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ABSTRACT 

Records of Cambrian predation have long been recognised as unequivocal evidence for the 

earliest predator-prey systems. However, Cambrian predation has been somewhat poorly 

documented in a numerical and comparative context – a problem rectified in this thesis. The

first quantitative, model-based evidence illustrating how effective Cambrian predators were 

at shell crushing is presented. The modern day horseshoe crab is used to understand how 

Cambrian prey responded to attacks. Finally, the previously purported right-side injury bias 

observed on Cambrian trilobites is redressed using single fossil deposits and single species – 

this approach reveals no right-side bias.
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INTRODUCTION 

Background and Objectives 

The Cambrian Explosion is the most rapid and stunning biological diversification event in the 

fossil record: a revolution that resulted in rise of animals and complex marine ecosystems 

(Erwin et al., 2011; Budd & Jensen, 2017). Two hallmarks of the Explosion are: (1) the 

evolution of prey organisms bearing biomineralised shells and exoskeletons, and (2) the rise 

of predatory tool kits needed to effectively capitalise on these prey (Vermeij, 1989; Bengtson, 

2002; Babcock, 2003; Leighton, 2011; Budd & Mann, 2019). As such, the Cambrian saw the 

first definite examples of shell-crushing (durophagy) and shell-drilling interactions. Despite 

the extensive record of Cambrian shelly predation, few studies have examined collections of 

biomineralised Cambrian organisms to explore predation patterns (e.g., Babcock, 1993; 

Conway Morris and Bengtson, 1994; Vendrasco et al., 2011). Furthermore, prior to this 

thesis, no peer-reviewed studies had quantitatively explored the supposed shell-crushing 

ability of Cambrian durophages, specifically arthropods with gnathobases (teeth-like spines 

on various appendages). This thesis addresses these two topics using three objectives:  

1) Develop methods for exploring the durophagous ability of gnathobase-bearing

Cambrian arthropods using Limulus polyphemus, the iconic American horseshoe crab,

as a modern analogue.

2) Study exoskeletal abnormalities in horseshoe crabs to understand injury morphologies

and compare them to possible injuries in Cambrian trilobites; this develops on

suggestions made by Jell (1989).

3) Quantitatively explore records of trilobite injuries in single fossil deposits to uncover

patterns and redress a central topic in Cambrian predation research: lateralisation in

trilobite defences and predatory behaviour.
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I present eight peer-reviewed and published works that thoroughly explored these objectives. 

Review of Cambrian predation (Paper 1) 

Shelly predation in the Cambrian is a well-documented topic (McMenamin, 1987; Bengtson, 

1994, 2002; Butterfield, 2001; Leighton, 2011). However, a systematic summary of all 

evidence for Cambrian-aged shelly predation has never been presented. To grasp the scope of 

this topic, and indeed my thesis, I present a review that synthesised the literature on the topic, 

documenting all known examples of Cambrian-aged injuries, drill holes, coprolites, and gut 

contents (cololites). The examples presented in this paper have since been expanded upon in 

more recent publications (e.g., Daley et al., 2018; Kimmig & Pratt, 2018; Lerosey‐Aubril & 

Peel, 2018; Zhang & Brock, 2018). The review also explored plausible Cambrian predators 

and highlighted that biomechanical analyses (see Paper 4) are needed to fully understand the 

ability of these groups. 

Cambrian predators and biomechanics (Papers 2–4) 

Sidneyia inexpectans—a gnathobase-bearing artiopodan arthropod—is an iconic taxon from 

the middle Cambrian Burgess Shale. Sidneyia inexpectans cololites containing fragmented 

trilobites and brachiopods suggest that the organism was a durophagous predator and used 

gnathobases on its walking legs to crush and consume prey, similar to Limulus polyphemus 

(Bruton, 1981; Zacaï et al., 2016). However, this hypothesis has not been tested 

biomechanically. Papers 2–4 present three steps toward confirming the idea outlined in 

Bruton (1981) and Zacaï et al. (2016). Paper 2 compared the cuticular microstructure of 

gnathobases from three taxa: L. polyphemus (a known durophage), plus Eurypterus 

tetragonophthalmus (a Silurian eurypterid) and S. inexpectans, both possible durophages. 

This work highlighted that L. polyphemus and S. inexpectans gnathobases are 

microstructurally similar, supporting the shell-crushing ability of the latter species. Papers 3 
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and 4 developed the use of micro-computer tomography (micro-CT) scans and 3D 

reconstructions of organisms to further explore the durophagous ability of S. inexpectans. 

Paper 3 presented the first 3D atlas of L. polyphemus using CT and micro-CT scans. 

Furthermore, iodine-staining of specimens, following Gignac & Kley (2014) and Gignac et 

al. (2016) , allowed for the first documentation of L. polyphemus muscles in situ: an approach 

employed for gathering the necessary muscle data used in Paper 4. Paper 3 has since been 

cited in reviews on 3D reconstructions in biology (Newe & Becker, 2018; Semple et al., 

2019). Paper 4 used 3D Finite Element Analysis (FEA) to compare the mechanical advantage 

of L. polyphemus and S. inexpectans. Results show that, as Paper 2 suggested, S. inexpectans 

was an effective shell crusher, highlighting the origin of effective gnathobasic durophagous 

predation in the Cambrian. 

Modern abnormalities and Cambrian injuries (Papers 5 and 6) 

Jell (1989) suggested that abnormalities observed on extant arthropods may help explain how 

injuries observed on fossils may have developed. To expand on this hypothesis, Papers 5 and 

6 assessed abnormal horseshoe crab specimens and used these data to suggest how Cambrian 

trilobite abnormalities may have developed during the soft-shelled stages trilobites 

experienced post-moult. Furthermore, these papers developed on the limited data concerning 

abnormal extinct and extant horseshoe crabs (see van der Meer Mohr, 1935; Shuster Jr., 

1982; Jell, 1989). Paper 5 highlighted that extreme ‘W’-shaped cephalothoracic injuries on 

horseshoe crabs are similar to cephalic injuries on Cambrian trilobites. This comparison 

confirmed that at least ‘W’-shaped injuries on Cambrian trilobites occurred after a moulting 

event. Paper 6 expanded on Paper 5 to consider all extant horseshoe crab species. A rare 

example of a horseshoe crab with two moveable thoracetronic spines recovering from the 

same spine embayment was compared to Cambrian trilobites with two thoracic spines 

3



recovering from the same thoracic section. This comparison showed that such thoracic 

abnormalities resulted from injuries and abnormal recovery. 

Trilobite injuries from single deposits (Papers 7 and 8) 

Cambrian trilobite injury patterns were previously assessed by Babcock and Robison (1989) 

and Babcock (1993). Their dataset, which was a compilation of injured specimens from 

multiple Cambrian fossil deposits, suggested that Cambrian trilobite injuries were most often 

located on the posterior and right-side of the exoskeleton. These results were used to assert 

that Cambrian predators had lateralised attack strategies and/or that trilobite prey had 

lateralised defence strategies. Papers 7 and 8 reconsidered this concept by assessing injury 

patterns on trilobite taxa from two distinct Cambrian-aged deposits. The major differences 

between Babcock’s (1993) study and Papers 7 and 8 were (1) the use of advanced statistical 

methods, and (2) a concerted effort to treat deposits as closed systems and not lump data from 

various sites with disparate ages. Paper 7 showed, among other interesting results, that there 

was no evidence for lateralisation in injuries to Eccaparadoxides pradoanus specimens from 

the Huérmeda Formation (Cambrian Series 2, Stage 4) in Spain. These data also showed that 

injuries are located most commonly on the posterior part of the thorax. Paper 8 examined 

olenelline trilobites from the Ruin Wash Lagerstätte  (Cambrian Series 2, Stage 4) in Nevada, 

USA, reaffirming that lateralised injuries were not observed when considering taxa in

isolation, and that injuries to the posterior exoskeleton were common. Paper 8 also presented

the first thorough consideration of how thoracic spines may have deterred predatory attacks. 

Supplementary Papers (9-12) 

[Note to Examiners: These supplementary papers represent non-thesis-related research 

contributions published during candidature. Thus, they should not be assessed as part of the 
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PhD thesis. They are included to demonstrate the breadth of skills employed by the candidate 

and his eagerness to make contributions across the natural and quantitative sciences.] 

The supplementary papers emphasise two distinct aspects of research that interest the 

candidate: (1) the use of cuticular microstructural features to understand evolutionary or 

form-function relationships between taxa; and (2) the use of geometric morphometrics (also 

considered in Paper 7) to uncover populations, explore evolutionary stories, and augment 

taxonomy. 

Microstructure of cuticular features in arthropods has been relatively well documented 

(Neville, 1975; Dalingwater, 1987), but Paper 2 (discussed above) highlighted that select 

exoskeletal parts have received less attention than others. The microstructure of arthropod 

mandibles, specifically ants, is one such area. Supplementary Paper 9 considered the 

mandible microstructure of four Australian ant taxa to show a highly conserved morphology 

and a possible example of evolutionary stasis at a microscopic scale.   

The field of geometric morphometrics (GM) gave biology and palaeontology an ideal 

avenue to quantitatively explore evolution, population variation, and even taxonomy (Adams 

et al., 2004, 2013; Zelditch et al., 2004; Slice, 2007; Lawing & Polly, 2010). Three papers, in 

addition to Paper 7, were produced to thoroughly explore the uses of this tool (Supplementary 

Papers 10–12). Supplementary Paper 10 used GM to show that specimens of the enigmatic 

Ediacaran organism Parvancorina minchami from the Flinders Ranges, South Australia were 

all from the same population. Supplementary Paper 11 used GM to explore the evolutionary 

history of the foraminifera Truncorotalia across the Miocene-Pliocene boundary. The 

application showed the first plausible example of quantum evolution among planktonic 

foraminifera. Supplementary Paper 12 used GM in a novel way to support the erection of a 

new Triassic-aged horseshoe crab genus and species: Sloveniolimulus rudkini. This same 
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work also highlighted the high diversity and disparity of horseshoe crabs after the end-

Permian extinction. 

ESTIMATED PROPORTION OF CONTRIBUTIONS TO PAPERS 

Papers 

Extent of intellectual input by candidate (%) 
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concept 

and 

design 
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A 3D anatomical atlas 
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Abstract

Limulus polyphemus, an archetypal chelicerate taxon, has interested both biological and

paleontological researchers due to its unique suite of anatomical features and as a useful

modern analogue for fossil arthropod groups. To assist the study and documentation of this

iconic taxon, we present a 3D atlas on the appendage musculature, with specific focus on

the muscles of the cephalothoracic appendages. As L. polyphemus appendage muscula-

ture has been the focus of extensive study, depicting the muscles in 3D will facilitate a more

complete understanding thereof for future researchers. A large museum specimen was CT

scanned to illustrate the major exoskeletal features of L. polyphemus. Micro-CT scans of

iodine-stained appendages from fresh, non-museum specimens were digitally dissected to

interactively depict appendage sections and muscles. This study has revealed the presence

of two new muscles: one within the pushing leg, located dorsally relative to all other patella

muscles, and the other within the male pedipalp, located in the modified tibiotarsus. This

atlas increases accessibility to important internal and external morphological features of L.

polyphemus and reduces the need for destructive fresh tissue dissection of specimens.

Scanning, digitally dissecting, and documenting taxa in 3D is a pivotal step towards creating

permanent digital records of life on Earth.

Introduction

Advances in modern computed tomography (CT or serial x-ray), micro-computed tomogra-

phy (micro-CT), synchrotron-radiation micro-CT and magnetic resonance imaging (MRI)

technology have presented researchers interested in biological form and function the opportu-

nity to study complex internal and external anatomical morphological features, without

destroying specimens [1–3]. This technology was pivotal in driving the modern ‘taxonomic
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renaissance’ and the understanding of external morphology and in situ internal features [1, 4].

The scans produced by these tools can be employed in 3D digital dissection and reconstruction

of organisms in the form of interactive 3D PDFs [5, 6]. As anatomy is a three dimensional con-

struct, 3D PDFs represent reality more accurately than 2D images in publications [7, 8]. Using

interactive 3D models to illustrate organisms is a major step towards accurately documenting

taxa and provides a platform for the easy and rapid dissemination of information [9].

The majority of research depicting organisms in 3D has considered vertebrates, while inver-

tebrates were largely excluded from digital documentation until recently [7]. Invertebrate

groups that have been documented in 3D include chelicerates [10–12], crabs [13], earth

worms [2], gastropods [14–18] (to name a few), insects [19–23], monoplacophorans [24], poly-

chaetes [25] and sea urchins [4]. Although not comprehensive, this list illustrates how few

invertebrate groups have been digitally documented, compared to the number of known inver-

tebrate clades. To expand this list, one of the archetypal chelicerates, Limulus polyphemus (Lin-

naeus), was selected for CT scanning, digital dissection and interactive three-dimensional PDF

construction. The similarity of L. polyphemus to some extinct xiphosurans (such as the Jurassic

Mesolimulus walchi (Desmarest)), coupled with the size and lifestyle of L. polyphemus, has

made the taxon one of the most extensively studied arthropods from both biological and pale-

ontological perspectives [26]. An extensive record of L. polyphemus muscles will allow studies

that employ L. polyphemus as a modern analogue to present possible muscle combinations and

place functional limits on motion and feeding ability for extinct taxa. Even though the internal

and external features of L. polyphemus are regularly depicted as 2D illustrations in various pub-

lications, L. polyphemus has never been documented in 3D [27]. This study presents a three-

dimensional interactive model of L. polyphemus appendages and muscles, along with a written

description of the studied musculature.

Methods

Digital dissection was performed on one large (56-cm-long, including telson), dried, articu-

lated female carcass of Limulus polyphemus (specimen number Va. 06) housed in the Natural

History Museum of the University of New England (Armidale, New South Wales, Australia).

It was scanned on a Siemens SOMATOM definition medical CT scanner at Armidale Radiol-

ogy (Armidale, NSW, Australia). Scan data include 822 slices at a slice thickness of 0.75 mm.

The scan was imported into Mimics 19.0 (Mimics 19.0, Materialise, Leuven, Belgium). A 3D

model of the exoskeleton was created by segmenting the scan using the Mimics ‘thresholding

tool’. The main exoskeletal components of interest were modelled separately for closer inspec-

tion and description.

In addition to the complete specimen, fresh appendages of Limulus polyphemus were

obtained from the Marine Biological Laboratory of Woods Hole, USA to document the

appendages and associated muscles in greater detail. These specimens include articulated

examples of one chelicera, one male pedipalp, one walking leg, one pushing leg, one set of chi-

laria, one genital operculum, and one gill operculum. Appendages were submerged in a solu-

tion of 1% iodine metal dissolved in pure ethanol for 13 days, following the procedure

outlined in [28] and the staining time suggested in [29]. The walking leg was re-stained for

another 13 days, as the first staining process failed to sufficiently highlight the muscles. After

staining, specimens were washed thoroughly in ethanol and placed in ethanol for 2 days to

leach any additional iodine before being scanned in the micro-CT (GE-Phoenix V|tome|xs

micro CT scanner with 240kV ‘Direct’ tube) at the University of New England (UNE). Iodine

staining of the appendages prior to CT scanning facilitates the observation of detailed muscle

structures, without damaging the specimen (see [25, 28, 29]). Furthermore, as iodine staining
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of arthropod specimens has previously identified microscopic features (e.g., single muscle

fibers) [28], it is likely that all of the larger muscles have been discerned using this method.

Micro-CT data of samples were captured using Datos acquisition software version 2.2.1 and

reconstruction software version 2.2.1 RTM. The samples were mounted on the rotating stage

and imaged using the previously determined optimal X-ray tube settings (150 kV, 200 μA, 200

ms integration time per projection, focal spot 4 μm diameter for the divergent, polychromatic

source). Projections (3600 in 360 degrees) were captured using a 2000 x 1000 pixel ‘virtual’

(moving) detector array. The isotropic voxel side length varied with the sample size: 70.2 μm

for the gill operculum, male appendage, walking and pushing legs, and set of chilaria and che-

licera; 46.8 μm for the genital operculum. All scans were captured using the GE constant rota-

tion CT function to improve acquisition time and sample movement during the scan.

The tomographs were imported into Mimics 19.0 to conduct a digital dissection, involving

the segmentation of the exoskeleton and individual muscles in each appendage. Muscle

descriptions were derived by studying the scans and 3D reconstructions, and identified using

publications that previously detailed the muscles of interest [27, 30–35]. The muscles are num-

bered using Shultz’s numbering system [27]—which was an expansion of Lankester’s termi-

nology [31]—to facilitate easy comparison between the reconstructions presented here and in

Shultz’s monumental work. However, in some cases, the muscles were previously ascribed

names and so these have also been included in the descriptions. A total of 32 individual mus-

cles were identified and described. Once the digital dissection was complete and muscles iden-

tified, 3D models of the exoskeleton and individual muscles were exported from Mimics and

3D PDFs were generated using 3D Reviewer [36]. 3D PDFs were created for each appendage

as well as the overall specimen. Distinct muscles and exoskeletal elements were assigned differ-

ent colours so they could be more easily differentiated from each other. For the 3D PDFs of

the walking leg, pushing leg and male pedipalp, the exoskeletal components and muscles that

are common across the PDFs are coloured the same. The same approach was applied to the

genital operculum and gill operculum PDFs. As there are muscles common to the walking leg,

pushing leg and male pedipalp, the most anatomically informative muscle reconstructions

from these three PDFs were used to construct the in-text figures. The 3D PDFs are supplemen-

tary files (S1–S8 Figs) that are available from the Dryad Digital Repository at the following

DOI: 10.5061/dryad.vs044.

Results

The results presented here provide a 3D atlas of the major external (exoskeletal) features of L.

polyphemus, coupled with detailed images and descriptions of appendage musculature. During

the construction of the atlas, two new muscles were identified: one from the male pedipalp and

one within the pushing leg. Within the pushing leg, subdivisions for two muscles is presented.

Interestingly, due to the additional (prolonged) staining of the walking leg, the muscles within

this scan are shrunk in comparison to the pushing leg and male pedipalp. The interactive 3D

models (S1–S8 Figs) should be considered in conjunction with the descriptions of the exoskel-

eton and muscles.

Dorsal shield

The dorsal shield of Limulus polyphemus consists of two major tagmata: the anterior cephalo-

thorax, and the posterior thoracetron, both of which cover the more delicate ventral structures

(Fig 1A and 1B) [26, 37–40]. The cephalothorax and thoracetron are connected by a soft

arthrodial membrane hinge [38].
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Cephalothorax

The anterior section is semicircular, margined by a lipped flange, with two lateral compound

eyes and central ocelli (Fig 1A and 1B) [38, 41]. Three ridges are present on the cephalothorax:

the median ridge that runs from the membranous hinge to the ocelli and bisects the dorsal

shield, and two lateral ophthalmic ridges that are slightly convergent anteriorly and intercept

the adaxial sides of the compound eyes [42]. Between each ophthalmic ridge and the median

ridge is a longitudinal furrow [43]. On the underside of the cephalothorax are six pairs of pro-

somal appendages and one set of opisthosomal appendages [40].

Thoracetron

The hexagonal posterior section of the dorsal shield is bisected by a median ridge: a posterior

continuation of the cephalothoracic median ridge (Fig 1A and 1B) [40, 42]. Flanking the

median ridge are six pairs of entapophyseal pits: attachment sites for the six other opisthoso-

mal appendages that are located on the underside of the thoracetron [40, 42]. Along the pos-

terolateral margins of the thoracetron are six moveable spines housed within notches [40].

Telson

The most posterior component of the Limulus polyphemus exoskeleton is the telson. This trian-

gular ridged spine attaches to the opisthosoma with a ball joint (Fig 1A and 1B). The ball joint

attachment allows the telson to be highly moveable and permits righting of an overturned indi-

vidual [26, 38, 44]. The telson is capable of rotating through a complete circle and has full 180˚

range of motion in the vertical plane [45, 46].

Fig 1. 3D reconstruction of the complete museum specimen (va.06) of Limulus polyphemus in dorsal and ventral

aspect, as modelled from CT scanning. (A) Dorsal view of entire exoskeleton. (B) Ventral view of entire exoskeleton.

(C) Detail of cephalothoracic appendages. (D) Detail of thoracetronic appendages. The interactive 3D version of this

file is available in the Supporting Information (S1 Fig). Scale bars 100 mm for A, B; 50 mm for C, D.

https://doi.org/10.1371/journal.pone.0191400.g001
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Appendages

Limulus polyphemus has 13 pairs of appendages (Fig 1B–1D). The first seven pairs of append-

ages are attached to the ventral side of the cephalothorax and are used for locomotion and

feeding. The first six are segmented and the seventh is not. In order, starting from the anterior-

most pair, there are the chelicerae (pair 1), walking legs (pairs 2–5), pushing legs (pair 6), and

chilaria (pair 7). In males, the first pair of walking legs is modified during ontogeny into the

so-called male pedipalp. There are six appendages attached to the ventral side of the thorace-

tron [39, 47]. The thoracetronic appendages are divided into two groups: the genital opercu-

lum (pair 8) and the five gill opercula that are used for respiration and swimming (pairs 9–13)

[26, 39, 47].

Chelicerae

The chelicerae are a pair of forward facing appendages and consist of three segments: the pro-

tomerite, deutomerite and tritomerite (Fig 2A–2D) [31, 47]. The tritomerite is a moveable arm

that functions with the fixed deutomerite to clasp, grip and manipulate food to the mouth after

mastication by the waking and pushing legs [26, 27, 31, 39, 48]. There are four muscles within

the protomerite, deutomerite and tritomerite [27].

Muscle 49—This muscle has an origin on the dorsolateral and ventroproximal section of the

protomerite and an insertion on the dorsal margin of the deutomerite (Fig 2E and 2F) [27].

This elongate muscle is located ventrally relative to muscle 50.

Fig 2. 3D reconstruction of a single chelicera (A–D) and muscles therein (E, F) and the chilaria (G, H), as

modelled from iodine staining and micro-CT–scanning. The 3D versions of these files are available in the

Supporting Information (S2 and S6 Figs). Dotted lines in F outline the protomerite, deutomerite and tritomerite to

indicate the relative positions of the muscles. All scale bars 5 mm.

https://doi.org/10.1371/journal.pone.0191400.g002
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Muscle 50—This muscle has an origin on the dorsomedial and ventroproximal section of the

protomerite and an insertion on the ventral margin of the deutomerite (Fig 2E and 2F)

[27]. This muscle is located dorsally relative to muscle 49.

Muscle 51—This muscle has three origins on the dorsal section of the deutomerite and an

insertion on the medial margin of the tritomerite (Fig 2E and 2F) [27]. This muscle has

three major components that are all elongate and located posteriorly relative to muscle 52.

Muscle 52—This muscle has an origin on the lateral section of the deutomerite and an inser-

tion on the lateral margin of the tritomerite (Fig 2E) [27]. This muscle is very thin, elongate

and located anteriorly relative to muscle 51.

Walking leg

There are four pairs of chelate walking legs [47] in the set of female appendages, and three

pairs in the set of male appendages, as the first walking leg is modified into the male pedipalp

during ontogeny (Fig 3A and 3B) [49]. Walking legs have six segments (proximally to distally):

Fig 3. 3D reconstructions of the walking leg (A, B), pushing leg (C, D), and male pedipalp (E, F) as modelled from

micro-CT scanning. Reconstructions in the left column (A, C, E) are all anterior views and reconstructions in the

right column (B, D, F) are all posterior views. These reconstructions should be studied in conjunction with the muscle

reconstructions in Fig 4. The 3D versions of these files are available in the Supporting Information (S3, S4 and S5 Figs).

Scale bars 15 mm for A, B, E, F; 20 mm for C, D.

https://doi.org/10.1371/journal.pone.0191400.g003
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the coxal endite that exhibits gnathobases; trochanter; patella; tibia; tibiotarsus; and the dacty-

lopodite (referred to elsewhere as the claw or apotele) [26, 27, 31–34, 39, 49]. The dactylopo-

dite is a moveable segment attached to the tibiotarsus, allowing these two segments to function

together as claspers to move food to the gnathobases for mastication and shell breaking [49].

The main use of the walking legs is in locomotion and feeding, as they are radially arranged

about the mouth [26, 39, 49–51]. There are 20 muscles in the walking legs (Fig 4A and 4B).

Note that muscles 67–84 in the walking leg are the same as the male pedipalp, and muscles 67–

82 in the walking leg are common to the pushing leg. The descriptions of the walking leg mus-

cles 67–84 apply the male pedipalp, and the descriptions of walking leg muscles 67–82 apply to

the pushing leg, so will not be redescribed in the pushing leg and male pedipalp sections.

Fig 4. 3D reconstructions of identified muscles within the walking leg (A, B), pushing leg (C, D), and male

pedipalp (E, F), as modelled from iodine staining and micro-CT–scanning. A key is not included, as deeper muscles

cannot easily be visualized in this figure. Individual muscles of specific prosomal appendages are illustrated separately

in Figs 5–8. Reconstructions in the left column (A, C, E) are all anterior views and reconstructions in the right column

(B, D, F) are all posterior views. These reconstructions should be considered in conjunction with the cephalothoracic

appendage reconstructions in Fig 3. The 3D versions of these files are available in the Supporting Information (S3, S4

and S5 Figs). Scale bars 10 mm for A, B, E, F; 20 mm for C, D.

https://doi.org/10.1371/journal.pone.0191400.g004
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Muscle 67—This muscle has an origin on the proximal anterior and posterior margins of the

coxa and an insertion on the dorsal margin of the trochanter (Fig 5A, 5D and 5E) [27]. The

muscle is located between muscles 68 and 69. This muscle has been named the flexor tro-
chanteris [52] or the trochanter levator [30].

Muscle 68—This muscle has an origin on the ventral anterior section of the coxa and an inser-

tion on the anteroventral margin of the trochanter (Fig 5D–5F) [27]. The muscle is located

anteriorly relative to muscle 68. This muscle has been named the trochanter depressor [30],

but is amended here as the anterior trochanter depressor.

Muscle 69—This muscle has an origin on the dorsal posterior and anterior sections of the coxa

and an insertion on the ventral margin of the trochanter (Fig 5A–5C) [27]. The muscle is

located between muscles 67 and 70. This muscle has been named the flexor basis [53] or the

trochanter depressor [30], but is amended here as the posterior trochanter depressor.

Fig 5. The muscles within the coxa, trochanter and femur of the walking legs, male pedipalp and pushing leg as

modelled from iodine staining and micro-CT–scanning. The illustrated muscle reconstructions for A–F were

selected from the male pedipalp 3D PDF (S4 Fig), and G–H were selected from the pushing leg PDF (S5 Fig), as these

are considered to be the most anatomically informative. The muscles are depicted in anterior and posterior views to

accurately display the main features and shapes, as well as positions relative to neighbouring muscles. The dotted line

in C outlines the relative position of the coxal segment. The dotted lines in H outline the trochanter and femur. All

scale bars 10 mm.

https://doi.org/10.1371/journal.pone.0191400.g005
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Muscle 70—This muscle has the origin on the ventral posterior section of the coxa and an

insertion on the posteroventral margin of the trochanter (Fig 5A–5C) [27]. The muscle is

located posteriorly relative to muscle 69. This muscle has been named the extensor basis
maxillae [53].

Muscle 71—This muscle has the origin on the dorsal section of trochanter-femur joint and

insertions along the proximal anterior, posterior and dorsal sections of the femur (Fig 6A–

6F, 6M and 6N) [27]. The muscle is narrow along the dorsal section of the femur and bifur-

cates into two lobes that flank the anterior and posterior sections of the femur. The muscle

is located dorsally relative to muscles 73 and 74, posteriorly relative to muscles 75 and 77,

Fig 6. The muscles within the trochanter and femur of the walking legs, male pedipalp and pushing leg, as

modelled from iodine staining and micro-CT–scanning. The illustrated muscle reconstructions were selected from

the male pedipalp 3D PDF (S4 Fig), as these reconstructions are the most anatomically informative. A–D depict the

seven femoral muscles and their relative positions to each other. The individual muscles (E–P) are shown in anterior

and posterior views to accurately display the main features, shapes and, where possible, their position relative to

adjacent muscles. The dotted lines in B outline the trochanter and femur. All scale bars 5 mm.

https://doi.org/10.1371/journal.pone.0191400.g006
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and anteriorly relative to ‘Additional Muscle 1’ and muscle 78. This muscle has been named

the femur levator [30], flexor merioni enemiique [53] or the ischiopodite extensor [54].

Muscle 72—This muscle has an origin on the posterior and ventroposterior sections of the tro-

chanter and an insertion on the posterior ventral margin of the femur (Fig 5G and 5H)

[27]. The muscle is located dorsally relative to muscle 74 and proximally relative to muscle

73. This muscle has been named the femur depressor [30] or the ischiopodite flexor [54].

Muscle 73—This muscle has an origin on the distal anterior section of the trochanter and an

insertion on the proximal posterior section of the femur (Fig 5G and 5H) [27]. This muscle

is located distally relative to muscle 72. Fourtner & Sherman [54] suggested that this muscle

was part of muscle 72 and was referred to as the ischiopodite flexor. As muscles 72 and 73

are distinct muscles, this name must be changed, but it is worth noting that the muscle

functions as a flexor.

Muscle 74—This muscle has an origin on the anterior and ventral sections of the trochanter

and has an insertion on the proximal end of the patellar sclerite (modelled together as one

object) (Figs 5G, 5H and 6A–6L) [27, 47]. This muscle attaches to the so-called patellar

sclerite, a tendon that that runs the length of the femur [27, 33, 47]. As muscle 74 and the

patellar sclerite are grouped together here, muscle 74 is located ventrally relative to muscles

71, 76–80 and ‘Additional Muscle 1’. This muscle has been named the flexor femoris [32],

femoro-patella flexor [30], merional entapophysis [53], mero-carpopodite flexor [54] or Prin-

gle’s ‘special muscle’ [52].

Muscle 75—This muscle has an origin on the middle dorsoanterior section of the femur and

an insertion on the distal section of the patellar sclerite of muscle 74 (Fig 6D, 6K, 6M and

6N) [27]. This muscle is very thin, elongate, and is located posteriorly relative to muscle 77

and anteriorly relative to the patellar sclerite. Due to the thin nature of muscle 75, this mus-

cle could not be reliably identified in the micro-CT scan of the walking leg, but is illustrated

in the pushing leg and the male pedipalp PDFs. Due to the difficulty in identifying this mus-

cle, it is possible that muscle 75 may be a part of the larger muscle 77.

Muscle 76—This muscle has an origin on the middle ventroposterior section of the femur and

has an insertion on the distal shaft of the patellar sclerite (Fig 6B, 6D, 6I, 6J and 6L) [27].

This muscle is located posteriorly relative to the distal half of the patellar sclerite. The mus-

cle has been previously grouped with muscle 74, 77 and ‘Additional Muscle 1’, and called

the mero-carpopodite flexor [54]. As muscle 76 is a distinct muscle, the name is redundant.

Muscle 77—This muscle has an origin on the distal anterior section of the femur with an inser-

tion on the distal anterior side of the patellar sclerite (Fig 6C, 6D, 6F and 6O) [27]. The

muscle runs parallel to the distal anterior margin of the femur. This muscle has been called

femoro-patella flexor [30], but is amended here to anterior femoro-patella flexor. Muscle 77

has been grouped with muscle 74, 76 and ‘Additional Muscle 1’, and called the mero-carpo-
podite flexor [54]. As muscle 77 is a distinct muscle, the name is redundant.

Additional Muscle 1—This muscle has an origin on the distal posterior section of the femur

with an insertion on the distal posterior section of patella sclerite (Fig 6B–6D, 6I, 6J and

6P). The muscle is parallel to the distal posterior margin of the femur and located posteri-

orly relative to muscle 78. This muscle was not illustrated or noted in Shultz’s review, but

has been mentioned previously [30, 54]. This muscle has been called the femoro-patella
flexor [30], but is amended here to posterior femoro-patella flexor. ‘Additional Muscle 1’ has
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previously been grouped with muscle 74, 76 and 77, and called the mero-carpopodite flexor
[54]. As ‘Additional Muscle 1’ is a distinct muscle, the name mero-carpopodite flexor is

redundant.

Muscle 78—This muscle has an origin on the distal posterior section of the femur and has an

insertion on the distal posterior section of the patellar sclerite (Fig 6L and 6P) [27]. This

muscle is very thin and runs the distal length of the posterior side of the patellar sclerite.

Due to the thin nature of muscle 78, this muscle was not reliably identified in the walking

leg scan, but is illustrated in the pushing leg and the male pedipalp 3D PDFs. Due to the

difficulty in identifying the muscle, muscle 77 may be a part of the larger ‘Additional Mus-

cle 1’.

Muscle 79—This muscle has origins on the distal part of the dorsal section of the femur and

the anterior and anteroventral sections of the patella, with an insertion on the ventral mar-

gin of the tibiotarsus in the walking legs and male pedipalp, and the tibia in pushing legs

(Fig 7A–7E, 7K, 7M and 7O) [27]. This muscle is elongate and is located posteriorly relative

to muscle 81 and runs parallel with muscle 80. This muscle has been called the propodite
flexor [54], and the large leg muscle [52], but is amened here as the anterior propodite flexor.

Muscle 80—This muscle has an origin on the distal part of the dorsal section of the femur, and

the posterior and posteroventral sections of the patella, with an insertion on the ventral

margin of the tibiotarsus in the walking legs and male pedipalp, and the tibia in the pushing

legs (Fig 7A–7E, 7G and 7K) [27]. This muscle is slender and is located posteriorly relative

to muscle 82 and runs parallel with muscle 79. This muscle has been called the propodite
flexor [54], but is amended here as the posterior propodite flexor.

Muscle 81—This muscle has an origin on the anterodorsal section of the patella and an inser-

tion on the anterior process of the tibiotarsus (Fig 7A–7C, 7E–7G, 7I, 7K, 7L and 7N) [27].

The muscle tapers rapidly into an elongated strip that runs through to the anterior process

and is located anteriorly relative to muscle 79 and posteriorly relative to muscle 83. This

muscle has been called the propodite extensor [52], but is amended here as the anterior pro-
podite extensor.

Muscle 82—This muscle has an origin on the posterodorsal section of the patella and an inser-

tion on the posterior process of the tibiotarsus (Fig 7B, 7C, 7H, 7K, 7M and 7N) [27]. The

muscle tapers rapidly into an elongated strip that runs through to the posterior process.

The muscle is located anteriorly relative to muscle 84, posteriorly relative to muscle 80, and

runs parallel with muscle 81. This muscle has been called the propodite extensor [52], but is

amended here as the posterior propodite extensor.

Muscle 83—This muscle has an origin on the anterior section of the patella and an insertion

on the anterior margin of the tibia (Fig 7A, 7C, 7D, 7F and 7K–7O) [27]. This muscle is

located anteriorly relative to muscle 81. This muscle has been named the anterior patella-
tibial flexor [30]. Fourtner & Sherman thought that muscle 83 was divided into two muscles:

the anterior propodite flexor and anterior propodite extensor [54]. As muscle 83 is clearly one

muscle (at least within the walking leg and male pedipalp), both names, the anterior propo-
dite flexor and anterior propodite extensor, should not be used.

Muscle 84—This muscle has an origin on the posterior section of the patella and an insertion

on the posterior proximal margin of the tibiotarsus (Fig 7B–7E and 7G–7J) [27]. This mus-

cle is located posteriorly relative to muscle 82. This muscle has been named the posterior

A 3D anatomical atlas of Limulus polyphemus

77



patella-tibial flexor [30]. Fourtner & Sherman thought that muscle 84 was divided into two

muscles: the posterior propodite flexor and posterior propodite extensor [54]. As muscle 84 is

clearly one muscle (at least within the walking leg and male pedipalp), both names, the pos-
terior propodite flexor and posterior propodite extensor, should not be used.

Muscle 87—This muscle has an origin on the dorsal section of the tibiotarsus and an insertion

on the dorsal margin on the dactylopodite (Fig 8N and 8P) [27]. Muscle 87 is located dor-

sally relative to muscle 88 and has been named the abductor dactylis [32] and the claw
opener [52]. Fourtner & Sherman split this muscle into the dactylopodite flexor and dactylo-
podite extensor [54]. As muscle 87 is clearly one muscle, and the divisions presented in [54]

Fig 7. The muscles within the walking legs and male pedipalp patella, as modelled from iodine staining and

micro-CT–scanning. The illustrated muscle reconstructions were selected from the male pedipalp 3D PDF (S4 Fig), as

these reconstructions are the most anatomically informative. A–D depict the six muscles in four views to illustrate the

overall form of the muscles and their relative positions to each other. The muscles (E–O) are shown in anterior and

posterior views to accurately display the main features and shapes thereof and, where possible, their position relative to

adjacent muscles. The dotted lines in B outline the distal end of the femur and the patella. All scale bars 5 mm.HHh.

https://doi.org/10.1371/journal.pone.0191400.g007
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do not reflect what was identified in the micro-CT scans, the names dactylopodite flexor and

dactylopodite extensor should not be used.

Muscle 88—This muscle has an origin on the ventral section of the tibiotarsus and an insertion

on the ventral margin of the dactylopodite (Fig 8N and 8P) [27]. This muscle is located

Fig 8. The muscles within the patella, tibia and pretarsus of the pushing leg, and the walking leg and male

pedipalp tibiotarsus muscles, as modelled from iodine staining and micro-CT–scanning. (A–C) The five muscles

within the patella of the pushing leg in three views to illustrate the overall form of the muscles. (D–I) Each of the five

muscles in anterior and posterior views to accurately display the main features and shapes thereof and, where possible,

their position relative to adjacent muscles. (J–M) The two muscles within the tibia of the pushing leg. (N, P) The two

muscles within the tibiotarsus of the walking leg. (O, Q) The two muscles within the pretarsus of the pushing leg. (R)

The newly described muscle within the tibiotarsus of the male pedipalp; due to the subspherical nature thereof, the

anterior perspective was not included. Muscle reconstructions A–M, O and P were selected from the pushing leg 3D

PDF (S5 Fig). The muscle reconstructions of N and P were selected from the walking leg 3D PDF (S3 Fig). The muscle

reconstruction of R was selected from the male pedipalp (S4 Fig). The dotted line in B outlines the pushing leg patella.

The dotted line in L outlines the tibia. Scale bars 5 mm for A–N, R; 4 mm for P; 3 mm for O, Q.

https://doi.org/10.1371/journal.pone.0191400.g008

A 3D anatomical atlas of Limulus polyphemus

79

https://doi.org/10.1371/journal.pone.0191400.g008


ventrally relative to muscle 87. Fourtner & Sherman split this muscle into the dactylopodite
flexor and dactylopodite extensor [54]. As muscle 88 is clearly a single muscle, and the divi-

sions presented in [54] do not reflect what was identified in the micro-CT scans, the names

dactylopodite flexor and dactylopodite extensor should not be used.

Male pedipalp

The male pedipalp is effectively a modification on the anteriormost pair of walking legs (Figs

3E, 3F, 4E and 4F). While the coxa, trochanter, patella and tibia are the same, the tibiotarsus

and dactylopodite are modified during ontogeny into a fortified bulbous section (the tibiotar-

sus) and a thick, curved claw (the dactylopodite) for mating purposes [26, 31]. The claw is

often lost during the first mate pairing and is therefore not often observed [42]. Muscles 67–84

in male pedipalps are the same as those in the walking legs, so are not described again here.

However, the muscles within the tibiotarsus are different in these appendages. In the bulbous

tibiotarsus of the male pedipalp, a mass of dense muscle (called ‘Additional Muscle 2’) is pres-

ent, whereas the walking leg tibiotarsus possesses muscles 87 and 88. The muscle mass within

the trochanter has, to the knowledge of the authors, never been previously documented.

‘Additional Muscle 2’—This muscle has an origin on the proximal margin of the tibiotarsus

and an insertion on the dorsal margin of the tibiotarsus (Fig 8R). The muscle is not imme-

diately adjacent to any other muscles, but is distal to the muscles within the patella. Here it

is hypothesized that ‘Additional Muscle 2’ is modified during ontogeny into a single muscle

mass to reflect the different use of the appendage and fortify the tibiotarsus and claw for

grabbing during mating.

Pushing leg

The largest of the cephalothoracic appendages is the pushing leg, the main function of which is

to push the animal forward, but also to assist in burrowing with the aid of the processes (Fig

3C and 3D) [26, 30]. The pushing leg has nine segments (proximally to distally): the coxal end-

ite that bears a spatulate flabellum (also termed the epipodite [55]) and thick gnathobases; tro-

chanter; femur; patella; tibia; an elongated pretarsus partially surrounded by four processes;

and a moveable apotele [26, 27, 31, 47, 53]. Muscles 67–82 in the pushing legs are the same as

those found in the walking legs and male pedipalp, so are not described again here. However,

muscles 85, 86 and ‘Additional Muscle 3’ are unique to the pushing leg and so are described

here. Furthermore, subdivisions of muscles 83 and 84 are presented. Finally, as muscles 87 and

88 in the pushing leg are located within the pretarsus, these muscles are re-described.

Muscle 83A—This subdivision of muscle 83 has an origin on the anterior section of the patella

and an insertion on the distal margin of muscle 81 (Fig 8A, 8C, 8F and 8H). This muscle is

located anteriorly relative to muscles 80, 81, and 84A. As muscle 83 has been named the

anterior patella-tibial flexor [30], it is suggested that only 83A be called the anterior patella-
tibial flexor and 83B be given a different name (see below).

Muscle 83B—This subdivision of muscle 83 has an origin on the centroanterior section of the

patella and an insertion on the anterior margin on the tibia (Fig 8A, 8C, 8D and 8F). Muscle

83B is located anteriorly relative to muscle 83A. As muscle 83 has been named the anterior
patella-tibial flexor [30] (discussed above), it is suggested here that 83B should be named the

anteriormost patella-tibial flexor.
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Muscle 84A—This subdivision of muscle 84 has an origin on the posterior section of the

patella and an insertion on the distal margin of muscle 80 (Fig 8A–8C, 8E and 8G). This

muscle is located posteriorly relative to muscles 80, 81 and 83A. As muscle 84 has been

named the posterior patella-tibial flexor [30], it is suggested that only 84A be called the poste-
rior patella-tibial flexor and 84B be given a different name (see below).

Muscle 84B—This subdivision of muscle 84 has an origin on the centroposterior section of the

patella insertion on the posterior proximal margin of the tibia (Fig 8A–8C and 8G–8I). This

muscle is located posteriorly relative to muscle 84A. As muscle 84 has been named the pos-
terior patella-tibial flexor [30] (discussed above), it is suggested here that 84B be named the

posteriormost patella-tibial flexor.

Additional Muscle 3—This muscle has not previously been described and does not resemble

any other muscles described here (Fig 8A–8C, 8E and 8H) [27, 33, 47]. The muscle has an

origin on the proximal dorsal section of the patella and an insertion on the dorsal margin of

the tibia. This muscle is located dorsally relative to muscles 79–84A. Fourtner & Sherman

[54] included a possible depiction of this muscle, but did not describe the muscle.

Muscle 85—This muscle has an origin on the anterior section of the tibia and has an insertion

on the anterior margin of the pretarsus (Fig 8J–8L) [27]. This muscle is located dorsally rel-

ative to muscle 86.

Muscle 86—This muscle has an origin on the anterior and posterior sections of the tibia and

an insertion on the posterior margin of the pretarsus (Fig 8J, 8L and 8M) [27]. This muscle

bifurcates along the ventral margin of the tibia and is located ventrally relative to muscle 85.

Muscle 87—This muscle has an origin on the dorsal section of the pretarsus and an insertion

on the dorsal margin of the apotele (Fig 8O and 8Q). This muscle is elongate, very thin and

located dorsally relative to muscle 88. This muscle has been named the abductor dactylis
[32].

Muscle 88—This muscle has an origin on the ventral section of the pretarsus and an insertion

on the ventral margin of the apotele (Fig 8O and 8Q). This muscle is elongate, but thicker

than the co-occurring muscle 87 and located ventrally relative to muscle 87.

Chilaria

These small, spine-bearing appendages are the most posterior, heavily modified and unseg-

mented cephalothoracic appendages that are also considered to be the first of the opisthosomal

appendages (Fig 2G and 2H) [40, 47]. The chilaria have no internal musculature and function

mostly as a means of preventing food items escaping behind the pushing legs [47].

Genital operculum

This opisthosomal appendage is located anteriorly to the gill opercula and attaches to the

membrane that connects the cephalothorax and thoracetron (Fig 9A–9C) [47]. The genital

operculum covers and protects the other thoracetronic appendages, as well as bearing the sex-

ual organs [42]. The genital operculum consists of two plates, divided by the sternal lobe [27,

31, 39, 42]. Attached to each plate is an exopodial lobe, onto which an endopodite attaches [27,

31, 39, 42]. Additional features include the two genital papillae, the muscle masses that attach

the genital operculum to the thoracetron, and the soft tissue that connects the genital opercu-

lum to the anteriormost gill operculum. Of the 16 muscles in the genital operculum, only the
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largest muscle is described and illustrated here, as this was the only muscle that could be defin-

itively identified from the micro-CT scans [27, 47].

Muscle 96 on the genital operculum—This muscle has an origin on the posterior section of the

cephalothorax and an insertion on the anterior margin of the genital operculum (Fig 9C)

[27]. The muscle is elongate and is located adjacent to the thinner muscle 100, which was

not reliably identified in the micro-CT scan and was therefore not figured. This muscle is

called the promotor muscle [45, 47].

Gill operculum

The five most posterior appendage pairs of the exoskeleton are the gill (or branchial) opercula

that attach to the ventral side of the thoracetron (Fig 9D–9F) [38, 40]. The gill opercula are

used for respiration and osmoregulation, and also act as paddles to assist propulsion during

swimming [26, 38, 56]. Each pair of gills consists of closely spaced brachial lamellae, of which

there are at least 80 in adult individuals [47]. The gill pairs attach to plates that are divided by a

sternal lobe [31]. Each plate attaches to an exopodial lobe, while two endopodites attach to the

distal sections of the sternal lobe [26, 27, 31, 38, 39, 56]. An additional feature includes the con-

nective tissue that attaches the gill opercula to the thoracetron, but also join the set of thorace-

tronic appendages [27]. The largest of 16 muscles in each gill operculum is described and

illustrated here, as this was the only muscle that could be definitively identified in the micro-

CT scans [27, 47].

Muscle 96 on the gill opercula—This muscle has an origin on the thoracetron, at the entapo-

physeal pits, and an insertion on the anterior margin of the gill opercula (Fig 9F) [27]. The

Fig 9. Anterior and posterior views of thoracetronic appendages, as modelled from iodine staining and micro-CT

scanning. (A, B) Anterior and posterior views of the genital operculum. (D, E) Anterior and posterior views of a gill

operculum. (C, F) Posterior views of the genital operculum and the gill operculum, respectively, with sections removed

to depict muscle 96. The reconstructions in A–C were selected from the genital operculum 3D PDF (S7 Fig). The

reconstructions in D–F were selected from the gill operculum 3D PDF (S8 Fig). All scale bars 20 mm.HHh.

https://doi.org/10.1371/journal.pone.0191400.g009
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muscle is elongate and located adjacent to the thinner muscle 100, which was not reliably

identified in the micro-CT scan and was therefore not figured. This muscle is called the pro-
motor muscle [47].

Discussion

Muscles in 3D

Studying the muscles of Limulus polyphemus using a 3D approach allows researchers interested

in chelicerate appendage musculature to consider such anatomy in a biologically accurate

manner. The segmentation of muscles identified two new muscles that are described here.

This result illustrates how useful in vivo muscle studies after iodine staining can be: even with

the most careful dissection, muscles can be missed or lumped together unintentionally. Fur-

thermore, digital dissections can be conducted multiple times and one is not constrained by

the possibility of the muscles decaying, like standard dissections. The 3D PDFs constructing

this atlas offer a resource for researchers interested in visualizing L. polyphemus muscles, but

also general external morphology, in a manner that reflects the three dimensional nature of the

organism. Beyond this general interest, there are other important applications of this study. As

L. polyphemus is employed as an outgroup for arachnid phylogenies that include both external

exoskeleton and muscle characters [33], 3D reconstructions can aid in more accurate coding.

Furthermore, as L. polyphemus is used as a modern analogue for suggesting the mode of life

for extinct taxa, such as the Cambrian arthropod Sidneyia inexpectans (Walcott) from the Bur-

gess Shale of Canada [57], and the Silurian eurypterid Eurypterus tetragonophthalmus Fischer

from Estonia [58], appendage muscle data are useful. An accurate record of L. polyphemus
muscles can help researchers to suggest possible muscle combinations and arrangements

within extinct taxa and, by extension, place functional limits on appendage motion and feeding

ability.

Iodine staining

Iodine staining of the appendages to highlight muscles within the exoskeletal segments was an

excellent method for studying these anatomical structures in detail. A standard micro-CT scan

cannot easily differentiate soft tissue unless the tissue has differing x-ray attenuation properties

compared to the surrounding material [59]. As non-biomineralized material has low X-ray

absorption and contrast, the addition of iodine solution to the tissue results in the ability to

observe soft tissue features in much greater detail [28, 29]. Although the micro-CT scanner

would have identified the exoskeleton regardless, the utilization of iodine staining facilitated

the clear differentiation of muscles that would not have been possible with unstained speci-

mens. Metscher [28] illustrated this same result with insects, but the present study is the first

to extend iodine staining to chelicerates. As a topic of further investigation, it would be inter-

esting to compare the results of micro-CT scans of stained arthropod appendages (or complete

specimens) to those that have combined both micro-CT and MRI scans of non-stained

specimens.

Studying the scans of iodine-stained specimens in conjunction with anatomical drawings

demonstrates that researchers need not conduct physical dissections to identify muscles. This

is advantageous in the study of arthropod anatomy, as removing the exoskeleton to identify

and examine muscles is a complicated task that often precludes the consideration of their 3D

structure. However, care must be taken, as extended periods of staining using this method will

dehydrate specimens severely and affect the identification of muscles. This is depicted here in
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the reconstructions of the walking leg: the muscles within this scan are shrunk in comparison

to the pushing leg and male pedipalp (S3–S5 Figs). It is therefore imperative that when con-

ducting iodine staining using the method outlined here, that the specimens not be housed in

alcohol for extensive periods. Expanding on the present study using iodine staining to include

detailed investigation of other anatomical components of L. polyphemus may reveal additional,

as-yet undocumented internal anatomy of L. polyphemus. While a study of this magnitude was

beyond the scope of this work, the information derived from subsequent studies would be of

particular value in arthropod taxonomy and phylogeny, as internal anatomy is often important

for the classification of various groups [7].

Digital specimens

Biological collections housed in various institutions, especially museums, have academic, cul-

tural and historic value, so it is important that specimens be made available (in one way or

another) to researchers interested in studying them, but also the public at large. One way is to

provide photos and other forms of illustration (e.g., line drawings) in publications, on web-

sites, and other forms of media. However, conventional 2D illustrations of museum specimens

can be somewhat limited in the anatomical information they provide. To gain a better under-

standing of the 3D nature of specimens, it is often necessary for researchers to visit institu-

tional collections or borrow the material in order to physically examine them, which in either

case can be impractical for various reasons relating to rarity, fragility, logistics, cost, or policy.

Ideally, morphologically unique or interesting museum specimens, not to mention important

type material, should be scanned using an MRI, CT or micro-CT scanner for the purpose of

re-descriptions, digital dissections, and the production of morphological datasets. Using such

an approach, researchers will have access to fundamental, historical and revised taxonomic

data. These datasets remove the need for taxonomic housekeeping—the reconsideration of

archaic taxon descriptions and fruitless efforts to locate specimens that sometimes no longer

exist [60–62]. This is not to suggest that digital records should replace physical specimens, but

simply provide researchers with another medium through which organisms can be studied. To

see this suggestion become reality, museums and other collection-focused research institutions

need to take the lead in compiling the digital collections of useful specimens [25, 28]. This

study is an example of how this can be done: an informative museum specimen of Limulus
polyphemus was used to construct an atlas and re-describe various anatomical features of this

important taxon [61].

Nomenclature

As this atlas re-describes various anatomical parts of Limulus polyphemus, a short comment on

the general lack of consistency in terminology within the existing literature is warranted. In

reviewing the terms assigned to the external exoskeletal features of L. polyphemus, it became

apparent that multiple names for various components of the exoskeleton have been employed,

resulting in confusion. Thus, there is a need to standardize the terminology. It is suggested that

the names for exoskeletal components assigned in the 3D PDFs be adopted henceforth. The

names suggested will hopefully remove any confusion regarding the terminology of the cepha-

lothoracic appendages, especially the most distal segments. Conversely, after considering the

wealth of literature on this extensively studied taxon, there are 11 muscles within the cepha-

lothoracic appendages alone that are described, but remain un-named. Therefore, an opportu-

nity exists for arthropod experts to suggest names for these muscles and preclude the need for

a numerical system. Assigning names to muscles is especially important as the numbering sys-

tem has been employed for L. polyphemus since Lankester (1881) [31].
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Conclusion

Limulus polyphemus is described and digitally dissected for the first time in 3D. A CT scan of a

large museum specimen depicts the main exoskeletal features, while micro-CT scans of fresh,

iodine-stained appendages have facilitated the digitization of appendage segments and mus-

cles. A redescription of the appendage musculature is provided, including the identification of

two new muscles, one in the pushing leg (‘Additional Muscle 3’) and one in the male pedipalp

(‘Additional Muscle 2’). In addition, two muscles within the pushing leg (muscles 83 and 84)

are further subdivided: muscles 83A, 83B, 84A and 84B. This atlas represents the most biologi-

cally accurate 3D representation of L. polyphemus to date, and with a focus on the appendages

and their associated muscles, makes the dataset an invaluable resource for researchers inter-

ested in the detailed anatomy of this iconic arthropod. The production of 3D atlases for other

iconic and rare taxa will create important digital records that will improve accessibility to ana-

tomical information and supplements the physical examination of specimens for taxonomic or

other studies.
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ABSTRACT

Xiphosurids are an archetypal group of chelicerates with extensive anatomical, physiological, and
paleontological documentation. Despite this research, very little information is available concern-
ing abnormal specimens of the group. Here we vastly increase the number of documented
 abnormal extant xiphosurids by identifying 17 specimens showing a range of abnormalities on the
appendages, cephalothorax, thoracetron, and telson. These specimens include all extant species
and the first documentation of abnormal Carcinoscorpius rotundicauda. We note that previous
suggestions that the telson was the most commonly abnormal body part may reflect a species-
 specific bias and propose increased use of museum collections to understand these iconic organ-
isms and their abnormalities.

KEYWORDS

Abnormalities, Xiphosurida, Carcinoscorpius rotundicauda, Limulus polyphemus, Tachypleus
gigas, Tachypleus tridentatus

Introduction

True horseshoe crabs (order Xiphosurida within
Chelicerata) have been, and continue to be, exten-
sively studied arthropods due to their size and fos-
sil record. The anatomical (e.g., Owen 1872;
Lankester 1881; Shultz 2001; Bicknell, Klinkhamer
et al. 2018; Bicknell, Paterson et al. 2018), biochem-
ical (e.g., Kaplan et al. 1977), biomechanical (Bick-
nell, Ledogar et al. 2018), ecological (e.g., Sokoloff
1978; Shuster 1982; Shuster and Sekiguchi 2009;
Fairuz-Fozi et al. 2018), genetic (e.g., Sokoloff 1978;
Obst et al. 2012), and paleontological (e.g., Wood-
ward 1879; Fisher 1984; Selden and Siveter 1987;
Hauschke and Wilde 1991; Lamsdell 2013, 2016;
Bicknell, Pates et al. 2018) facets of horseshoe crabs
have therefore been thoroughly documented.
Recent research (Bicknell, Pates et al. 2018) high-
lighted that extant and extinct horseshoe crab
abnormalities are underexplored. Bicknell, Pates
et al. (2018)  presented notes on all previously

 documented abnormal specimens (see van der
Meer Mohr 1935; Shuster 1982; Jell 1989 for the
majority of other abnormalities) and demonstrated
abnormalities in both extant and extinct species.
Using specimens in the Division of Invertebrate
Zoology collection in the Peabody Museum of
Natural History, Yale University, here we further
this work by reporting abnormalities on all extant
xiphosurid species: Carcinoscorpius rotundicauda
(Latreille, 1802), the mangrove horseshoe crab
sensu Cartwright-Taylor et al. (2009); Limulus
polyphemus (Linnaeus, 1758), the Atlantic or
American horseshoe crab, sensu Shuster et al.
(2003); Tachypleus gigas (Müller, 1785), the South
Asian horseshoe crab, sensu Miyata et al. (1984);
and Tachypleus tridentatus (Leach, 1819), the
Japanese horseshoe crab sensu Nakamura et al.
(1976). In doing so, we present new examples of
abnormalities (including an apparently rare abnor-
mal appendage) and the first documented exam-
ples of abnormalities in C. rotundicauda.
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Abnormalities: Causes and Forms
Following Owen (1985) and Bicknell, Pates et al.
(2018), the term abnormality describes a mis-
shapen or missing exoskeletal section, or an addi-
tional and unusual growth. Although original
causes  may be unknown, three major abnormal-
ity-inducing pathways have been suggested:
injuries, teratologies and pathologies (Bicknell,
Pates et al. 2018 modified the definitions in Owen
1985—originally applied to trilobites—to xipho-
surid abnormalities).

Injuries are the result of mechanical damage
induced by predators, or self-inflicted accidentally
during molting, mating or burrowing. These are
generally V-, W-, U- or L-shaped embayments or
indents in the xiphosuran exoskeleton. Scar for-
mation (cicatrisation) occurs at injury site, with
partial regeneration of injured areas during subse-
quent molting events. Injuries can affect one side
of the exoskeleton (unilateral) or both sides
thereof (bilateral). Teratologies are developmen-
tal and genetic aberrations and can result in the
additional, abnormal or failed growth of spines
and body parts (e.g., segments, spines). Patholo-
gies are atrophied tissue caused by disease, or
abnormal growth of exoskeleton around a para-
sitic  intrusion.

Methods

This approach develops on Jell (1989) and Bick-
nell, Pates et al. (2018), who reported abnormal
specimens from museum collections. All dry and
wet xiphosurid specimens from the Division of
Invertebrate Zoology, Peabody Museum of Natu-
ral History, Yale University, New Haven, Connecti-
cut, USA (YPM IZ), collection were reviewed for
abnormalities (n � 127). Abnormal specimens
were photographed with a Canon D60 under LED
(light-emitting diode) lighting in the Yale Peabody
Museum’s Division of Invertebrate Paleontology.
Wet specimens were removed from alcohol and
imaged. Images were stacked using Helicon Focus
6 (Helicon Soft Limited) stacking software. Injured
trilobite specimens from Cambrian-aged deposits
displaying recovering thoracic spines from the
South Australia Museum, Adelaide, Australia
(SAM), and Museo de Ciencias Naturales de la
Universidad de Zaragoza, Zaragoza, Spain (MPZ),
were presented for comparison with one of the
thoracetronic abnormalities.

Results

Carcinoscorpius rotundicauda
A total of 14 Carcinoscorpius rotundicauda spec-
imens were reviewed, and four adult specimens
with abnormalities to the cephalothorax, tho-
racetron and telson were documented. The first
specimen (YPM IZ 103383) shows a bilaterally
expressed cephalothoracic abnormality with 
W-shaped indentations on both genal spines
(Figure 1A, C, D). The second specimen (YPM
IZ 055595) has a symmetrical U-shaped inden-
tation on the posterior right thoracetron (Figure
1B, E). The right thoracetron side has five move-
able spine notches, one fewer than the left side.
The third specimen (YPM IZ 103384) displays an
asymmetric U-shaped indentation on the ante-
rior right thoracetron and one fewer movable
spine on the right side (four) than the left (five)
(Figure 2A, B). The fourth specimen (YPM IZ
055594) has a kink within the last fifth of the tel-
son (Figure 2C, D).

Limulus polyphemus
A total of 88 Limulus polyphemus specimens were
reviewed. A juvenile specimen (YPM IZ 103398)
is the only abnormal wet specimen and has a
stunted, left-curved telson (Figure 3D, E).
Another specimen (YPM IZ 030231) has an
injured thoracetron and telson (Figure 3A–C).
The thoracetron has a W-shaped indentation in
the middle-left side, and lacks a moveable spine
and the associated spine notch (Figure 3A, C). The
telson has a slight kink in the last third of the tail-
spine (Figure 3A, B). The largest L. polyphemus
specimen in the Yale Peabody Museum collection
(YPM IZ 055601; approximately 52 cm long) has
a kink in the first third of the telson (Figure 4A, B)
and movable spines on the right posterior tho-
racetron that are a third the size of spines on the
left side (Figure 4A, D). Only one specimen (YPM
IZ 055579) is documented here with an appendage
abnormality: a shortened apotele on the right
pushing leg (cephalothoracic appendage VI)
 (Figure 4C, E).

Tachypleus gigas
A total of 17 Tachypleus gigas specimens were
reviewed. Six abnormal, adult T. gigas specimens
were documented: five with cephalothoracic
abnormalities, and one with a thoracetronic
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FIgURE 1. Carcinoscorpius rotundicauda specimens with cephalothoracic and thoracetronic abnormalities. 
A. Carcinoscorpius rotundicauda with W-shaped indentation to both genal spines (YPM IZ 103383). B. Car-
cinoscorpius rotundicauda with U-shaped indentation in thoracetron (YPM IZ 055595). C. Close-up of inden-
tation to left genal spine (YPM IZ 103383). D. Close-up of indentation to right genal spine (YPM IZ 103383).
E. Close-up of indentation in thoracetron (YPM IZ 055595; white arrow). All images in dorsal view. Scale bars
equal 3 cm (A, B) and 1.5 cm (C–E).
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abnormality. This species had the most diverse
range of abnormality shapes in the collection. The
first specimen (YPM IZ 103380) displays an
abnormal left cephalothoracic genal spine with a
W-shaped injury comparable to the embayment
in a Carcinoscorpius rotundicauda specimen (Fig-
ure 1A, C, D) and a small, oval-shaped indenta-
tion (Figure 5A, D). The second specimen (YPM
IZ 055599) shows a rounded genal spine with a
protrusion developing dorsally from the rounded
edge (Figure 5B, F). The third specimen (YPM IZ
103366) has an O-shaped impression on the left
anterior cephalothorax that deformed the sur-
rounding exoskeleton (Figure 5C, E). The fourth
specimen (YPM IZ 103369) displays two injuries
to the right cephalothorax (Figure 6A, D, E). The
cephalothoracic border has a small U-shaped
embayment on the right anterior section (Figure
6A, D) and the posterior right genal spine has two
terminal points (Figure 6A, E). The fifth specimen
(YPM IZ 103382) possesses a large U-shaped
indentation on the center-left cephalothorax (Fig-
ure 6B, F). This indentation is coupled with an
ovate hole located dorsally above from the inden-
tation. The hole has evidence of recovery. The
only T. gigas specimen with a thoracetronic
abnormality was a female specimen (YPM IZ
103377; Figure 6C and g). This specimen has five
moveable spine notches on the right side, as

opposed to six, and two moveable spines devel-
oped in the fourth notch (Figure 6g).

Tachypleus tridentatus
A total of eight Tachypleus tridentatus specimens
were reviewed, and three abnormal T. tridentatus
specimens (two adults, one juvenile) were docu-
mented. These displayed cephalothoracic, tho-
racetronic and telson abnormalities. A large adult
specimen (YPM IZ 055581) has a bilateral tho-
racetronic abnormality (Figure 7A–C). The left
thoracetron has a posterior movable spine
removed and another stunted moveable spine
(Figure 7B). The right thoracetron has two
stunted anterior moveable spines, the most ante-
rior of which is fused to the thoracetron (Figure
7C). The other adult specimen (YPM IZ 002430)
shows a U-shaped indentation in the left anterior
cephalothoracic margin (Figure 7D, E). The juve-
nile specimen (YPM IZ 103381) has a left-curved
telson (Figure 7F, g).

Discussion

Injury is the most common cause of abnormality
observed in our study. The W- and U-shaped
embayments and indents to cephalothoraxes and
thoracetrons are diagnostic of mechanical dam-
age. Only one specimen (YPM IZ 103382) shows
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FIgURE 2. Carcinoscorpius rotundicauda specimens with thoracetronic and telson abnormalities. A, B. Carcinoscor-
pius rotundicauda with U-shaped indentation on thoracetron (YPM IZ 103384). B. Close-up of indentation in
A (white arrow). C, D. Carcinoscorpius rotundicauda with kinked telson (YPM IZ 055594). D. Close-up of tel-
son. All images in dorsal view. Scale bars equal 3 cm (A), 1.5 cm (B), 2 cm (C) and 0.5 cm (D).
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FIgURE 3. Limulus polyphemus specimens with thoracetronic and telson abnormalities. A–C. Limulus polyphemus
with kinked telson and abnormal thoracetron (YPM IZ 030231). B. Close-up of kinked telson. C. Close-up of
W-shaped indentation on thoracetron. D, E. Juvenile Limulus polyphemus (wet specimen) with left-curved tel-
son (YPM IZ 103398). E. Close-up of telson. All images in dorsal view. Scale bars equal 3 cm (A), 1.5 cm (B, C),
1 cm (D) and 0.25 cm (E).
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evidence of scarring and recovery, with all other
injuries having therefore likely undergone some
level of regeneration and therefore multiple molt-
ing events. The U shape of some injuries could
indicate either an injury from tearing softer
exoskeleton after a molting event, or an injury
that has undergone substantial recovery, or both.
Unequal numbers of movable spines on tho-
racetron sides and missing spine notches are also

evidence of injuries (YPM IZ 030231, YPM IZ
055595 and YPM IZ 103384; Figures 1B, E, 2A, B,
and 3A, C). Examples of stunted, absent or other-
wise abnormal spines may reflect a teratological
cause. The exception to this is a specimen (YPM
IZ 103377; Figure 6C, g) in which two spines
have developed in one thoracetronic spine
notch. This abnormality likely resulted from a
previously injured notch. This is similar to the
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FIgURE 4. Limulus polyphemus specimens with abnormal moveable spines, appendages and telsons. A. Short-
ened moveable spines and kinked telson (YPM IZ 055601). B. Close-up of kinked telson (YPM IZ 055601).
C. Abnormal pushing leg (YPM IZ 055579). D. Close-up of shortened moveable spines (YPM IZ 055601; white
arrows). E. Close-up of damaged appendage (YPM IZ 055579; white arrow). A, B, D, in dorsal view. C, E, in ven-
tral view. Scale bars equal 3 cm (A, C), 0.75 cm (B) and 1.5 cm (D, E).
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 development of two spines from an injured single
thoracic section is seen in Cambrian trilobites
(Figure 8; Pates et al. 2017). In one case (YPM IZ
103366), the O-shaped impression in the left

anterior cephalothorax could be a pathology
associated with a  parasite.

Shuster (1982), Botton and Loveland (1989)
and Bicknell, Pates et al. (2018) all observed that
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FIgURE 5. Tachypleus gigas specimens with abnormal cephalothoraxes. A. W-shaped indentation and oval-shaped
indentation on left genal spine (YPM IZ 103380). White arrow indicates abnormalities. B. Rounded genal spine
with protrusion (white arrow; YPM IZ 055599). C. O-shaped impression in the left anterior cephalothorax (white
arrow; YPM IZ 103366). D. Close-up of abnormalities (YPM IZ 103380). White arrow: W-shaped indentation;
black arrow: oval-shaped indentation. E. Close-up of impression (YPM IZ 103366). F. Close-up of protrusion
(white arrow; YPM IZ 055599). A–C, F, in dorsal view. D–E, in lateral view. Scale bars equal 3 cm (A–C), 1.5 cm
(D, F) and 2 cm (E).
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telson abnormalities were the most frequently
documented horseshoe crab abnormalities. The
Limulus polyphemus specimens documented here
did have more telson abnormalities than other
types; however, the three other horseshoe crab
species displayed more cephalothoracic and tho-
racetronic abnormalities (Table 1). In Tachypleus
gigas, abnormalities were incurred most often on
the cephalothorax, whereas in Carcinoscorpius
rotundicauda and T. tridentatus they were found
on all sections of the exoskeleton in similar pro-
portions. Patterns of abnormalities in extant
horseshoe crabs may therefore be species-specific
and could potentially relate to the environmental

conditions inhabited by the taxa or predatory
groups targeting the different species. As the
small sample size presented herein cannot offer
conclusive statistical support, a quantitative study
of bulk samples considering large populations of
all four species is needed to confirm or reject this
hypothesis.

Bursey (1977) and Clare et al. (1990) represent
the few attempts at intentionally damaging Limu-
lus polyphemus specimens to explore how the
injuries recovered at a cellular level. However, no
attempts have been made to replicate naturally
occurring abnormalities in a laboratory. An exten-
sion of Clare et al. (1990) could be to inflict injuries
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FIgURE 6. Tachypleus gigas specimens with abnormal cephalothoraxes and thoracetrons. A. U-shaped embayment
on right anterior cephalothorax and abnormal right genal spine (white arrows) (YPM IZ 103369). B. U-shaped
indentation in center-left cephalothorax (white arrow) (YPM IZ 103382). C. Female specimen with abnormal
right thoracetron (YPM IZ 103377). D. Close-up of U-shaped embayment (YPM IZ 103369; white arrow).
E. Close-up of two genal spine points (YPM IZ 103369). F. Close-up of indentation and ovate hole (YPM IZ
103382). Hole is scarred. G. Close-up of thoracetron with two moveable spines in the same notch (YPM IZ
103377). A–C, g, in dorsal view. D–F, in lateral view. Scale bars equal 3 cm (A, B), 2 cm (C, F), 1 cm (D, E) and
1.5 cm (g).
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to specimens raised and housed in a laboratory to
document how the individuals recovered at the
macro-scale in subsequent molting events. This
experiment would allow researchers to determine
how horseshoe crab exoskeletons recover from
potentially traumatic damage and to suggest the

extent of recovery (if any) for naturally produced
abnormalities. Furthermore, data on injury recov-
ery across multiple molting events will aid paleon-
tologists interested in understanding how extinct
limulids and possibly trilobites recovered from
injuries (sensu Pates et al. 2017, fig. 10).
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FIgURE 7. Tachypleus tridentatus specimen with abnormalities. A–C. Specimen with bilateral, thoracetronic abnor-
malities (YPM IZ 055581). B. Left thoracetron with movable spine removed (white arrow) and stunted spine
(gray arrow). C. Right thoracetron with two stunted moveable spines (gray arrows) and a spine fused to tho-
racetron (white arrow). D, E. U-shaped indentation in the left anterior cephalothorax (white arrow) (YPM IZ
002430). E. Close-up of indentation (white arrow). F, G. Juvenile with left-curved telson (YPM IZ 103381). 
G. Close-up of telson. A–D, F, g, in dorsal view. E, in lateral view. Scale bars equal 6 cm (A, D), 1.5 cm (B, C), 
1 cm (E. F) and 0.5 cm (g).
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FIgURE 8. Cambrian trilobites with multiple thoracic spines recovering in same thoracic segment. A, B. Redlichia
takooensis Lu, 1950 from lower Cambrian (Series 2, Stage 4) Emu Bay Shale, Kangaroo Island, South Australia
(SAM P46038). Two thoracic spines developed in 11th thoracic segment on right side. Area has been injured and
produced an L-shaped injury. B. Close-up of injury and recovery (white arrows). C, D. Eccaparadoxides pradoanus
(Verneuil and Barrande in Prado et al. 1860) from Purujosa Red Beds, Murero Formation (Miaolingian Series,
Drumian), Iberian Chains, Spain (MPZ 2017/1088). Multiple thorax spines developed in 16th and 17th thoracic
segments on left side. D. Close-up of injury and spine recovery (white arrows). Scale bars equal 1 cm (A, C),
0.125 cm (B) and 0.5 cm (D). Image credit: A, B, courtesy of Russell Bicknell; C, D, courtesy of Samuel Zamora.
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Amazing “discoveries [are] made in museum
drawers” (gould 1989:80) as is exemplified by
the research within the Smithsonian that sparked
the Burgess Shale revolution and restudy of the
Cambrian Explosion. Here, we have conducted
similar research, an approach that has two
important uses: (1) Museum collections often go
unconsidered for decades, even though they are
often easily accessible, specimen rich and provide
diverse records of extant and extinct organisms.
(2) These collections aid in the conservation of
endangered species. Today, through harvesting
for biomedical research and food (Botton 2001;
Hsieh and Chen 2009; Akbar John et al. 2011;
Nelson et al. 2015; Kwan et al. 2016; Fairuz-Fozi
et al. 2018), horseshoe crabs are becoming a
threatened group, despite having survived four
mass extinctions since their origination early in
the Phanerozoic (Størmer 1952, 1955; Selden
and Siveter 1987; Rudkin and Young 2009; Van
Roy et al. 2010). Museum collections that have
been amassed over decades therefore represent
one of the best potential avenues for under-
standing these still enigmatic organisms and
have a role to play in recovering stable popula-
tion levels.

Conclusion

Our study of extant xiphosurids with abnormali-
ties reports 17 new examples of abnormal speci-
mens and the first examples of abnormal
Carcinoscorpius rotundicauda. The majority of
documented abnormalities are considered injuries.
Our data suggest that abnormality patterns may

be species-specific and potentially reflect environ-
mental or predatory influences. We note that
museum collections, such as the Division of Inver-
tebrate Zoology, Yale Peabody Museum, are ideal
for further documenting interesting features on
these iconic species.
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1 |  INTRODUCTION

Arthropods represent one of the most species‐rich groups 
with between 2.9–12.7 million extant species, accounting 
for ca. 80% of animal biodiversity (Hamilton et al., 2013; 
Rota‐Stabelli et al., 2011). The arthropod exoskeleton pro-
vides shape, rigidity and protection against predators and 
allowed the group to diversify across the Phanerozoic. The 
exoskeletal cuticle is secreted from epidermal cells during ec-
dysis and consists of a thin (1–4 µm) epicuticle layer (Mani, 
1973) and the thicker (10–100 µm) procuticle (Chen, Peng, 
Wang, Zhang, & Zhang, 2002; Muzzarelli, 2011). Procuticle 
is divided into a sclerotised exocuticle—hardened and dark-
ened cuticle (Richards & Davies, 1977)—and a softer, more 
elastic endocuticle (Chen et al., 2002; Muzzarelli, 2011). 

The degree of sclerotisation varies across the exoskeleton, 
and mandibles—modified anterior appendages that char-
acterise Mandibulata—are often highly sclerotised regions 
(Edgecombe, Richter, & Wilson, 2003; Vincent & Wegst, 
2004). The highly sclerotised nature of mandibles means that 
they are used in fighting, food manipulation, and larvae nest-
ing (Fabritius et al., 2011; Patterson, 1984; Wheeler, 1926). 
These are all applications that produce variable intra‐ and 
inter‐taxon mandible morphology (Fabritius et al., 2011; 
Manting, Torres, & Demayo, 2015).

Hymenoptera is a large and diverse insect group with taxa 
exhibiting a range of mandible morphologies (Keller, 2011). 
External morphology of ant (Hymenoptera: Formicidae) 
mandibles is thoroughly documented (Cribb et al., 2008; Da 
Silva Camargo, Hastenreiter, Forti, Lopes, & Floriano, 2015; 
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Abstract
Exoskeletons characterise Arthropoda and have allowed the morphological and taxo-
nomic diversity of the phylum. Exoskeletal sclerotisation occurs in genetically des-
ignated regions, and mandibles represent one such area of high sclerotisation. 
Mandible morphology reflects dietary preferences and niche partitioning and has 
therefore been well documented. However, mandibular cuticular microstructure has 
been under‐documented. Here we use scanning electron microscopy to explore man-
dible microstructure in four disparate Australian Formicidae taxa (ants) with differ-
ent life modes and diets: Camponotus nigriceps, Iridomyrmex purpureus, 
Odontomachus simillimus and Rhytidoponera aciculata. We test the hypothesis that 
mandible construction is highly conserved across these species, as would be expected 
for arthropod cuticle. We show broadly similar mandible microstructure but report 
that pore canals and cuticular indentations are not ubiquitous among all studied taxa. 
Our preliminary results demonstrate that ant taxa have morphologically plastic man-
dibles with a highly conserved construction, potentially reflecting an interesting re-
cord of evolutionary stasis.
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Rheotaxis in the Ediacaran 
epibenthic organism Parvancorina 
from South Australia
John R. Paterson1, James G. Gehling2, Mary L. Droser3 & Russell D. C. Bicknell1

Diverse interpretations of Ediacaran organisms arise not only from their enigmatic body plans, but 
also from confusion surrounding the sedimentary environments they inhabited and the processes 
responsible for their preservation. Excavation of Ediacaran bedding surfaces of the Rawnsley Quartzite 
in South Australia has provided the opportunity to study the community structure of the Ediacara 
biota, as well as the autecology of individual organisms. Analysis of two bedding surfaces preserving 
large numbers of Parvancorina illustrates that individuals display a preferred, unidirectional orientation 
aligned with current, as indicated by the identified current proxies: tool marks, overfolded edges of 
Dickinsonia, felled fronds and drag structures generated by uprooted frond holdfasts. Taphonomic and 
morphological evidence suggests that the preferred orientations of Parvancorina individuals are not 
the result of passive current alignment, but represent a rheotactic response at some stage during their 
life cycle. These results illustrate a previously unrecognized life mode for an Ediacaran organism and 
arguably the oldest known example of rheotaxis in the fossil record. The morphology and previously 
suggested phylogenetic affinities of Parvancorina are also re-evaluated. Apart from possessing a 
bilaterally symmetrical body, there are no unequivocal morphological characters to support placement 
of Parvancorina within the Euarthropoda or even the Bilateria.

Body fossil evidence that shows the ability of Ediacaran organisms to physically respond to external stimuli or 
move within their environment is generally rare1. The only broadly accepted evidence of motility and associated 
behaviours in the Ediacara biota is represented by trace fossils from Canada, China, Namibia, Russia, and South 
Australia2–6. Previous attempts to compare Ediacara disc-shaped fossils (e.g., Aspidella) with free-swimming 
medusoids have been discounted in light of evidence that these were either attachment discs for frond-like organ-
isms7 or a motile, benthic animal of cnidarian grade8. Serial imprints left by flat organisms such as Dickinsonia 
and Yorgia have been previously interpreted as multiple decayed organisms or touch-down impressions made by 
current-shuffled individuals, but they are likely evidence of periodic creeping to feed via adsorption of mat nutri-
ents9–13. This last interpretation is based on examples that show an external mould of a body fossil at the end of a 
serial set of faint, similar-sized casts, aligned such that the presumed anterior end of the organism is most distant 
from the chain of body imprints. There is also evidence of grazing and locomotory traces associated with body 
fossils of Kimberella14,15, and even signs of possible tactophobic behaviour in Dickinsonia11. Here we report new 
information on the problematic Ediacaran organism Parvancorina minchami from two bed assemblages of the 
Rawnsley Quartzite in South Australia, suggesting that this taxon was capable of performing rheotaxis—oriented 
movement or positioning in response to a water current—during at least part of its life cycle.

Results
Bed assemblages. Specimens of Parvancorina were examined on two separate beds, Parv Bed and MM3, 
of the Ediacara Member of the Rawnsley Quartzite at Nilpena, Flinders Ranges, South Australia16 (Fig. 1). Parv 
Bed is a part of the ‘Planar-Laminated and Rip-Up Sandstone Facies’ that represents sub-wave base upper canyon 
fill deposited as unidirectional sheet-flow sands, whereas MM3 exemplifies the ‘Oscillation-Rippled Sandstone 
Facies’, which is interpreted to have been deposited between fair-weather and storm wave base17. These beds 
have been excavated, inverted and reassembled to study the fossil assemblages on the bed soles. On both beds, 

1Palaeoscience Research Centre, School of Environmental and Rural Science, University of New England, Armidale, 
NSW 2351, Australia. 2South Australian Museum, North Terrace, Adelaide, SA 5000, Australia. 3Department of Earth 
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Abstract

Horseshoe crabs are an archetypal chelicerate group with a fossil record extending back to Early
Ordovician time. Although extensively studied, the group generally has a low diversity across
the Phanerozoic Eonothem. Here, we expand the known diversity of true horseshoe crabs
(Xiphosurida) by the description of a new taxon from the Middle Triassic Strelovec
Formation of the Slovenian Alps. The mostly complete fossil is preserved as an external mould
and assigned to the family Limulidae Zittel, 1881 as Sloveniolimulus rudkini, n. gen., n. sp. The
use of landmark and semilandmark geometric morphometrics is explored to corroborate the
systematic palaeontology and suggests that the new genus and species are valid.We also provide
the first quantitative evidence for the extensive diversity of Triassic horseshoe crabs.We suggest
that Triassic horseshoe crabs likely filled many ecological niches left vacant after the end-
Permian extinction.

1. Introduction

Horseshoe crabs are iconic chelicerates that have been extensively studied by both biologists and
palaeontologists. Extant taxa have been subject to detailed anatomical (Owen, 1872; Lankester,
1881; Shultz, 2001; Bicknell et al. 2018a, c, d Bicknell & Pates, 2019), biochemical (Kaplan
et al. 1977), biomechanical (Bicknell et al. 2018b), ecological (Sokoloff, 1978; Shuster Jr,
1982; Shuster Jr & Sekiguchi, 2009; Fairuz-Fozi et al. 2018) and genetic (Sokoloff, 1978;
Obst et al. 2012) studies. Palaeontological interest in horseshoe crabs stems from the extensive
xiphosuran fossil record from Early Ordovician time to today (Van Roy et al. 2010, 2015), and
the observation thatMesozoic crown-group horseshoe crabs (Xiphosurida) are morphologically
similar to extant species, such that two extant genera have fossil records extending back to
Triassic time (Błażejowski, 2015; Lamsdell &McKenzie, 2015; Błażejowski et al. 2016). Themor-
phological similarity has been used to illustrate delayed evolution (Fisher, 1984) and stunning
morphological conservation over at least 148 Ma (Avise et al. 1994; Rudkin & Young, 2009;
Kin & Błażejowski, 2014; Bicknell et al. 2018d). Despite extensive study,Mesozoic horseshoe crab
diversity is low (Fisher, 1982, 1984) with only 13 genera, known mostly from the Triassic Period
(Fig. 1). These are the extinct genera Austrolimulus, Limulitella, Mesolimulus, Paleolimulus,
Psammolimulus, Tarracolimulus, Vaderlimulus, and Yunnanolimulus, and two extant genera
Limulus and Tachypleus (Dunlop et al. 2018). The number of genera reflects either a limited
diversity or the requirement for exceptional preservation in Konservat-Lagerstätten to preserve
the xiphosurid cuticular exoskeleton (Babcock & Merriam, 2000; Babcock et al. 2000). Here, we
increase the Triassic horseshoe crab diversity by presenting the first exceptionally preserved
horseshoe crab from a Middle Triassic Konservat-Lagerstätte in northern Slovenia. To our best
knowledge, this is the only horseshoe crab fossil reported from an alpine Triassic deposit.We also
pioneer geometric morphometrics as a tool for horseshoe crab research to show where the new
specimen is located in morphospace relative to 48 horseshoe crab specimens that range from the
Carboniferous Period to today.

2. Geological history and setting

The investigated horseshoe crab fossil was found in the Strelovec Formation (Fig. 2) in the
Kamnik-Savinja Alps on the northern slopes of the Križevnik Mountain (1909 m) in the
Robanov Kot Valley (Fig. 3). The Kamnik-Savinja Alps are located in northern Central
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CONCLUSION AND FUTURE DIRECTIONS 

Prior to the work presented within this thesis, our understanding of Cambrian predator-prey 

systems was somewhat hypothetical. The effectiveness of Cambrian predators was entirely 

unknown, use of modern analogues to further understand Cambrian prey injuries was poorly 

explored, and patterns of predation had not been thoroughly considered since the 1990s. The 

eight publications, including a literature review summarising state of Cambrian shell-

crushing and shell-drilling predation, have advanced knowledge on these topics. They have 

been instrumental in developing new applications of modern analogues in Cambrian 

invertebrate palaeontology. While conducting these studies, important future research 

directions presented themselves. 

The effectiveness of Cambrian gnathobase-bearing predators was a topic that plagued 

the literature prior to the results presented in Papers 2–4, and there was little definitive 

evidence to support any hypotheses in the topic. Papers 2 and 4 revealed how well Cambrian 

gnathobases, at least for Sidneyia inexpectans, were built for shell crushing and showed that a 

gnathobasic toolkit was a biomechanically-effective form of durophagous predation over 500 

million years ago. Furthermore, for researchers interested in the biomechanical modelling of 

Cambrian animals, Papers 3 and 4 presented a novel methodology with which to explore this 

topic. While the use of Finite Element Analyses (FEA) was successful in documenting the

mechanical advantage of extinct gnathobase-bearing arthropods, protopodal gnathobases 

were not employed by the most iconic predatory Cambrian arthropods: the radiodonts. This 

group primarily used their frontal appendages and oral cones to possibly crush and consume 

prey (Whittington & Briggs, 1985; Babcock & Robison, 1989; Nedin, 1999; Liu et al., 2018), 

with some groups potentially employing gnathobase-like structures on the reduced neck 

segments close to the anterior head region (Cong et al., 2017, 2018).  It is possible that a 3D 
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biomechanical method related to FEA—Multi-Body Dynamic Analysis (Bates & 

Falkingham, 2012; Snively et al., 2013)—may uncover how effective radiodonts were at 

predation and further the understanding of feeding habits in Cambrian predators. 

The use of extant arthropods to inform how fossil groups may have experienced, and 

recovered from injuries has been rarely considered (Conway Morris & Jenkins, 1985; Jell, 

1989). As such, groups such as horseshoe crabs have not been explicitly used to understand 

how trilobite injuries developed. Papers 5 and 6 highlighted that extreme cephalic injuries on 

Cambrian trilobites occurred after a moulting event and select thoracic abnormalities reflect 

abnormal recovery after an injury. An extension of this work, as suggested in Paper 6, would 

be to induce damage to the exoskeletons of living horseshoe crabs in the lab and document 

how they recover from injuries during subsequent moulting events. This type of research 

would not inflict pain on the organism as the chitinous exoskeleton is not connected to the 

nervous system of the animal. These data can then be applied to trilobites to suggest how they 

may have recovered from injuries. 

Finally, Cambrian trilobite injuries and associated predator-prey dynamics have not 

been documented in-depth, or statistically, since Babcock (1993). As such, Papers 7 and 8 

presented important steps towards revising this topic and better understanding this hallmark 

of the Cambrian Explosion. The key advancement was the realisation that by considering a 

single deposit and taxon in isolation, true patterns of injuries can be uncovered. The main 

outcomes were that right-sided injuries are not ubiquitous across the Cambrian and injuries 

are commonly posteriorly located. In conducting this work, it was realised that other deposits 

with injured specimens need to be revisited to further confirm the lack of injury lateralisation. 

These include the Emu Bay Shale (Cambrian Series 2, Stage 4), Australia (Conway Morris & 

Jenkins, 1985; Daley et al., 2013) and the Jince Formation (Miaolingian Series, Drumian), 

Czech Republic (Šnajdr, 1978; Fatka et al., 2008, 2015), both of which have injured 
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specimens. Furthermore, documented injuries from Cambrian species could be compiled to 

revise and build on Owen (1985): a seminal work on trilobite abnormalities. 
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