang X et al., under
review) were unmasked using those advanced
imaging techniques.

The Chengjiang Lagerstétte in Yunnan Prov-
ince, South China, is still a treasure trove. And
among its more than 300 described species,
there are many more secrets hidden in the
stones, waiting to be unearthed.
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Table 1. Comparative overview of uCT and classical studies of all priorly analyzed euarthropods from
the Chengjiang biota, Yunnan Province, South China. Asteriks represent publications included in this

thesis.

Chuandianella ovata
(Lee, 1975)

Ercaicunia multinodosa
Luo & Hu, 1999
Fuxianhuia protensa
Hou, 1987
Isoxys auritus
(Jiang, 1982)

Jianfengia multisegmentalis
Hou, 1987

Jianshania furcatus
Luo & Hu, 1999

Kunmingella douvillei
(Mansuy, 1912)

Kunyangella cheni
Huo, 1965 & Indiana sp.
Leanchoilia illecebrosa

(Hou, 1987)

Leanchoilia obesa
He et al., 2017
Misszhouia longicaudata
(Zhang & Hou, 1985)

Zhai et al. (preprint,
2021a)

Schmidt et al. (2021b)*
Zhai et al. (2019b)
Aria, Zhao & Zhu (2021)
Zhai et al. (preprint,
2021b)

Zhang X et al.
(under review)

Liu Y et al. (2020a)

Zhai et al. (2019¢)

Zhai et al. (2019c)
LiuY etal. (2016)

Liu Y et al. (2020b)
Liu Y et al. (2021)*

Liu Y et al. (2021)*

Zhao T et al. (2017)

Chen J & Zhou (1997)
Lee (1975)

Liu H & Shu (2004, 2008)
Hou X & Bergstrom (1991, 1997)
Hou X et al. (1999, 2009, 2017)
Luo et al. (1999)

Hou X (1987b)

Fuetal. (2014)
Hou X et al. (1999, 2017)
Jiang (1982)

Shu, Zhang & Geyer (1995)
Chen J, Waloszek & Maas (2004)
Chen J & Zhou (1997)
Hou X (1987a)

Hou X et al. (1999, 2017)
Chen L et al. (2002)
Hou X et al. (2017)
Luo et al. (1999)
Duan et al. 2014
Huo (1965)

Hou X et al. (1996, 1999, 2002, 2010,

2017)
Mansuy (1912)
Shu et al. (1999)
Huo (1965)
Hou X et al. (2002b, 2010, 2017)
LiuY etal. (2014)

Liu Y, Hou & Bergstrom (2007)
Haug J, Briggs & Haug C (2012)
Hou X (1987a)

Hou X & Bergstrom (1997)
Hou X et al. (1999, 2017)

He et al. (2017)

Bergstrom, Hou & Halenius (2007)

Chen J, Edgecombe & Ramskdold (1997)

Edgecombe & Ramskdld (1999)
Hou X & Bergstrom (1997)
Hou X et al. (2017)
Vannier & Chen (2002)
Zhang W & Hou (1985)
Zhang X, Shu & Erwin (2007)
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Naraoia spinosa
Zhang & Hou, 1985

Pectocaris spatiosa
Hou, 1999

Pygmaclypeatus daziensis
Zhang, Han & Shu, 2000

Retifacies abnormalis
Hou et al., 1989

Sinoburius lunaris
Hou et al., 1991

Xandarella spectaculum
Hou et al., 1991

Xiaocaris luoi
Liu et al., 2020
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Liu Y et al. (2021)*
Zhai et al. (2019a)

Bergstrom, Hou & Halenius (2007)
Chen J, Edgecombe & Ramskdld (1997)

Jin et al. (2021)
Schmidt et al. (in press,
2022)*

Liu Y et al. (2021)*
Zhang M et al. (submitted)

Chen X et al. (2019a)
Schmidt et al. (2021a)*

LiuY etal. (2015)

Liu Y et al. (2020a)

Chen J & Zhou (1997)
Hou X & Bergstrom (1997)
Hou X et al. (1999, 2017)
Vannier & Chen (2002)
Zhang W & Hou (1985)
Zhang X, Shu & Erwin (2007)
Hou (1999)

Hou X et al. (1999, 2017)
Hou X & Sun (1988)

Hou X et al. (2017)

Xu (2004)

Zhang X, Han & Shu (2000)
Chen J et al. (1996)

Chen J & Zhu (1997)
Edgecombe & Ramskdld (1999)
Hou & Bergstrom (1997)
Hou X, Chen & Lu (1989)
Hou X et al. (1999, 2017)
Chen J et al. (1996)

Chen J & Zhou (1997)
Edgecombe & Ramskdld (1999)
Hou X & Bergstrom (1997)
Hou X et al. (1991, 1999, 2017)
Ramskold et al. (1997)
Bergstrom & Hou (1998)
Chen J & Zhou (1997)
Edgecombe & Ramskdld (1999)
Hou X & Bergstrom (1997)
Hou X et al. (1991, 1999, 2017)
Ramskold et al. (1997)
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3.3 Appendages in Ordovician
and Silurian sea scorpions

Being early euchelicerates, the prosomal ap-
pendages of sea scorpion always were unira-
mous. Sea scorpions showed a great range of
morphological adaptations throughout the
Paleozoic. While the clade of stylonurine euryp-
terids retained their last pair of appendages as
walking legs, eurypterine eurypterids developed
them as powerful swimming legs. However, de-
spite this last pair of appendages, also the ante-
rior ones underwent morphological and thus
functional specialization in various species
(Tollerton, 1989).

Among the four analyzed sea scorpion taxa, ap-
pendicular morphology and adaptions will be
reviewed and discussed. Furthermore, the kine-
matic and functional specialization of the ap-
pendages will be enlightened, and the compari-
son of modern analogs illustrated.

Tollerton (1989) in his revision of the

morphological characters of the Eurypterida in-
troduced distinct terms for several types (spinif-
erous, non-spiniferous and swimming leg types)
of eurypterid appendages. Based on Stermer
(1974, pp. 363-364), he extended the termino-
logical range to 11 spiniferous leg types, nine
non-spiniferous leg types and eight swimming
leg types.
Out of the four eurypterids analyzed in this the-
sis, only Eurypterus tetragonophthalmus is cat-
egorized as belonging to a non-spiniferous leg
type, while the other three share spiniferous
legs.

3.3.1 — Morphology and kinematics
in eurypterid walking appendages

Eurypterus
Eurypterus is the most detailed studied

eurypterid. The appendicular morphology of the
species of this genus, which were among the
first eurypterids thoroughly studied, are known
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in detail from lots of specimens from Silurian
fossil sites (Braddy & Dunlop, 1997; De Kay,
1825; Diener, 1924; Fischer, 1839; Holm,
1898). Its appendages are classified as the non-
spiniferous Eurypterus leg type (Tollerton,
1989, p. 647, Fig. 9.6).

The third walking leg (appendage 1V)
of E. tetragonophthalmus was composed of a
coxa with distinct gnathobasic teeth, six ele-
ments and a terminal claw (Bicknell, Melzer &
Schmidt, 2021, Fig. 2; Selden, 1981, Fig. 6,
Chapter V). While Selden (1981) also pro-
posed this number of elements for appendage
111, in appendage II he considered one less—and
in appendage V one more. Bicknell, Melzer &
Schmidt (2021, Fig. 2A-F), Chapter V, consid-
ered a different approach of the orientation of
the joint axes in E. tetragonophthalmus’ proso-
mal appendage IV than what Selden (1981) pro-
posed and modeled both variants as a compari-
son. While Selden (1981) suggested an inclina-
tion of the coxa-element 1-joint-axis, Bicknell,
Melzer & Schmidt (2021), Chapter V, rather
favored a model where the coxa-element 1-
joint-axis lies in one plane with the preceding
body-coxa-joint-axis (see Bicknell, Melzer &
Schmidt, 2021, Fig. 2N, O, Chapter V, for a di-
rect comparison of the joint axis orientation).
Also, Selden (1981) mentioned monocondylar
joints for all succeeding joints after the element
1-element 2-joint, whereas Bicknell, Melzer &
Schmidt (2021), Chapter V, proposed a bicon-
dylar state for all joints. This reinterpretation of
the joint axes orientations and joint types has a
great impact on the functional morphology of
the walking legs of E. fetragonophthalmus. In
the version of Selden (1981), the appendages
were oriented forward under the body, while in
the re-study of Bicknell, Melzer & Schmidt
(2021), Chapter V, they were oriented ven-
trally. The latter variant would have enabled this
species to better use those “walking legs” for a
severe forward motion — especially, as the kin-
ematic study showed that both variants did not
allow great flexibility in terms of getting prey
items close to the gnathobases.
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Pentecopterus
Pentecopterus decoharensis occurs as

the earliest eurypterine sea scorpion in the fossil
record, dating back to the Middle Ordovician
(Lamsdell et al., 2015). For this species, Bick-
nell, Melzer & Schmidt (2021, Fig. 3C, D),
Chapter V, investigated the prosomal append-
age V.

This appendage consisted of a coxa with gna-
thobasic edges and eight succeeding elements.
Again, it depends on the viewer, whether the
terminal claw might be counted as a single ele-
ment. This appendage might be regarded as a
non-spiniferous leg, as it lacks spines except the
pair on the penultimate element. This, among
others, is a morphological character that all
megalograptid sea scorpions shared. The au-
thors could show that owing to the interlocking
morphology of elements 2-4 the rotation of this
leg was limited; furthermore, element 2 was
slightly rotated towards the coxa (Bicknell,
Melzer & Schmidt, 2021, Fig. 3C, D, Chapter
V). Overall, the kinematic construction of this
appendage—the shortest among all appendages
of P. decoharensis—allowed this species to ex-
tend this appendage beyond the prosomal
shield. However, whether this appendage aided
in walking, might be up for debate.

3.3.2 — Morphology and kinematics
in eurypterid grabbing appendages

Pentecopterus
Bicknell, Melzer & Schmidt (2021, Fig.

3A, B), Chapter V, also considered the append-
age Il in Pentecopterus decoharensis for mor-
phological and kinematic examinations. This
appendage is the most elongated one among all
(Lamsdell et al., 2015, Fig. 20A, D). Regarding
several other morphological characters, it was
considered as a member of the Megalograpti-
dae, the same group containing Megalograptus
sp. and Mixopterus sp. Appendage III in P.
decoharensis was composed of a coxa and six
succeeding elements (plus the terminal claw),

Appendages in Ordovician and Silurian sea scorpions

thus one element less compared to the prosomal
appendage V of P. decoharensis. The spinosity
together with the kinematically obtained data on
the flexibility made this appendage most likely
engaged in foraging, grabbing and keeping
prey, rather than aiding in walking.

Eventually, the mode of abduction and
adduction of the elongate frontal most append-
ages of megalograptids and mixopterids should
be further analyzed in Schmidt et al. (2022,
Chapter VII).

Megalograptus, Mixopterus

Appendages II and III in Megalograp-
tus sp. and Mixopterus sp. range among the
most complex and modified eurypterid append-
ages. Both genera exhibited species with a
unique set of raptorial and ferocious, elongate
appendages oriented forward. In Me. ohioensis,
appendage II was composed of seven dorso-
ventrally flattened elements decreasing in size
with lots of spines on its interior side. Append-
age III consisted of eight elements, with element

4 bearing two elongate hypertrophied spines
(Schmidt et al., 2022, Suppl. Fig. S1, S2, Chap-
ter VII). In Mi. kiaeri, appendage 11 was com-
posed of six elements, with the last three having
elongate spines, while appendage III consisted
of seven elements in total, similar to appendage
III in Me. ohioensis, but less spinose, and with-
out those elongate hypertrophied spines on ele-
ment 4 (Schmidt et al., 2022, Suppl. Fig. S3, S4,
Chapter VII). It needs to be mentioned that for
kinematic purposes, the authors counted the ul-
timate spine as no independent appendage ele-
ment, but rather being just a spine belonging to
the preceding element.

Hence, the total count of elements of append-
ages Il and III in both species is one less than
what their original descriptions in 1934 and
1964 proposed.

Though the complex morphology of Me. ohi-
oensis (Caster & Kjellesvig-Waering, 1964)
and Mi. kiaeri (Stermer, 1934) was already de-
scribed in detail, prior to Schmidt et al. (2022),
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Chapter VII, no kinematic approach was con-
sidered to enlighten the feeding ecology of
those two species.

The authors proposed a foraging strat-
egy for both taxa. Megalograptus ohioensis was
considered as using its appendages III as a cap-
ture basket to keep prey, while its scissor-like
functioning appendages II ripped and tore prey
for consumption (Schmidt et al., 2022, Fig. 4,
Chapter VII). Mixopterus kiaeri was consid-
ered to also form a capture basket with its ap-
pendages III (though less spinose). However,
the appendage Il morphology allowed the au-
thors to anticipate that prey was impaled with
the elongate spines on the last three elements.
Furthermore, the study could prove that the kin-
ematic construction of the appendage II in Mi.
kiaeri enabled this species to get prey items very
close to the chelicerae under the prosomal
shield (Schmidt et al., 2022, Fig. 5; Chapter
VII). The frontal most appendages (that is, ap-
pendages Il and III) in Pentecopterus, Mega-
lograptus and Mixopterus likely evolved to
serve in feeding rather than in walking and may
have played a major role in their entire foraging
ecology. Nevertheless, some authors also con-
sidered sexual selection as a driving factor for
the development of massive frontal most ap-
pendages, hinting at their reproductive biology
(Caster and Kjellesvig-Waering, 1964, p. 335;
Hanken & Stermer, 1975, Fig. 10).

Altogether, the authors provided an advanced
understanding of the kinematics of prosomal ap-
pendages in eurypterids. They could demon-
strate how the appendages might have been
moved, applying the kinematic approach pre-
sented in Schmidt et al. (2021b, Chapter 1V).
Prior studies could only conjecture about the
morpho-functionality in sea scorpion append-
ages, but never provided fundamental data to
prove.

Nevertheless, a serious understanding of the
movement capabilities in extinct euarthropods
may be best accomplished by taking compari-
sons—to extant related groups.

Appendages in Ordovician and Silurian sea scorpions

3.3.3 — Appendage morphology and
kinematics in modern analogs

In the kinematic approaches in this thesis, three
extant comparisons were considered: the
aquatic xiphosuran Limulus polyphemus, as
well as the two terrestrial whip spiders (Am-
blypygi) Damon medius and Heterophrynus el-
aphus. All three represent comprehensible com-
parisons among euchelicerates, as sea scorpions
are bracketed phylogenetically between horse-
shoe crabs and arachnids (Brand & McCoy,
2014; Legg, Sutton & Edgecombe, 2013; Sel-
den, Lamsdell & Qi, 2015).

Moreover, recent studies hinted at pos-

sible similarities in the feeding ecology of
horseshoe crabs and sea scorpions, considering
the usage of the gnathobasic edges of their pro-
somal appendages for mastication (Anderson et
al., 2014; Andrews et al., 1974; Bicknell et al.,
2018b; Dalingwater, 1975, 1985; McCoy et al.,
2015; Selden, 1981).
Bicknell, Melzer & Schmidt (2021, Chapter V)
also obtained data on the kinematics of a walk-
ing leg in L. polyphemus and found that in a
xiphosuran the walking leg likely better com-
pleted the action of getting food to the gnathal
edge, than a FEurypterus was able to (Bicknell,
Melzer & Schmidt, 2021, Fig. 1C, D, Chapter
V). Thus, eurypterid appendages—even regard-
ing their morpho-functionality—were more spe-
cialized than those of xiphosurans.

Given the broader morphological resemblance,
also scorpions might be considered as modern
analogs. However, their terrestrial lifestyle and
the adaptations of their walking legs rather
make them a poor extant group for comparative
analysis of prosomal appendage kinematics.
They could be used as modern analogs when ad-
dressing questions on opisthosomal flexibility,
for example. Past studies, though, resolved this
as a rather problematic field of research (see ar-
gument between Lamsdell, Marshall & Briggs,
2018; Persons, 2018; Persons & Acorn, 2017).
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The best extant group to conduct kinematic
analyses of the forwardly oriented frontal most
appendages are by far whip spiders. Amblypy-
gids possess spinose elongate frontal most ap-
pendages: their pedipalps. Among all extant
euchelicerates, those raptorial appendages make
them the best modern analog for addressing
questions on the kinematic capabilities of elon-
gate spinose and forwardly oriented append-
ages.

Schmidt, Melzer & Bicknell (2022),

Chapter VI, analyzed pedipalp kinematics in
Damon medius and Heterophrynus elaphus,
members of the two families Phrynichidae Si-
mon, 1892 and Phrynidae Blanchard, 1852.
Their ex vivo kinematic approach added new
data on the range of motion of each pedipalp
joint, that is the maximum excursion angle.
Prior to this, research on arachnids was based
rather on in vivo analyses like video capturing
to explore strike kinematics and angle values
(McLean, Garwood & Brassey, 2020; Santer &
Hebets, 2009; Seiter et al., 2019), or on in vivo
measurements of dissected or live animals (EI-
lis, 1944; Manton, 1977; Petrunkevitch, 1909;
Shultz, 1989; Wolff et al., 2016).
Thus, the kinematically obtained data of
Schmidt, Melzer & Bicknell (2022), Chapter
VI, contributed to a broader understanding of
the physical basics and capabilities of whip spi-
der pedipalp usage, which in later approaches
could be compared to in vivo obtained data.

Schmidt et al., (2022), Chapter VII, used the
data calculated by Schmidt, Melzer & Bicknell
(2022), Chapter VI, on the range of motion of
the joints to compare them to the data obtained
in the megalograptid and mixopterid frontal
most appendages. They were able to show that
the excursion angles in both, the eurypterids and
the whip spiders were highest in joint 3 (that is,
the element 3-element 4 joint in eurypterids and
the femur-tibia joint in amblypygids, Schmidt et
al., 2022, Suppl. Figs. 6, 7, Chapter VII).
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However, whip spider pedipalps in this precise
joint (which combines the longest elements of
the entire pedipalps) obtained an excursion an-
gle twice as high as in the respective joint in
eurypterids.

3.3.4 — Progress in virtual
paleontology research of
eurypterid kinematics

Thoughts of how ancient sea scorpions might
have moved, have a long history (Briggs,
Dalingwater & Selden, 1991; Plotnick, 1985;
Plotnick & Baumiller, 1988; Selden, 1981,
1984). Those early studies focused on mathe-
matical and hypothetical considerations of the
biomechanics of eurypterid motion and append-
age flexure and yielded also acrylic glass-based
constructions to prove their kinematic implica-
tions (e.g., Plotnick & Baumiller, 1988, Fig. 7).
The digitally obtained data on the range of mo-
tion in FEurypterus tetragonophthalmus and
Pentecopterus decoharensis (Bicknell, Melzer
& Schmidt, 2021, Chapter V) as well as Meg-
alograptus ohioensis and Mixopterus kiaeri
(Schmidt et al., 2022, Chapter VII) added an
advanced approach to those early considera-
tions and contributed ex vivo data on angles as
well as further ecological considerations.

Together with the comparison of extinct arthro-
pod kinematics and the kinematics in the ap-
pendages of modern arthropod analogs
(Schmidt, Melzer & Bickell, 2022, Chapter
VI), this field of research expands the ap-
proaches in virtual paleontology.
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3.4 Limitations of the studies:
a critical view

Morphology of Chengjiang euarthropods
Paleontological research is often ham-

pered by biases. Fossils can contain cracks or be
broken, thus yielding only limited information
on the entire morphology of the animal. Fossils
can be compressed or deformed, challenging the
reconstruction of their true shape. But even in-
tact fossils—suitable for uCT research—could be
biased and need severe consideration.

Not all Chengjiang fossils, for example, can be
scanned with a CT. Personal observations on
Chengjiang trilobites like Eoredlichia showed
that its biomineralized exoskeleton hampered
the uCT output, yielding only limited infor-
mation besides the gross morphology. How-
ever, studies on the Ordovician trilobite 77i-
arthrus sp. (e.g., Hegna, Martin & Darroch,
2017) showed that trilobites, in general, can be
scanned via uCT. This may be because 7ri-
arthrus sp. occurs in Beecher’s Trilobite Bed
near New York, a fossil site known for pyritiza-
tion. This mode of preservation is also given in
Chengjiang fossils. However, for those fossils
rather soft tissues (that is, non-biomineralized
organic material) are preserved.

Furthermore, the thickness of fossil
slabs needs to be taken into consideration. If the
stones are too thick, X-rays may not pass the
material, resulting in less to no data on the mor-
phology of the euarthropod inside the slab.
Likewise, the different preserved morphologi-
cal aspects of both fossil slabs might be consid-
ered.

Eventually, compaction and compression are
further points to consider when interpreting ap-
pendicular structures enlightened by uCT.

Leanchoiliids and fuxianhuiids, for example,
are sometimes preserved more in lateral aspect,
while nearly all described and analyzed artiopo-
dans are only preserved in dorso-ventral aspect.

Limitations of the studies

This needs to be considered when discussing
their appendicular morphology, and especially
when counting their appendage elements.

Speaking of leanchoiliids, also another aspect is
to mention, that is, the ontogeny. A large avail-
able number of specimens makes assumptions
about ontogenetic development more precise.
For Leanchoilia illecebrosa, hundreds of speci-
mens are available (Hou X et al., 2017), ranging
in size from a few millimeters (Liu Y et al.,
2016) to about three or more centimeters (Liu Y
et al., 2020b, 2021, Chapter III). With further-
more lots of specimens being preserved both,
laterally and dorso-ventrally compressed, this
species also allows relatively precise morpho-
logical reconstructions and considerations
about its true morphology. Ontogenetic scenar-
ios can also be derived: Liu Y et al. (2016) could
show for a 2 mm L. illecebrosa larva the lack of
at least one posterior segment. Together with
the anterior appendages being in a further devel-
oped stage than the posterior ones, for this spe-
cies both, an anamorphic as well as an anterior-
posterior developmental gradient could be pro-
posed.

This kind of evidence may not be given
when just considering a few specimens, which
do not differ that much in size — like in Pyg-
maclypeatus daziensis (Schmidt et al., in press,
2022, Chapter I). For this species, only four
specimens were available for uCT research,
while out of those furthermore only two allowed
severe morphological considerations. This in a
certain way limits the assumptions on the true
morphology — or on developmental aspects — of
this species.

And whether the sub-chelate endopodites of this
species indeed may have been developed for
grabbing, or—if the two last elements were not
articulated—rather to use them as a shovel, might
only be proven if more specimens of this enig-
matic and rare species will be unearthed in the
future.
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Kinematics of sea scorpion appendages
The construction of 3D models based

on two-dimensionally preserved fossils may be

biased as well. As eurypterid fossils most often
are preserved in dorso-ventral aspect, one needs
to bear in mind that the inflation of the 3D mod-
els of the appendages can only be inferred from
modern euchelicerate analogs. If the elements
of an appendage would be modeled in a way too
thick, this would distort the assumptions made
on the kinematics of this appendage. Likewise
one needs to consider that the models reflect the
true morphology. Caster & Kjellesvig-Waering
(1964) annotated that several anatomical details
of Megalograptus ohioensis were not preserved
or known in detail, like the distal portion of the
coxa of appendage III, or even the total length
of the hypertrophied spines on element 4 of this
appendage. The latter, especially, is crucial, as
those elongate spines turned out to have a major
impact on the appendage kinematics and thus
the feeding ecology in this species (Schmidt et
al.,, 2022, Figs. 2C, G, 4A, Suppl. Fig. S2,
Chapter VII). A further issue might be the un-
der- or even overestimation of the angle be-
tween those two hypertrophied spines (see
Suppl. Fig. S2D, F in Schmidt et al., 2022,
Chapter VII). A smaller angle might have al-
lowed less motion (as movement would have
stopped while colliding with the respective ele-
ments). A greater angle would have allowed
even more flexibility.

While in some cases, the original presence of
two pairs of spines on an element might be
questionable, as only one was preserved (Caster
and Kjellesvig-Waering, 1964, p. 323, also plate
49, Fig. 2, Text Fig. 7 therein), a further issue to
consider is the flexibility of the spines itself.
Whether spines might be considered movable or
not, is not easy to answer, and was already up
for debate.

Caster and Kjellesvig-Waering (1964, pp. 320,
325) differed movable and fixed spines for
Megalograptus ohioensis, while Stermer

Limitations of the studies

(1934, p. 109) assumed only fixed spines in
Mixopterus kiaeri. Ritchie (1968, p. 326) dif-
fered movable and fixed spines in Lan-
arkopterus sp. (also a mixopterid sea scorpion),
and so did Selden (1981, p. 10) in his thorough
analysis of the morpho-functionality of Euryp-
terus tetragonophthalmus” walking legs.
Movability of spines might have been enabled
via tendons, and thus might have had further im-
plications on the flexibility of eurypterid ap-
pendages. Selden (1981) justified the existence
of movable spines in E. tetragonophthalmus
with the fact that some fossil specimens bore
spines at certain elements, while others lacked
those. However, in modern analogs (like in the
analyzed whip spiders in Schmidt, Melzer &
Bicknell, 2022, Chapter V) all spines represent
rather rigid cuticular outgrowths and not mova-
ble units.

In this regard it needs to be mentioned, though,
that spines in eurypterids might have been also
to a certain degree rather smooth than totally
rigid, thus reacting to distally applied pressure.
This, of course, might have also impacted the
kinematic results.

Eventually, the performance of the kinematic
range of motion analyses needs special atten-
tion. Schmidt et al. (2021b, Chapter IV) illus-
trated the method of constructing a kinematic
marionette (also conducted in Schmidt, Hazerli
and Richter, 2020), which is the first step for a
further range of motion analysis in Maya. Sev-
eral steps need to be conducted thoughtfully,
like the correct subordination chain of the dis-
tinct appendage elements and the correct place-
ment of the models inside the coordinate sys-
tem.

Any overlooked aspects in this defiant complex
process might have impact on the entire kine-
matic analyses—and thus on the ethological as
well as ecological implications of the animals’
lifestyle.
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3.5 Conclusions and
perspectives: the future of
virtual paleontology
research

This thesis represents different approaches of
how to apply virtual paleontology techniques to
uncover the secrets of the morphology and kin-
ematics in early Paleozoic marine euarthropods.

On one hand, the publications therein
answered questions on morphological innova-
tions as well as intraspecific variation and pre-
viously undetected additional appendicular
structures of artiopodan and leanchoiliids ar-
thropods.

On the other hand, it answered ques-

tions on the morpho-functionality of early
Paleozoic sea scorpion appendages and ecolog-
ical implications on their motion ability, as well
as drew conclusions about the comparability to
modern analogs.
Nevertheless, there are still things hidden in the
slabs. More and more fossils of the Chengjiang
biota are unearthed, adding new specimens to
known species and groups, and allowing more
reliable information on ontogeny and infraspe-
cific variability in certain groups. Current stud-
ies on Chuandianella, Isoxys, Jianfengia as well
as Retifacies are already on the line (Zhang C et
al., preprint, 2021; Zhang M et al., submitted;
Zhang X et al., under review, 22).

However, also the application of kine-
matic studies to Chengjiang arthropods is a
challenging task for the future.

Perspectives in virtual paleontology research

of Chengjiang euarthropods

The method Schmidt et al. (2021b),
Chapter IV, introduced, was already applied to
the endopodites of the crustacean-related euar-

thropod Ercaicunia multinodosa. This approach
can be further developed when considering
other aspects of Chengjiang euarthropod ap-
pendages, like the terminal parts of the

Conclusions and perspectives

endopodites. In the last head appendage as well
as in all trunk appendages of Pygmaclypeatus
daziensis, those structures are developed as sub-
chelate elements (Schmidt et al., in press, 2022,
Chapter I). Kinematic studies may show
whether they could have been used as pincers
(thus being flexible), or if they were rigid and
unarticulated, intimating that they could have
been used as shovels rather, like in the publica-
tion proposed. Enrollment in trilobites was al-
ready illustrated (Esteve et al., 2017,2018), so it
might be also an approach to test the flexibility
of the main body segments (head, trunk, pygid-
ium) in several artiopodans.

Haug C & Haug J (2016) demonstrated possible
exopodite motion in a naraoiid, showing that it
might have been used for swimming. While this
approach could also be extended to the other ar-
tiopodans treated in this thesis, like Retifacies
abnormalis (Liu Y et al., 2021, Figs. 2c, 3c,
Suppl. Fig. 9a, b, Chapter III), it might be
worth also exploring the kinematics in the ex-
opodites of the head appendages in Sinoburius
lunaris. The studies on the ventral morphology
of this species unveiled that the structures pro-
truding beyond the head shield are not antennae,
like once considered by Luo et al. (1997, p. 10),
but indeed the elongate exopodites of the first
two head appendages (see Chen X et al., 2019,
Figs. 1c, d, 2; Schmidt et al., 2021a, Figs. la,
2c, Chapter II). Based on in Amira generated
surface reconstructions of the body and the ap-
pendages, a kinematic marionette could be con-
structed in Maya (like exemplified in Schmidt
etal.,2021b, Chapter V), and the range of mo-
tion could be calculated. This could shed light
on the flexibility of those appendages and en-
courages to consider the evolutionary signifi-
cance of those uniquely enlarged exopodites
(especially in combination with the reduced ad-
jacent endopodites). Eventually, the surface re-
construction and kinematic deflection of the
short great appendages in a broader sample of
megacheirans may be challenging to model,
given their length and their speculative way of
folding (e.g., Haug et al., 2012).
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Perspectives in virtual paleontology research

of sea scorpion morpho-functionality
Appendage kinematics in eurypterids
can also be expanded to the chelicerae.

Pterygotid eurypterids like Acutiramus, Jaekel-
opterus and Pterygotus bore elongate chelic-
erae, which were already up for morpho-func-
tional discussion (Jackel, 1914; Kjellesvig-
Waering, 1964; Lamsdell & Legg, 2010; Laub,
Tollerton & Berkof, 2010; McCoy et al., 2015;
Selden, 1984; Waterston, 1964).

Those hypotheses could be transferred into re-
visable models via the application of Maya-
based range of motion analyses. For this pur-
pose, extant species of the harvestmen genus /s-
chyropsalis would function as suitable modern
analogs (Martens, 1969; Novak, Gruber &
Slana, 1995; Schmidt et al., in preparation,
2022). Among harvestmen, this genus is well
known for its elongate chelicerae.

While in the modern analogs, those appendages
consist of three elements (a basal part, as well
as a mobile and a fixed finger), the composition
of the chelicerae in extinct pterygotid sea scor-
pions was already up for debate, with some as-
suming four (Clarke and Ruedemann, 1912, p.
348; Kjellesvig-Waering, 1964, p. 335), while
others counting only three elements (Laub, Tol-
lerton & Berkof, 2010; Selden, 1984). How-
ever, a chelicera being comprised of only three
elements would have had limited the total range
of motion (that is, the entire motion capabilities
in all joints) to a great extent—as in this case a
so-called “elbow joint” would be missing
(Laub, Tollerton & Berkof, 2010, p. 40). This
paper approach is already under development
(Schmidt et al., in preparation, 2022).

The mechanisms of walking in fossil ar-
thropods, the trace fossils leading to those as-
sumptions, as well as proposed gait patterns
based on body fossil reconstructions were al-
ready discussed (Briggs, Rolfe & Brannan,
1979; Bruton, 1981; Hanken & Stermer, 1975;
Hughes, 1975; Selden, 1981; Waterston, 1979;
Whittington, 1975, 1980). However, those anal-
yses considered the aquatic locomotion of
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euarthropods. Lamsdell et al. (2020) uncovered
air-breathing structures in a Carboniferous
Adelophthalmus sea scorpion. This genus is
known for inhabiting mainly freshwater envi-
ronments but might have also ventured on land
(Lamsdell et al., 2020; Selden, 1985). It might
be fruitful to model this species” capabilities for
land-walking locomotion, using its swimming
legs to support itself against the ground while
crawling above the ground. At least, those latest
eurypterids (Adelophthalmidae Tollerton, 1989
was the only eurypterine sea scorpion group to
survive till the mid-Permian) must have had
morphological adaptations making their ephem-
eral excursion on land easier compared to phy-
logenetically older (and maybe
aquatic) eurypterid groups.

Besides the adelophthalmid sea scorpi-

obligate

ons, the only eurypterids to survive till the mid-
Permian were the stylonurines (Lamsdell,
Braddy & Tetlie, 2010). This group, which split
probably in the Ordovician from the rest of the
eurypterids (see Lamsdell et al., 2015, Fig. 22),
is recognized by retaining all appendages as
walking legs (thus, not having the appendage VI
pair modified as swimming legs). It might be in-
teresting to model locomotion possibilities in
this group as well, giving that all appendages in-
crease in size posteriorly in most groups.

Eventually, the modified appendages
VI, the swimming legs in eurypterine eurypter-
ids, shall be given focus in future research.
Schmidt, Hazerli & Richter (2020) analyzed
kinematics in the swimming legs of extant
swimming crabs (Portunidae Rafinesque,
1815). Those make the perfect modern analogs
to compare to eurypterid swimming leg kine-
matics (Plotnick, 1985; Selden, 1984; Tetlie &
Cuggy, 2007).

Virtual paleontology. An innovative and inte-
grative field of research, allowing a better un-
derstanding of the life of early Paleozoic arthro-
pods, which thrived in the ancient seas.

And there is so much more to come...
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4. Methodological
approaches

Several programs and methods in the field of
virtual paleontology are used in this thesis. To
unravel the morphology hidden in the slabs, the
fossils were scanned with a micro-computer
tomograph and transferred into TIFF stacks,
which were then imported into either Drishti
(Limaye) or Amira (Thermo Fischer Scientific).
Both are programs for the scientific visualiza-
tion of volumetric datasets, which translate the
two-dimensional image information (e.g.,
TIFFs) into a three-dimensional volume. This
then can be cropped, sliced, painted, and trans-
ferred into surface models.

The modern analog models in this thesis were
surface reconstructed with Mimics (Material-
ise), which is also a commercial imaging soft-
ware, working similar as Amira. For the recon-
struction of all 3D models, the free and open-
source 3D graphics software Blender was used.
The commercial 3D visualization and animation
software Maya (Autodesk) offers similar meth-
ods to generate 3D meshes like Blender (The
Blender Foundation). However, this program
was chosen to focus on the construction of kin-
ematic marionettes and to perform range of mo-
tion analyses.

The following sections will give a detailed over-
view of each of the programs and the methodo-
logical approaches.

4.1 The arthropod machines:
application of micro-computer
tomographs for understanding

the morphology of
euarthropods

Computed tomography (CT) has long been used
for the investigation of morphology and struc-
tures and is one of the most distributed methods
to study suitable fossils when it comes to virtual
paleontology (Cunningham et al., 2014; Gar-
wood, Rahman & Sutton, 2010; Sutton, Rah-
man & Garwood, 2014; Yin & Lu, 2019).

Computer tomographs were first introduced in
the 1970s (Hounsfield, 1973) for medical pur-
poses, and were later also used in natural sci-
ences. For instance, scientists performed CT
scans to analyze hominid skulls, or the bones of
the famous Archaeopteryx (Haubitz et al., 1988;
Wind, 1984).

By the 1980s, smaller-scale applications were
desired owing to the limitations on X-ray en-
ergy and imaging time. Elliott & Dover (1982)
were the first to demonstrate this new micro-
computed tomography (micro-CT, uCT) tech-
nique. Since then, it became more and more es-
tablished and is now one of the most common
methods for non-invasive studies on euarthro-
pods. A micro-computer tomograph works with
X-rays. This electromagnetic radiation reaches
wavelengths about 0.01-10 nm. They are emit-
ted by a source and captured by a detector. The
desired object lies in between those two and is
mounted on a holder rotatable up to 360°.

Back in 2015, this technique was first
applied to fossil euarthropods from the famous
early Cambrian (ca. 518-million-years old)
Chengjiang biota from China (Liu Y, Scholtz &
Hou, 2015).

In 2022, it is a standard procedure for the inves-
tigation of the morphology of fossils from this
Lagerstitte.
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4.2 The visualization of volu-
metric datasets and the
reconstruction of surfaces

Drishti

The visualization program Drishti
(https://github.com/nci/drishti; Limaye, 2012)
is the main software used to unveil the ventral

morphology of early Cambrian Chengjiang eu-
arthropods (Chen X et al., 2019a; Jin et al.,
2021; Liu Y etal., 2016, 2020a, b, 2021, Chap-
ter III; Liu Y, Scholtz & Hou, 2015; Schmidt
et al., in press, 2022, Chapter I; Zhai et al.,
2019a, b, ¢, preprint, 2021; Zhang M et al., sub-
mitted; Zhang X et al., under review).

This software was developed in 2012 by Dr
Ajay Limaye as a tool easily accessible for ex-
ploring volumetric data. It comes with three dis-
tinct modules. Drishti Import allows transfer-
ring a wide range of formats (like TIFF stacks)
into .pvi.nc files, a format Drishti Render reads.
In Drishti Import, one can furthermore resample
the volumes, adjust filters or enhance contrast.

The Drishti Render module is the main tool for
working with volumes and offers a vast range of
opportunities after uploading the .pvinc files
and generating the volume. Drishti Render al-
lows to crop the volume, adjust clipping planes,
allows measurements, or enables one to perform
the so-called MOP’s (morphological opera-
tions) like directly painting the volume or carv-
ing.

Drishti Paint is the third module (Hu Y, Limaye
& Lu, 2020). This separate program also reads
.pvl.nc files, but in contrast to the Drishti Ren-
der module offers to paint on distinct TIFF
slices, thus to do segmentation. Those seg-
mented areas of the volume can be exported as
meshes or .pvl.nc files to re-import to Drishti
Render again.

Amira

The visualization program Amira
(https://www.ther-
mofisher.com/de/de/home/electron-micros-

copy/products/software-em-3d-vis/amira-soft-
ware.html; FEI Visualization Sciences Group,

Zuse Institut, Berlin, Germany; Ruthensteiner,
2008; Stalling, Westerhoff & Hege, 2005) was
first developed in the early 1990s and has re-
cently also been used for analyzing euarthro-
pods of the Chengjiang biota (Liu Y, Scholtz &
Hou, 2015; Schmidt et al., 2021a,b, Chapter 11,
VI). This commercial software offers similar
options of scientific visualization of volumetric
data as Drishti but comes with distinct editors
in only one program. Besides pure volume ren-
dering, the biggest advantage of this program is
the segmentation editor.

Amira offers distinct tools (e.g., brush, magic
wand, lasso, etc.) to paint onto the 2D data slices
and segment areas of interest. Segmentation can
be carried out slice by slice or among several
slices by using the interpolation function.

The brush tool enables the viewer to paint single
voxels, the magic wand allows to select all
voxels containing the same grey values inside a
specific and pre-defined area, thus performing
region growing. The lasso tool lets the viewer
draw a line around certain fields of interest and
to mark them by generating a closed contour
curve.

Eventually, the so-called threshold function al-
lows to select all voxels of the same priorly
specified image intensity, thus a quick segmen-
tation can be realized.

Segmented regions then can be transferred into
surface models in the label editor. Surface re-
constructions can be simplified by a reduction
of the number of polygons; furthermore, the
models can also be smoothed.

Dissertation, Michel Schmidt

179



Supplemental

Post-processing steps and data formats
Surface models can be exported as
.vrml files from Amira. Depending on their fur-

ther use, they may require some post-processing
steps. On one hand, the .vrm! files could be up-
loaded to the open-source triangle-mesh pro-
cessing tool MeshlLab
(https://meshlab.sourceforge.net) and from

there exported as .0bj or .stl files. Both data for-
mats are suitable for further work in mesh-based
3D programs like Blender or Maya. Another
way would be to upload the .vrml files to SAP
3D Visual Enterprise Author (https://develop-
ers.sap.com/trials-downloads.html?search=au-

thor), and to use the tools Collapse Hierarchy
(to get all separated elements of the surface
model individually selectable) as well as Unify
Normals (to close regions in the points of con-
tact between two separated elements in the sur-
face model). Hereafter, the modified surface
model can be exported from SAP 3D Visual En-
terprise Author as an .obj files as well.
We used the second option for the post-pro-
cessing of our Ercaicunia multinodosa endopod
models (Schmidt et al., 2021b, Chapter IV).
However, there is also a third possibil-
ity: importing the .vrml files from Amira to
MeshLab, simply exporting them as .obj files
and importing those directly to Blender. Here,
one can use the Edit Mode to choose the func-
tion Separate > By Loose Parts (pressing P),
which separates the selected geometry and di-
vides the mesh into its single objects (thus re-
placing the Collapse Hierarchy function in SAP
3D Visual Enterprise Author). Furthermore, the
Unify Normals function can be replaced: if two
meshes of the original imported surface model
exhibit open areas after separation (which
means that there are gaps in the mesh), one can
simply close those gaps by selecting the edges
surrounding the gap and pressing F. This gener-
ates a new face, thus closes this gap. The third
possibility, which is an extension of the first, is
the best option, as both, MeshLab and Blender
are free and open source in contrast to the com-
mercial software SAP 3D Visual Enterprise Au-
thor.

4.3 The building of 3D
computer models and the
construction of
kinematic marionettes

Blender

The freely available and open-source
3D computer graphics software Blender
(https://blender.org; The Blender Foundation) is
widely used in virtual paleontology (Bicknell et
al., 2021; Garwood & Dunlop, 2014; Haug C et
al., 2014; Haug J, Briggs & Haug C, 2012; Haug
Jetal, 2010, 2011, 2012; Haug C & Haug J,
2016; Haug J & Haug C, 2013; Liu Y et al.,
2021, Chapter III; Schmidt, Melzer & Bick-
nell, 2021, Chapter V; Schmidt et al., 2021a, b,
2022, in press, 2022, Chapter I, 11, IV, VII).
Besides animation and the production of high-
quality figures based on priorly generated 4CT-

data, especially the creation of meshes is a use-
ful tool for paleontologists.

The authors started with a simple cube—
a “mesh primitive”, with six faces. First, we ap-
plied a Subdivision Surface modifier, which
turned the cube into a sphere resulting in 6144
faces. We then subdivided the mesh several
times using the Multiresolution modifier. This
resulted in a dense mesh with lots of voxels,
which hereafter could be deformed in the Sculpt
Mode, mainly using the Grab, Elastic Deform
or Snake Hook brush. The mesh was flattened
and smoothed (Flatten brush, Smooth brush). If
it was too dense, that is, if the rendering velocity
slowed down too much, voxel density was re-
duced using the Decimate modifier, the opposite
of the Multiresolution modifier. If required, the
model was remeshed, either using the Remesh
modifier or the Remesh function in the Object
Data Properties section.

This way, several elements of euarthro-
pod appendages were built and assembled. The
way of deforming a mesh in the Sculpt Mode by
using several sculpting tools was favored—rather
than changing its shape in the Edit Mode by ed-
iting length, size and number of faces, vertices,
and edges. The reason behind this is that each
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element of an appendage was desired to be a
separate structure for further kinematic analyses
— similar to a priorly generated, uCT-based sur-
face model of an euarthropod appendage with
segmented (thus selectable) elements.

After the design process, the meshes
were exported as .obj files and imported into
Maya for further kinematic approaches. If only
high-quality figures were desired, the models
were screenshotted in solid or material mode. If
meshes for embedding in 3D-PDFs were re-
quired, the .0byj files were imported to Maya and
exported as .s#/ files.

Maya

The 3D modeling program Maya
(https://www.autodesk.com/products/maya/;
Autodesk Inc., San Rafael, CA; Wood, 2014) is
a commercial program like Blender and offers a
vast range of tools to create and animate

meshes. This software, in combination with the
add-on X ROOM tools (X-ray reconstruction
of moving morphology;

https://www.xromm.org/software/; Brainerd et
al., 2010) makes it possible to get flexible ap-

pendages out of the rigid 3D meshes made in
Blender—or surface reconstructions of uCT-
data-based models made in Amira (Schmidt et
al.,, 2021b, Chapter IV; Schmidt, Hazerli &
Richter, 2020) or Mimics (Bicknell, Melzer &
Schmidt, 2021, Chapter V; Schmidt, Melzer &
Bicknell, 2022, Chapter VI; Schmidt et al.,
2022, Chapter VII).

Maya has been widely used for kinematic re-
search on extant (Baier & Gatesy, 2013; Daw-
son et al., 2011; Kambic, Roberts & Gatesy,
2015; Krings et al., 2014; Nyakatura & Fischer,
2010) and extinct (Nyakatura et al., 2015, 2019)
vertebrates and invertebrates (Clark et al.,
2020).

However, the precise process of constructing a
kinematic euarthropod marionette portrayed be-
low (that is, equipping the euarthropod append-
ages with digital joints, so-called srjoints), was

yet exemplified by extant brachyuran crabs
(Schmidt, Hazerli & Richter, 2020) and later
also explained step-by-step applied to the early
Cambrian Chengjiang euarthropod Ercaicunia
multinodosa (Schmidt et al., 2021b, Chapter
IV). This technique furthermore was performed
for extant whip spider species (Schmidt, Melzer
& Bicknell, 2022, Chapter VI) and Ordovician
and Silurian sea scorpions (Bicknell, Melzer &
Schmidt, 2021; Schmidt et al., 2022, Chapter
V, VII). The main feature in this attempt is the
use of the add-on X ROMM tools (Brainerd et
al., 2010).

This allows generating so-called srjoints in
terms of Scientific Rotoscoping (Gatesy et al.,
2010). Those sphere-like objects function as ar-
tificial joints, which can be assigned to euar-
thropod appendage joints. After uploading the
.obj files of either surface-generated models or
3D models built in Blender, hypothetical joint
axes were constructed in the most basic mathe-
matical representation as long and thin cylin-
ders. All kinematically analyzed euarthropod
appendages in this thesis were considered as
having bicondylar joints, that is, joints with two
articulation points (Boxshall, 2004, 2013). As
the point of rotation occurs always in the center
of a mesh, the size and radius of a joint axis cyl-
inder were simply designed for graphical pur-
poses. After fitting the joint axes cylinders to
the articulation points in each euarthropod ap-
pendage joint, the srjoints (created by typing in
the command joint in the MEL line in Maya)
were assigned to those cylinders by the com-
mands point constrain and orient constrain.
Point constrain made the srjoints adopt the
translation coordinates of the joint axes cylin-
ders, while orient constrain led to the adoption
of the rotation coordinates. Hereafter, the sub-
ordination process was conducted: each distal
joint-srjoint-couple (that is, for example, the ul-
timate element + the penultimate element + the
srjoint combining those two + the assigned joint
axis cylinder fitting the articulation points) was
subordinated to the adjacent proximal couple.
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Ultimately, this led to a chain of subordinated
joints, the so-called kinematic marionette,
where all euarthropod appendage elements were
subordinated to the proximal most element.
This was—depending on the purpose of the kin-
ematic study—either the body-appendage-ecle-
ment 1-joint-axis cylinder, or element 1 itself.

A detailed step-by-step description of this sub-
ordination process is shown by Schmidt et al.
(2021b, Figs. 1-3, Chapter 1V).

4.4 The study of euarthropod
appendage kinematics and the
application of
range of motion analyses

FEuarthropod kinematics

Euarthropod kinematic research has
been conducted before. Esteve et al. (2017,
2018) analyzed trilobite enrollment using 3D
models designed in Blender. Vagts et al. (2017)
investigated beetle leg joints in terms of their
kinematics. However, the method applied to the
swimming legs of portunid crabs (Schmidt,
Hazerli & Richter, 2020), the pedipalps of whip
spiders (Schmidt, Melzer & Bicknell, 2022,
Schmidt et al., 2022, Chapter VI, VII) and the
prosomal appendages of sea scorpions (Bick-
nell, Melzer & Schmidt, 2021; Schmidt et al.,
2022, Chapter V, VII) presents an advanced
approach in the analyses of euarthropod ap-
pendage kinematics not conducted before. For
all kinematic marionettes constructed in Maya,
in the same program so-called range of motion
analyses were performed.

Range of motion analyses
The term range of motion has no gen-
eral and uniform definition. It is widely used to

refer to the total scope of possible movements
in a joint or of an entire appendage. In this re-
gard, also the ways and options to analyze and
quantify the range of motion differ between

studies. Schmidt, Hazerli & Richter (2020) in-
troduced the terms total range of motion
(tROM) and single range of motion (SROM).

Those were created to make a difference be-
tween the range of motion measured in a single
joint (for example the body-coxa-joint in a whip
spider pedipalp) and the range of motion given
in the whole leg. While the sROM is simply to
understand and calculate as the maximum ex-
cursion angle or the joint angle in a single joint,
the tROM is harder to comprehend. There is no
general common way of calculation, measure-
ment, and performance. Schmidt, Hazerli &
Richter (2020) introduced a way of creating a
little ball and assigning it to the distal most part
of the distal element. During the process of sev-
eral permutations (where the number of permu-
tations is defined by the degrees of freedom—in
bicondylar euarthropod appendage joints al-
ways two—and the number of leg elements) the
elements of the entire euarthropod appendage
were deflected in a Cartesian Coordinate Sys-
tem. Each movement (= each permutation) thus
could be represented by distinct X,y,z-transla-
tion coordinates of the attached ball at the tip of
the distal euarthropod appendage element (com-
pare Schmidt, Hazerli & Richter, 2020, section
2.4.4). Those coordinates could then be plotted
for several axes, given that the model prior to
the tROM analyses was placed with its proximal
most joint axis cylinder in the origin of coordi-
nates. This method of analyzing the tROM will
be applied also to pterygotid eurypterid cheli-
cerae (Acutiramus sp.) compared to elongate
harvestmen chelicerac  (Ischyropsalis  sp.,
Schmidt et al., in preparation, 2022), and in a
broader approach furthermore to elongate har-
vestmen pedipalps (Obidosus sp., Schmidt,
Melzer & Bicknell, in preparation, 2022).

However, when not calculating both, sSROM and
tROM, studies performing this method simply
referred to range of motion for the broad de-
scription of deflecting euarthropod appendage
elements, or joint angles.
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In Bicknell, Melzer & Schmidt (2021, Chapter

V) joint angles were calculated for the horse-
shoe crab Limulus polyphemus walking and
pushing leg, as well as for the prosomal append-
ages of the eurypterids Eurypterus tetragonoph-
thalmus (prosomal appendage IV) and Pen-
tecopterus decoharensis (prosomal appendages
IIT and V).

Schmidt, Melzer & Bicknell (2022, Chapter
VI) conducted joint angle analyses (= sSROM)
for the pedipalps of the two whip spider species
Damon medius and Heterophrynus elaphus.

Eventually, Schmidt et al. (2022, Chapter VII)
extended this approach to the analyses of the fe-
rocious frontal most appendages of the two eu-
rypterid species Megalograptus ohioensis and
Mixopterus kiaeri (prosomal appendages I and
10).

All three publications are included in this thesis
and used the same process of measuring joint
angles.

Measurement of joint angles
The most detailed description of how to
perform joint angle measurements in euarthro-

pod appendages is summarized in Schmidt,
Hazerli & Richter (2020, section 2.4.2, Fig. 4).

The basis of the method is to separate the kine-
matic marionette into all the distinct joints it is
composed of. Each joint (consisting of the prox-
imal appendage element + the distal appendage
element + the joint axis cylinder) was then
saved as an individual Maya file (.mel). The kin-
ematic chain in this joint was deleted, and the
new subordination order was constructed: the
distal element subordinated to the proximal

element, and the proximal element ultimately
subordinated to the joint axis cylinder.
Hereafter, the entire model was placed with the
joint axis cylinder inside the origin of coordi-
nates in the vertical axis (in Maya, by default
the vertical axis is y, but could be changed to z
as well, if desired). Now, the kinematic chain
was deleted again. Eventually, rotating the dis-
tal appendage element alongside the vertical
axis led to a change only in one of the values (in
Maya, by default the y-values), which was the
resulting joint angle.

As no clash detection is implemented in Maya,
the maximum joint angle (or maximum excur-
sion angle, maximum range of motion, etc.) was
given at the point of contact of the proximal and
the distal element, done by eyeballing.

In summary, placing a single joint in a new Car-
tesian Coordinate System in the origin of coor-
dinates with the joint axis cylinder inside the
vertical axis, is the easiest way to measure the
maximum angle an appendage element can have
when rotating inside its joint.

4.5 Terminology

Different authors use different terms to some-
times describe the same morphological struc-
ture. For a broader understanding, and to avoid
unfortunate coincidence with some words of the
malacostracan (“Crustacea”) terminology, the
term “element” is used throughout the main text
body in this thesis (Introduction, Discussion,
etc.) to refer to structures in general regarded as
articles or podomeres, that is, single units an eu-
arthropod appendage is composed of.

The supplementary table summarizes all further
specific terms used in this thesis.
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Supplementary Table. Terminology and explanation used in the publications included in this thesis.

abduction
adduction
antennulae
appendage
article

articulation
point

basipodite

bicondylar

coxa
coxal process

condyle
depression
durophagous
element

elevation
endopodite
endite
exite
exopodite
glenoid cavity
femur
gnathobases
head

hypostome
joint
joint angle
joint axis

kinematic

leg
mesh
mesosoma
metasoma

metastoma

monocondylar

movement away from the midline of the body

movement towards the midline of the body

anterior most appendages, usually uniramous, deutocerebrally innervated

leg, in euarthropods made up of several elements

the individual unit an euarthropod appendage is made up, see element, podo-
mere

point at which the condyle of an element fits into the glenoid cavity of the adja-
cent element

proximal most part of an appendage, giving rise to endopodite and exopodite
a joint made up of two articulation points, thus limiting movement of the adjacent
element in just one plane

first element of an euarthropod appendage in some groups

in eurypterids: elongated plate at the outer, anterior margin on the dorsal side
of the coxa

cuticular protuberance fitting a corresponding socket

movement in an inferior direction

feeding mode on hard structures

the individual unit an euarthropod appendage is made up, see also article,
podomere

movement in a superior direction

inner branch of a biramous appendage, arising from the basipodite

an additional, “inner” outgrowth of the basipodite (besides endo- and exopodite)
an additional, “outer” outgrowth of the basipodite (besides endo- and exopodite)
outer branch of a biramous appendage, arising from the basipodite

the cavity opposing a condyle

here: the third element in Amblypygi pedipalps

structures, often at the protopodite, aiding in food manipulation

segments dorsally forming a shield, possibly a synsclerite formed by the seg-
ments of the anterior most tagma

a sclerotized plate covering the mouth opening

the flexible construction linking two adjacent elements

the maximum angle an element can describe rotating inside its joint alongside
its joint axis, see range of motion

a hypothetical construction combining two articulation points of two adjacent
elements

a description of the motion of objects without considering the forces which
cause them to move

appendage, in euarthropods made up of several elements

an object in 3D software made up of polygons

in most Eurypterida: part of the body following the prosoma, comprises in gen-
eral body segments 1-6

in most Eurypterida: part of the body following the mesosoma, comprises in
general body segments 7-12

in most Eurypterida: ventral single plate, surrounded by the coxae of append-
age VI

joint with one articulation point
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multi-articulated
patella
podomere
prosoma
protopodite
pygidium

range of motion

tarsus
tergite
terminal claw
tibia
trochanter
trunk
SGAs

spines
srjoint

appendages consisting of several elements

here: the fourth element in Amblypygi pedipalps

the individual unit an euarthropod appendage is made up, see article, element
in euchelicerates: the appendage bearing anterior most body part

proximal most element of an appendage

posterior tagma of the trunk, recognizable by a distinct large syntergite contin-
uous with the telson

ROM, the maximum angle an element can describe rotating inside its joint
alongside its joint axis, see joint angle

here: the ultimate element in Amblypygi pedipalps

sclerotized plate on the dorsal side of the animal

the ultimate element of an euarthropod appendage in the considered species
here: the fifth element in Amblypygi pedipalps

here: the second element in Amblypygi pedipalps

body region posterior to the head

short great appendages, the multi-articulated frontal most appendages of meg-
acheirans

Thick, cuticular outgrowths we refer to as immovable

artificial joint in Maya, allowing to take over the translation and rotation coordi-
nates of an assigned object
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