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Abstract: Gnathobasic spines are located on the protopodal segments of the appendages of 21 

various euarthropod taxa, notably chelicerates, and used to crush shells and masticate soft food 22 

items. The gnathobasic spine microstructure of the Recent xiphosuran chelicerate Limulus 23 

polyphemus is studied using a sectioned specimen and SEM imagery and compared with the 24 

cuticular structure of similar gnathobases in the Silurian eurypterid Eurypterus tetragonophthalmus 25 
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from Estonia and the Cambrian artiopodan Sidneyia inexpectans from Canada to elucidate the 26 

functional morphology of these extinct forms. The thickened fibrous exocuticle in L. polyphemus 27 

spine tips enables effective prey mastication and shell crushing, while also reducing pressure on 28 

nerve endings that fill the spine cavities. The spine cuticle of E. tetragonophthalmus has a laminate 29 

structure and lacks the fibrous layers seen in L. polyphemus spines, suggesting that E. 30 

tetragonophthalmus may not have been capable of crushing thick shells, but a durophagous habit 31 

cannot be precluded. Conversely, the cuticle of S. inexpectans spines has a similar fibrous 32 

microstructure to L. polyphemus, suggesting that S. inexpectans was a competent shell crusher. This 33 

conclusion is consistent with specimens showing preserved gut contents containing various shelly 34 

fragments. The shape and arrangement of the gnathobasic spines is similar for both L. polyphemus 35 

and S. inexpectans, with stouter spines in the posterior cephalothoracic or trunk appendages, 36 

respectively. This differentiation indicates that crushing occurs posteriorly, while the gnathobases on 37 

anterior appendages continue mastication and push food towards and into the mouth. The results of 38 

recent phylogenetic analyses that considered both modern and fossil euarthropod clades show that 39 

xiphosurans and eurypterids are united as crown-group euchelicerates, with S. inexpectans variably 40 

placed within more basal artiopodan clades. These relationships suggest that gnathobases with 41 

thickened fibrous exocuticle, if not homoplasious, may be plesiomorphic for chelicerates and deeper 42 

relatives. This study shows that the gnathobasic spine microstructure best adapted for durophagy 43 

has remained remarkably constant since the Cambrian period.  44 

  45 



1. Introduction 46 

The four extant species of Xiphosura, commonly referred to as horseshoe crabs, are taxa 47 

familiar to both biologists and palaeontologists (Babcock et al., 2000). Biologists often use 48 

xiphosurans as ‘model taxa’ to study aspects of marine chelicerates, whereas palaeontologists study 49 

horseshoe crabs largely for their extensive fossil record, spanning ca. 480 million years from the 50 

Early Ordovician to the Recent (Babcock et al., 2000; Racheboeuf et al., 2002; Heethoff and Norton, 51 

2009; Rudkin and Young, 2009; Van Roy et al., 2010, 2015; Briggs et al., 2012). Furthermore, extant 52 

Xiphosura are employed as modern analogues to understand the functional morphology of extinct 53 

euarthropod taxa, such as the 507 million-year-old (mid-Cambrian) artiopodan Sidneyia inexpectans 54 

Walcott, 1911a from the Burgess Shale of British Columbia, Canada (Zacaï et al., 2016), the early 55 

Cambrian radiodontan Amplectobelua symbrachiata Hou, Bergström and Ahlberg, 1995 from the 56 

Chengjiang biota of China (Cong et al., 2017), and a variety of large, supposedly predatorial, 57 

potentially durophagous eurypterid taxa (Selden, 1981; Babcock et al., 2000; Lamsdell, 2013; 58 

Poschmann et al., 2016).  59 

Of the extant xiphosurans, Limulus polyphemus (Linnaeus, 1758) is considered here. While 60 

the biology of L. polyphemus is well documented, the exoskeletal cuticular microstructure is 61 

understudied. Two primary layers (in addition to the thin epicuticle) make up the chitinous cuticle of 62 

L. polyphemus: fibrous endocuticle that underlies a predominantly laminate exocuticle (Hock, 1940; 63 

Richards, 1949; Richter, 1969; Dalingwater, 1975; Joffe et al., 1975; Larsen, 1975; Dennell, 1978; 64 

Mutvei, 1978; Shultz, 2001; Rubin et al., 2017). No previous cuticle studies have documented the 65 

microstructural details of gnathobasic spines on the coxal segments (Fig. 1) of L. polyphemus walking 66 

legs (i.e., cephalothoracic appendages II to V): the features that allow L. polyphemus to masticate 67 

soft material and crush thin-shelled bivalved molluscs (Manton, 1964; Wyse, 1971; Wyse and Dwyer, 68 

1973; Botton, 1984; Yamasaki et al., 1988; Botton et al., 2003). While Patten (1894, p. 90) observed 69 

that “spines on the mandibles” (presumably referring to the gnathobases) had canals and “a 70 



chitinous tubule”, no one else has sectioned the gnathobasic spines of L. polyphemus. The 71 

microstructure of the gnathobasic spines is therefore insufficiently documented.  72 

We present new information on the microstructure of gnathobasic spines in Limulus 73 

polyphemus to determine whether the gnathobases of the Silurian eurypterid Eurypterus 74 

tetragonophthalmus Fischer, 1839 from Estonia, and the Cambrian artiopodan Sidneyia inexpectans 75 

from Canada have similar structure and function. Eurypterus tetragonophthalmus was chosen 76 

because of the three-dimensional preservation of appendage specimens that have been isolated 77 

from the carbonate host rock, allowing the spines to be sectioned (Holm, 1898; Seldon, 1981), and 78 

the relatively close phylogenetic relationship between eurypterids and xiphosurans (e.g., Legg et al., 79 

2013; Lamsdell, 2013, 2016; Legg, 2014; Garwood and Dunlop, 2014; Selden et al., 2015; Aria and 80 

Caron, 2017). While some studies (see Dalingwater, 1975, 1987; Selden, 1981) have detailed some 81 

cuticular microstructures of the gnathobasic spines of E. tetragonophthalmus, no study has 82 

sectioned the spines and imaged the internal features using scanning electron microscopy. Sidneyia 83 

inexpectans was included as this taxon is one of the oldest gnathobase-bearing artiopodans in the 84 

fossil record, and a known durophagous predator/scavenger (Bruton, 1981; Stein, 2013; Zacaï et al., 85 

2016; Bicknell and Paterson, 2017). The exceptionally preserved carbonaceous compression fossils 86 

from the Burgess Shale (Gaines et al., 2008) have revealed some of the most intricate morphological 87 

details in Cambrian animals, including the internal features of structures such as lobopodian spines 88 

and claws (e.g., Caron et al., 2013, fig. 1e–k; Smith and Ortega-Hernández, 2014, fig. 1b–d). These 89 

otherwise hidden features are found using scanning electron microscope (SEM) backscatter imaging. 90 

This method is used here to show the internal microstructures of the gnathobasic spines of S. 91 

inexpectans. 92 

 93 

2. Material and methods 94 

2.1. Limulus polyphemus 95 



 One female Limulus polyphemus exuvium specimen (370 mm in length, including telson; 96 

220 mm without the telson) housed at the University of New England (UNE; Armidale, New South 97 

Wales) was used. The fifth (right-side) cephalothoracic appendage (walking leg 4) was removed, the 98 

coxa extracted (Fig. 2A) and embedded in epoxy to make a block. The posterior side of the 99 

embedded coxa was ground down to produce a longitudinal section through the gnathobasic spines 100 

(Fig. 2B–D). Spines 2–4 were bisected, while spines 5–8 had more material removed to reveal the 101 

structural variation through the spines. The sectioned surface of the epoxy block was polished, then 102 

photographed under normal (fibre optic) lighting conditions using a Canon EOS 5D digital camera 103 

with a Canon MP-E 65 mm 1–5x macro lens. The block was later gold coated and imaged using the 104 

JEOL JSM-6010LA Scanning Electron Microscope at UNE. An accelerating voltage of 5 kV was used to 105 

acquire the secondary electron (SE) images of spine microstructures (Fig. 3). 106 

 107 

2.2. Eurypterus tetragonophthalmus 108 

One specimen of a gnathobase-bearing coxa of Eurypterus tetragonophthalmus (NRM 109 

Ar49987) from the Silurian (late Wenlock; Homerian) Viita Formation in Saaremaa, Estonia, was 110 

studied (Fig. 4A); the specimen is housed at the Swedish Museum of Natural History, Stockholm. This 111 

specimen was etched from the carbonate matrix using weak acids in the late 19th century and has 112 

since been dry stored (Holm, 1898). NRM Ar49987 was also embedded in an epoxy block that was 113 

ground down to produce a longitudinal section through the gnathobasic spines (Fig. 4B). Due to the 114 

disarticulated nature of the fossil, the anterior and posterior sides of the coxa relative to the body (in 115 

life position) are speculative. However, NRM Ar49987 is likely from appendage V (cf. Selden, 1981, 116 

fig. 28n). Spines 3, 4, and 6 were bisected and spines 1, 2 and 5 were not sectioned through 117 

completely to show microstructural variability (Fig. 4B). The sectioned surface of the block was 118 

polished, then imaged using the digital photographic (Fig. 4) and SEM (Fig. 5) techniques and 119 

equipment outlined in Section 2.2 above. 120 



 121 

2.3. Sidneyia inexpectans 122 

Three specimens of Sidneyia inexpectans gnathobasic appendages from the middle 123 

Cambrian (Series 3, Stage 5) Burgess Shale Formation of British Columbia, Canada, were studied. 124 

Specimens ROM 63388 (Figs. 6, 7), ROM 64386 (Fig. 8) and ROM 64387 (Fig. 9) were collected from 125 

Walcott Quarry and are housed at the Royal Ontario Museum (ROM), Toronto. Two specimens are 126 

complete isolated appendages (ROM 63388 and ROM 64387) and one specimen is a fragmentary 127 

protopodite showing only the gnathobases (ROM 64386). Specimens were imaged under direct 128 

cross-polarized light with a Canon EOS 5D camera. SEM backscatter electron (BSE) images were 129 

obtained with the JEOL JSM-6610 at the University of Toronto (Earth Sciences) using an accelerating 130 

voltage of 15 kV in high vacuum mode.  131 

 132 

2.4. Terminology 133 

The following definitions are provided to clarify the terminology used here: 134 

Endocuticle – The portion of the cuticle located beneath the exocuticle (Richards, 1951; Dalingwater, 135 

1975). 136 

Exocuticle – The outer layer of cuticle that is hardened and darkened compared to the endocuticle 137 

(Richards, 1951; Dalingwater, 1975). 138 

Fibrous cuticle – Cuticle that has a microstructure similar to thin strands of fibres.  139 

Laminate cuticle – Cuticle constructed from the deposition of laminae, sometimes found adjacent to, 140 

but not extending into the fibrous cuticle. Laminae differ from lamellae (not defined here), as lamellae 141 

are artifacts of helicoidally-oriented microfibrils (Richards, 1951; Dalingwater, 1975). 142 

 143 

3. Results  144 



3.1. Limulus polyphemus 145 

The images of the sectioned gnathobasic spines under normal light (Fig. 2B–D) show that the 146 

centre of each spine is hollow, with the two major cuticle layers highlighted by different colours. 147 

These two layers have been observed in other sections through Limulus polyphemus cuticle (Lafon, 148 

1943). The tan-brown outer layer represents the sclerotized exocuticle that extends around the sides 149 

and tip of the spine. The white layer beneath the exocuticle is the endocuticle. The boundary 150 

between exo- and endocuticle on the sides of the spine is abrupt, whereas the exocuticle at the 151 

spine tip (ca. 12 times thicker than at the sides) transitions gradually to thin layer of endocuticle (Fig. 152 

2C). The presence of both cuticular layers in the gnathobases of this exuvium shows that the 153 

endocuticle was not reabsorbed during ecdysis (Dalingwater, 1975; Mutvei, 1977). 154 

Under the SEM, laminae are observed along the sides of the spines, immediately below the 155 

outer surface (Fig. 3D). The total thickness of the laminae in this region of the spine is ca. 30 μm, and 156 

single lamina are ca. 2–5 μm thick. The laminae occur parallel to the relatively solid (featureless) 157 

sclerotized cuticle along the spine sides (Fig. 3C, D). This reaffirms that laminate cuticle is part of the 158 

exocuticle (Neville et al., 1969; Rubin et al., 2017). The laminae are absent on the spine tip (Fig. 3B). 159 

Instead, the thickened exocuticle at the spine tip has fibrous structures that are oriented parallel to 160 

the long axis of the spine in the central region and slightly fan out (up to 10° relative to the long axis) 161 

on either side (Fig. 3B). The endocuticle on the spine sides and tips has a fibrous microstructure (Fig 162 

3B, C). The fine fibres are very closely spaced, run parallel to each other, are kinked near the 163 

boundary with the exocuticle, and their orientation is oblique to the long axis of the spine (Fig. 3C). 164 

These fibrous structures do not extend into the laminate exocuticle on the sides of the spine. 165 

 166 

3.2. Eurypterus tetragonophthalmus 167 

The sectioned gnathobasic spines of Eurypterus tetragonophthalmus under normal light 168 

appear to show a ‘cone-in-cone’ structure (Fig. 4B), similar to the internal structure of the 169 

gnathobase-like spines in the early Cambrian radiodontan Amplectobelua symbrachiata (Cong et al., 170 



2017, fig. 7G-J). The ‘internal cone’ represents the boundary between the inner surface of solid 171 

cuticle and the hollow spine centre (as seen with SEM secondary electron imaging; Fig. 5A, C). 172 

Secondary electron images of NRM Ar49987 (Fig. 5) show that the entire spine cuticle has a laminate 173 

construction, reaffirming observations by Dalingwater (1975, pl. 3, figs. 5, 6). The laminae are 174 

parallel to the curvature of the inner and outer margins of the spine (Fig. 5C, D). In rare cases, the 175 

laminae appear to be slightly sinuous (Fig. 5B), but this could be a taphonomic artefact. The laminae 176 

are ca. 1–3 μm thick, which is comparable to cuticle in other eurypterid taxa, but thinner than those 177 

observed in Limulus polyphemus and trilobites (Dalingwater, 1973a, b, 1975). 178 

 179 

3.3. Sidneyia inexpectans 180 

Although it has been noted that the gnathobases of Sidneyia inexpectans are strongly 181 

sclerotized (Zacaï et al., 2016), previous studies of this taxon have not documented any internal 182 

spine structure (Bruton, 1981; Stein, 2013; Zacaï et al., 2016). These studies have also noted the 183 

differentiation in gnathobasic spine shape from the anterior to posterior appendages. Bruton (1981, 184 

p. 637) observed that the two anteriormost appendage pairs (his “coxae 1 and 2”)—considered by 185 

Stein (2013, p. 173) as belonging to the cephalon—have long, thin gnathobasic spines (e.g., Fig. 7A), 186 

whereas the spines on the more posterior appendages are stout (e.g., Figs. 6B, 9A) – a view 187 

supported by Stein (2013). Conversely, Zacaï et al. (2016) proposed that the anterior appendages 188 

possess the more stout (teeth-like) gnathobasic spines and the posterior appendages have the 189 

longer spines, although no new figured material or additional discussion supported this 190 

reinterpretation. For comparison, the anterior walking legs of Limulus polyphemus  have a 191 

combination of fine and stout spines and the pushing legs (cephalothoracic appendage pair VI) have 192 

the most stout spines, which we interpret (following Bruton, 1981) to be the case in S. inexpectans 193 

(contra Zacaï et al., 2016). 194 



Due to the compacted, carbonaceous preservation of the specimens on matrix, the spines of 195 

Sidneyia inexpectans could not be sectioned to uncover internal details. However, distinctive internal 196 

features of the gnathobases were found using SEM-BSE imaging at a high accelerating voltage, as 197 

electrons under such conditions can penetrate deeper beneath the surface (Orr and Kearns, 2011). 198 

The BSE images show two layers of sclerotized cuticle in some well preserved S. inexpectans spines 199 

(Figs. 7B, 9B, C): a thin outer layer that is underlain by much thicker cuticle. The outer layer of cuticle 200 

is up to 10 μm thick (Fig. 9C). The cuticle that underlies the outer layer has a fibrous texture (e.g., 201 

Figs. 6D, 7C, 8D). The fibres are oriented approximately parallel to the long axis of the spine in the 202 

central region and fan out on either side. This is similar to Limulus polyphemus spine tips (Fig. 3B). 203 

However, unlike L. polyphemus and Eurypterus tetragonophthalmus, the gnathobasic spine cuticle of 204 

S. inexpectans lacks laminae. This apparent absence of laminate structure in the thin outer layer 205 

(where it might be expected) may be because of taphonomic alteration of microstructures, the 206 

preservational fidelity of carbonaceous compression fossils, or the resolution of BSE imaging and 207 

detecting variable carbon concentrations across the spines (Orr and Kearns, 2011).  208 

Some appendage specimens of Sidneyia inexpectans (e.g., ROM 64386) suggest that the 209 

gnathobases are hollow towards the base of the spine (e.g., Fig. 8B–D). The boundary between 210 

fibrous cuticle and the central cavity is demarcated by a dark line near the spine base (Fig. 8C, D). In 211 

very well preserved spines (e.g., Fig. 8D), the extent of the fibrous cuticle shows that only the 212 

bottom third of the spine was hollow. This demonstrates that the gnathobases of S. inexpectans 213 

have relatively thicker cuticle at the spine tips compared to the other taxa studied here.  214 

 215 

4. Discussion 216 

4.1. Limulus polyphemus 217 



The hollow centres of Limulus polyphemus gnathobasic spines are filled with tissue and 218 

nerves endings and function as sensory structures that respond to chemical, mechanical and thermal 219 

stimuli (Hayes and Barber, 1967; Wyse, 1971), as well as mastication tools. The spines must 220 

therefore be constructed to maximize mastication ability and minimize pressure on tissue and 221 

nerves. The thick, sclerotized spine tips allow for food manipulation (including shell-crushing) and 222 

protection of sensitive tissues. The gradual transition from exocuticle to endocuticle along the axis of 223 

the spine tip likely minimizes various stresses that result from repetitive plastic deformation during 224 

mastication. This would maintain cuticle strength and potentially create a cushioning effect. The 225 

fibres aligned parallel to the long axis of the spine tip also reinforce the spine in the direction of 226 

maximum force. This confirms that cuticular fibres are often oriented parallel to the direction of 227 

greatest stress acting on any feature (Dalingwater, 1985; Wilmot, 1990).  228 

Limulus polyphemus gnathobases seem to lack laminae at the spine tips (at least in the 229 

specimen considered here). As cuticle, and specifically laminae, are the extracellular components of 230 

L. polyphemus integument secreted from epidermal cells, laminae should occur along the entire 231 

margin of the spine (Richards, 1951; Neville, 1975; Dalingwater and Miller, 1977; Dalingwater, 1985). 232 

One possible explanation for this absence may be that laminae are not structurally robust when 233 

subjected to excessive force, thus requiring more solid (homogeneous) cuticle at the spine tip. 234 

Another plausible scenario is that the laminae on the spine tip were worn off due to regular food 235 

manipulation, especially when crushing shells. During subsequent moult stages, the laminae would 236 

therefore be redeposited. As the specimen studied here represents an exuvium, other specimens 237 

(such as newly moulted individuals) should be examined in future to test these ideas. 238 

 239 

4.2. Eurypterus tetragonophthalmus 240 

The cuticular microstructure of the gnathobasic spines in Eurypterus tetragonophthalmus 241 

differs markedly to Limulus polyphemus and Sidneyia inexpectans (Fig. 10). In E. 242 

tetragonophthalmus, the spines are constructed entirely of laminate cuticle, whereas those of L. 243 



polyphemus and S. inexpectans are largely composed of fibrous cuticle. Furthermore, individual 244 

laminae of E. tetragonophthalmus are thinner than those observed in L. polyphemus. These 245 

differences suggest that the gnathobasic spines of E. tetragonophthalmus were perhaps not 246 

equipped to deal with excessive forces. By extension, E. tetragonophthalmus was possibly limited to 247 

using its gnathobases (at least on prosomal appendages I–V) to masticate soft prey or perhaps thin-248 

shelled items. However, it is important to note that E. tetragonophthalmus has large, stout 249 

gnathobases on the posteriormost prosomal appendages (‘appendage VI’; Selden, 1981, figs. 8, 31r, 250 

u–w, z, aa). Selden (1981, p. 20) noted that some gnathobases on this appendage show “extreme 251 

abrasion”, indicating that these spines may have masticated harder prey items. Thus, it is likely that 252 

E. tetragonophthalmus had durophagous tendencies, as suggested for other eurypterids 253 

(Poschmann et al., 2016). This pattern of having more robust crushing spines on the posterior 254 

appendages is also observed in Limulus polyphemus and S. inexpectans (see Sections 3.3 and 4.3). It 255 

is possible that the appendage VI gnathobases of E. tetragonophthalmus have a similar fibrous 256 

microstructure to the spines of L. polyphemus and S. inexpectans, but this can only be confirmed 257 

when more specimens become available for sectioning. 258 

After examining sections of the gnathobasic spines of Limulus polyphemus, hollow centres in 259 

Eurypterus tetragonophthalmus spines were somewhat expected. The presence of these cavities—if 260 

once filled with sensitive tissue—suggests that E. tetragonophthalmus also used the spines as 261 

sensory tools, in addition to food mastication (Hayes and Barber, 1967; Wyse, 1971). This is 262 

supported by the existence of fine pore canals seen in other specimens of E. tetragonophthalmus 263 

gnathobases (e.g., Dalingwater, 1975, pl. 3, fig. 5; Selden, 1981, fig. 23n, o), which may have housed 264 

sensory structures. Unfortunately, these pore canals, as well as the ‘setal sockets’ observed by 265 

Dalingwater (1975, pl. 3, fig. 6), were not found in the spines illustrated here (Fig. 5). This is best 266 

explained by the different imaging methods used, as these fine structures were illustrated by 267 

Dalingwater (1975) and Selden (1981) using transmitted light microscopy. 268 

 269 



4.3. Sidneyia inexpectans 270 

The opportunity to investigate and extend the understanding of gnathobasic microstructures 271 

back to the Cambrian is made possible by exceptionally preserved fossils, such as those from the 272 

Burgess Shale. A variety of animals from this deposit have been studied using SEM-BSE imaging, 273 

which show well preserved microstructures within non-biomineralized cuticular features, such as 274 

claws, spines, radulae, and other sclerites. Examples include the lobopodian Hallucigenia sparsa 275 

(Walcott, 1911b) (Caron et al., 2013; Smith and Ortega-Hernández, 2014), the priapulid Ottoia 276 

tricuspida Smith et al., 2015, and the stem-group molluscs Odontogriphus omalus Conway Morris, 277 

1976 and Wiwaxia corrugata (Matthew, 1899) (Caron et al., 2006; Smith, 2012, 2014). However, this 278 

imaging technique has not been used on the gnathobases of Cambrian euarthropods until now.  279 

The SEM-BSE imaging of Sidneyia inexpectans gnathobases shows that this taxon has a 280 

similar microstructure to the gnathobasic spines of Limulus polyphemus, especially the thickened 281 

fibrous cuticle in the spine tips of both species (Fig. 10). As discussed in Section 4.1, this fibrous 282 

microstructure likely allows L. polyphemus to apply considerable force during mastication of prey 283 

items (including shells), while also providing a level of protection of sensitive tissue housed within 284 

the central spine cavity. This is probably also the case for S. inexpectans. Also noteworthy is the 285 

relative thickness of the cuticle in the spine tips of L. polyphemus and S. inexpectans, which appears 286 

much thicker in the latter species. This difference may relate to feeding habits. Limulus polyphemus 287 

has a varied diet that occasionally includes bivalved molluscs (Botton, 1984). Rare S. inexpectans 288 

specimens preserving shelly cololites (containing fragmentary brachiopods, trilobites and other 289 

biomineralised taxa) suggest that it was a durophage, but probably also consumed soft prey (Bruton, 290 

1981; Zacaï et al., 2016; Bicknell and Paterson, 2017). Given the robust gnathobasic spine tips (Figs. 291 

6–9) and variable shelly diet (Zacaï et al., 2016; Bicknell and Paterson, 2017), it is possible that a 292 

durophagous habit for S. inexpectans was normal, rather than the exception. It is important to note, 293 

however, that the relatively thicker spine tips of S. inexpectans do not necessarily indicate that it was 294 

a more effective durophage compared to L. polyphemus. While the gnathobasic microstructures are 295 



broadly similar and well suited for shell-crushing, the mechanical strength of the two taxa would be 296 

markedly different given the overall size discrepancy of these two species, particularly with respect 297 

to appendage musculature. Thus, L. polyphemus is capable of consuming larger (and possibly 298 

thicker-shelled) prey compared to S. inexpectans (Zacaï et al., 2016). 299 

The gnathobasic spines of Sidneyia inexpectans commonly display an irregular saw-toothed 300 

pattern, with large spines adjacent to at least one smaller spine (Figs. 6B, C, 7A, B, 8A, B, 9A, B). 301 

Given the two-dimensional nature of the fossils, this arrangement may represent a single row of 302 

spines, or the superimposition of at least two rows resulting from compression (cf. Bruton, 1981, p. 303 

637). Sets of gnathobases of various euarthropods—including Limulus polyphemus and Eurypterus 304 

tetragonophthalmus—are typically arranged into two or more rows of spines (of different shapes 305 

and sizes) (e.g., Fig. 11; Manton, 1964, figs 14–16; Selden, 1981, fig. 3). The spine rows are roughly 306 

parallel and usually offset (Fig. 11).  These gnathobasic spine rows would likely show a similar 307 

(irregular) saw-toothed pattern to that seen in S. inexpectans if they were compressed into a single 308 

plane. Moreover, some appendage specimens of S. inexpectans appear to show slight overlap of the 309 

gnathobasic spines (e.g., Fig. 7A; Bruton, 1981, pl. 7, figs. 46, 49, 50, pl. 10, figs. 71, 77, pl. 11, figs. 310 

81–83; Stein, 2013, fig. 6C, D, G; Zacaï et al., 2016, fig. 3F). This evidence suggests that there is more 311 

than one row of spines with variable sizes. A similar saw-toothed pattern is seen in the preserved 312 

gnathobases of the durophagous chelicerate Wisangocaris barbarahardyae Jago et al., 2016 (their 313 

fig. 4A–K) from the lower Cambrian (Series 2, Stage 4) Emu Bay Shale of South Australia. 314 

Sidneyia inexpectans has more robust and stout gnathobases on the posterior appendages, 315 

comparable to Limulus polyphemus (see Section 3.3) (Bruton, 1981; Stein, 2013). This pattern 316 

suggests that S. inexpectans likely used the posterior appendages for crushing harder food items 317 

(including biomineralized taxa) before passing them anteriorly towards the mouth (Bruton, 1981; 318 

Zacaï et al., 2016). Like L. polyphemus, the more elongate gnathobases on the anterior appendages 319 

were probably used to masticate soft prey, as well as push any food items into the mouth opening 320 

(Manton, 1964; Botton, 1984). 321 



 322 

4.4. Evolutionary implications 323 

Microstructural features are often used as characters in phylogenetic analyses of the 324 

Arthropoda. It is therefore important to discuss these new observations in the context of established 325 

relationships between modern and fossil euarthropods. A comprehensive phylogenetic analysis of 326 

extinct and extant arthropods (Legg et al., 2013), including all three species studied here, 327 

demonstrated that xiphosurans and eurypterids represent separate, derived clades within the 328 

Euchelicerata. This same study placed Sidneyia inexpectans within the Vicissicaudata, a clade 329 

positioned outside crown-group chelicerates, but united with xiphosurans and eurypterids in the 330 

Artiopoda (Legg et al., 2013, figs. 2, 4). A subsequent study by Legg (2014, fig. 5) produced a similar 331 

topology using implied character weighting, but equal character weighting placed S. inexpectans as a 332 

stem-group euchelicerate. Other phylogenetic analyses have also demonstrated a close relationship 333 

between xiphosurans and eurypterids, but typically show S. inexpectans to be in a more basal 334 

position outside of the chelicerates (e.g., Lamsdell, 2013; Selden et al., 2015; Aria and Caron, 2017). 335 

Although these analyses differ in terms of taxon sampling, character selection, coding, and 336 

methodology, the relatively consistent phylogenetic positions of these three taxa suggests that 337 

perhaps gnathobasic spines with thickened fibrous cuticle (as seen in Limulus polyphemus and S. 338 

inexpectans) is the plesiomorphic condition for chelicerates and more basal sister taxa. This would 339 

indicate that the laminate cuticle in the gnathobases of Eurypterus tetragonophthalmus and possibly 340 

other eurypterids (Dalingwater, 1973a, 1975) is a derived condition. However, this can only be 341 

confirmed by determining the gnathobasic microstructure for a broader range of chelicerates and 342 

other artiopodans. An alternative hypothesis is that L. polyphemus and S. inexpectans converged 343 

upon a similar gnathobasic spine morphology for the purpose of crushing shells and other hard food 344 

items.  345 

 346 

Acknowledgements 347 



We would like to thank Greg Edgecombe for his advice on fossil gnathobases; Paul Selden for fruitful 348 

discussions on eurypterids and the use of the line drawing in Fig. 1; Mark Botton for helpful notes on 349 

Limulus polyphemus gnathobases and commenting on an early draft of the manuscript; Malcolm 350 

Lambert for assistance with preparing the epoxy blocks; Maryam Akrami for providing photographic 351 

images of Sidneyia inexpectans; Dave Marshall for valuable feedback on the draft manuscript; and 352 

two anonymous referees for their helpful reviews. This research is supported by funding from an 353 

Australian Postgraduate Award (to RDCB) and an Australian Research Council Future Fellowship 354 

(FT120100770 to JRP). JBC is supported by a Natural Sciences and Engineering Research Council 355 

Discovery Grant (#341944). This is Royal Ontario Museum Burgess Shale project number 75. 356 

 357 

  358 



References 359 

Aria, C., Caron, J.-B., 2017. Burgess Shale fossils illustrate the origin of the mandibulate body plan. 360 
Nature 545, 89—92. 361 

Babcock, L.E., Merriam, D.F., West, R.R., 2000. Paleolimulus, an early limuline (Xiphosurida), from 362 
Pennsylvanian‐Permian Lagerstätten of Kansas and taphonomic comparison with modern 363 
Limulus. Lethaia 33, 129—141. 364 

Bicknell, R.D.C., Paterson, J.R., 2017. Reappraising the early evidence of durophagy and drilling 365 
predation in the fossil record: implications for escalation and the Cambrian Explosion. 366 
Biological Reviews, doi:10.1111/brv.12365. 367 

Botton, M., 1984. Diet and food preferences of the adult horseshoe crab Limulus polyphemus in 368 
Delaware Bay, New Jersey, USA. Marine Biology 81, 199—207. 369 

Botton, M., Shuster Jr, C.N., Keinath, J., 2003. Horseshoe crabs in a food web: who eats whom, In: 370 
Shuster, J., CN, , Barlow, R., Brockmann, H. (Eds.), The American Horseshoe Crab. Harvard 371 
University Press, Cambridge, p. 133—153. 372 

Briggs, D.E.G., Siveter, D.J., Siveter, D.J., Sutton, M.D., Garwood, R.J., Legg, D., 2012. Silurian 373 
horseshoe crab illuminates the evolution of arthropod limbs. Proceedings of the National 374 
Academy of Sciences 109, 15702—15705. 375 

Bruton, D.L., 1981. The arthropod Sidneyia inexpectans, Middle Cambrian, Burgess Shale, British 376 
Columbia. Philosophical Transactions of the Royal Society of London, Series B, Biological 377 
Sciences 295, 619—656. 378 

Caron, J.-B., Smith, M.R., Harvey, T.H., 2013. Beyond the Burgess Shale: Cambrian microfossils track 379 
the rise and fall of hallucigeniid lobopodians. Proceedings of the Royal Society of London B: 380 
Biological Sciences 280, 20131613. 381 

Caron, J.-B., Scheltema, A., Schander, C., Rudkin, D., 2006. A soft-bodied mollusc with radula from 382 

the Middle Cambrian Burgess Shale. Nature 442, 159—163. 383 

Cong, P., Daley, A.C., Edgecombe, G.D., Hou, X.-G., 2017. The functional head of the Cambrian 384 

radiodontan (stem-group Euarthropoda) Amplectobelua symbrachiata. BMC Evolutionary 385 

Biology 17, 208. 386 

Conway Morris, S., 1976. A new Cambrian lophophorate from the Burgess Shale of British Columbia. 387 
Palaeontology 19, 199—222. 388 

Dalingwater, J., 1973a. The cuticle of a eurypterid. Lethaia 6, 179—185. 389 
Dalingwater, J., 1973b. Trilobite cuticle microstructure and composition. Palaeontology 16, 827—390 

839. 391 
Dalingwater, J., 1975. Further observations on eurypterid cuticles. Fossils and Strata 4, 271—279. 392 
Dalingwater, J., 1985. Biomechanical approaches to eurypterid cuticles and chelicerate exoskeletons. 393 

Transactions of the Royal Society of Edinburgh: Earth Sciences 76, 359—364. 394 
Dalingwater, J., 1987. Chelicerate cuticle structure, In: Nentwig, W. (Ed.), Ecophysiology of spiders. 395 

Springer, p. 3—15. 396 
Dalingwater, J., Miller, J., 1977. The laminae and cuticular organization of the trilobite Asaphus 397 

raniceps. Palaeontology 20, 21—32. 398 
Dennell, R., 1978. The laminae and pore canals of some arthropod cuticles. Zoological Journal of the 399 

Linnean Society 64, 241—250. 400 
Fischer, G., 1839. Notes sur un crustacé fossile du genre Eurypterus de Podolie. Bulletin de la Societe 401 

Imperiale des Naturalistes de Moscou 11, 125—128. 402 
Gaines, R.R., Briggs, D.E.G., Zhao, Y.L., 2008. Cambrian Burgess Shale–type deposits share a common 403 

mode of fossilization. Geology 36, 755—758. 404 
Garwood, R.J., Dunlop, J., 2014. Three-dimensional reconstruction and the phylogeny of extinct 405 

chelicerate orders. PeerJ 2, e641. 406 



Hayes, W.F., Barber, S.B., 1967. Proprioceptor distribution and properties in Limulus walking legs. 407 
Journal of Experimental Zoology 165, 195—210. 408 

Heethoff, M., Norton, R.A., 2009. A new use for synchrotron X‐ray microtomography: three‐409 
dimensional biomechanical modeling of chelicerate mouthparts and calculation of 410 
theoretical bite forces. Invertebrate Biology 128, 332—339. 411 

Hock, C.W., 1940. Decomposition of chitin by marine bacteria. The Biological Bulletin 79, 199—206. 412 
Holm, G., 1898. Über die Organisation des Eurypterus fischeri Eichw. Memoires de l’Academie 413 

Imperiale des Sciences de St. Petersbourg 8, 1–57. 414 
Hou, X.-G., Bergström, J., Ahlberg, P., 1995. Anomalocaris and other large animals in the Lower 415 

Cambrian Chengjiang fauna of southwest China. GFF 117, 163—183. 416 
Jago, J.B., García‐Bellido, D.C., Gehling, J.G., 2016. An early Cambrian chelicerate from the Emu Bay 417 

Shale, South Australia. Palaeontology 59, 549—562. 418 
Joffe, I., Hepburn, H., Andersen, S., 1975. On the mechanical properties of Limulus solid cuticle. 419 

Journal of Comparative Physiology B: Biochemical, Systemic, and Environmental Physiology 420 
101, 147—160. 421 

Lafon, M., 1943. Sur la structure et la composition chimique du tégument de la Limule (Xiphosura 422 
polyphemus L.). Bulletin de l'Institut océanographique. 850, 1—11. 423 

Lamsdell, J.C., 2013. Revised systematics of Palaeozoic ‘horseshoe crabs’ and the myth of 424 
monophyletic Xiphosura. Zoological Journal of the Linnean Society 167, 1—27. 425 

Lamsdell, J.C., 2016. Horseshoe crab phylogeny and independent colonizations of fresh water: 426 
ecological invasion as a driver for morphological innovation. Palaeontology 59, 181—194. 427 

Larsen, N.J., 1975. Isolation and characterization of proteins from the cuticle of Limulus polyphemus 428 
(L). Comparative Biochemistry and Physiology Part B: Comparative Biochemistry 51, 323—429 
329. 430 

Legg, D.A., 2014. Sanctacaris uncata: the oldest chelicerate (Arthropoda). Naturwissenschaften 101, 431 
1065—1073. 432 

Legg, D.A., Sutton, M.D., Edgecombe, G.D., 2013. Arthropod fossil data increase congruence of 433 
morphological and molecular phylogenies. Nature Communications 4, 2485. 434 

Linnaeus, C., 1758. Systema naturæ per regna tria naturæ, secundum classes, ordines, genera, 435 
species, cum characteribus, differentiis, synonymis, locis, 10 ed, Laurentius Salvius, Holmia. 436 

Manton, S.M., 1964. Mandibular mechanisms and the evolution of arthropods. Philosophical 437 
Transactions of the Royal Society of London B: Biological Sciences 247, 1—183. 438 

Matthew, G.F., 1899. Studies on Cambrian faunas, No. 3. Upper Cambrian fauna, Mount Stephen, 439 
British Columbia. The trilobites and worms. Transactions of the Royal Society of Canada 5, 440 
39—66. 441 

Mutvei, H., 1977. SEM studies on arthropod exoskeletons II. Horseshoe crab Limulus polyphemus (L.) 442 
in comparison with extinct eurypterids and recent scorpions. Zoologica Scripta 6, 203—213. 443 

Neville, A.C., 1975. Biology of the Arthropod Cuticle. Springer Verlag, New York. 444 
Neville, A.C., Thomas, M.G., Zelazny, B., 1969. Pore canal shape related to molecular architecture of 445 

arthropod cuticle. Tissue and Cell 1, 183—200. 446 
Orr, P.J., Kearns, S.L., 2011. X-Ray microanalysis of Burgess Shale and similarly preserved fossils, In: 447 

Laflamme, M., Schiffbauer, J.D., Dornbos, S.Q. (Eds.), Quantifying the Evolution of Early Life. 448 
Topics in Geobiology 36. Springer, p. 271—299. 449 

Patten, W., 1894. On the morphology and physiology of the brain and sense organs of Limulus. 450 
Quarterly Journal of Microscopical Science 35, 1—96. 451 

Poschmann, M., Schoenemann, B., McCoy, V.E., 2016. Telltale eyes: the lateral visual systems of 452 
Rhenish Lower Devonian eurypterids (Arthropoda, Chelicerata) and their palaeobiological 453 
implications. Palaeontology 59, 295—304. 454 

Racheboeuf, P.R., Vannier, J., Anderson, L.I., 2002. A new three‐dimensionally preserved xiphosuran 455 
chelicerate from the Montceau‐Les‐Mines Lagerstätte (Carboniferous, France). 456 
Palaeontology 45, 125—147. 457 

https://www.google.com/search?tbo=p&tbm=bks&q=bibliogroup:%22Bulletin+de+l%27Institut+oc%C3%A9anographique%22&source=gbs_metadata_r&cad=2


Richards, A.G., 1949. Studies on arthropod cuticle III. The chitin of Limulus. Science 109, 591—592. 458 
Richards, A.G., 1951. Integument of Arthropods. University of Minnesota Press, Minneapolis. 459 
Richter, I.-E., 1969. Zum Feinbau der Cuticula von Limulus polyphemus L. (Chelicerata, Xiphosura). 460 

Zeitschrift für Morphologie und Ökologie der Tiere. 68, 85—94. 461 
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Fig. 1. Line drawing of a transverse section (in anterior view) through the prosoma of Limulus 507 

polyphemus, showing the walking legs with gnathobasic spines. The gnathobases are located on the 508 

coxa and point towards each other. Drawing modified from Selden (1981, fig. 9). 509 
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 511 

Fig. 2. The gnathobasic spines of Limulus polyphemus (photographed under normal light). (A) 512 

Posterior side of the coxa on the fifth (right-side) cephalothoracic appendage (walking leg 4), 513 

displaying gnathobasic spines prior to sectioning. (B) The sectioned spines shown in A. (C) Close-up 514 

of sectioned spines 2 and 3, showing the tan-brown exocuticle, white endocuticle, and central cavity. 515 

(D) Close-up of sectioned spines 5 and 6, showing both exocuticle and endocuticle. Numbered spines 516 

correspond to those described in the text and labelled in Fig. 3. Abbreviations – Gn: gnathobasic 517 

spine; End: endocuticle; Exo: exocuticle. 518 
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 520 

Fig. 3. SEM-SE images of the sectioned gnathobasic spines of Limulus polyphemus. (A) Transect 521 

through all sectioned gnathobasic spines; boxes outline the three areas illustrated in B–D. (B) The tip 522 

of spine 3 showing the thick fibrous exocuticle (grey arrow); note the fibres oriented parallel to the 523 

long axis of the spine. (C) Close-up of the side of spine 3 showing the fibrous endocuticle and solid 524 

exocuticle. (D) Close-up of the edge of spine 4 showing the laminate exocuticle (grey arrow). The 525 

outermost layer around the spine edge is the epoxy resin (as labelled in C) and is not a part of the 526 

cuticle. Numbered spines correspond to those described in the text and labelled in Fig. 2. 527 

[NOTE FOR TYPESETTER: Please make this figure page width] 528 

 529 



Fig. 4. The gnathobasic spines of Eurypterus tetragonophthalmus (NRM Ar49887) (photographed 530 

under normal light). (A) The set of gnathobasic spines prior to sectioning. (B) The sectioned spines 531 

shown in A. White arrows pointing to the boundary between the solid cuticle and the hollow centre 532 

of the spine. Numbered spines correspond to those described in the text and labelled in Fig. 5.  533 

[NOTE FOR TYPESETTER: Please make this figure page width] 534 

 535 

Fig. 5. SEM-SE images of the sectioned Eurypterus tetragonophthalmus gnathobasic spines. (A) 536 

Transect through all sectioned gnathobasic spines; boxes outline the three areas shown in B–D. 537 

Spine 4 is located below the sectioned plane, so was not visible when using the SEM. (B) Close-up of 538 

the axial region of spine 6 showing the slightly sinuous laminae. (C) Close-up of the axial region of 539 

spine 3 showing the curved laminae that contour the inner margin of the cuticle. (D) Close-up of the 540 

side of spine 2 showing the laminae that run parallel to the outer margin of the cuticle. Numbered 541 

spines correspond to those described in the text and labelled in Fig. 4.  542 
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 544 

Fig. 6. The gnathobasic spines of Sidneyia inexpectans (ROM 63388A). (A) Partial set of appendages 545 

showing the two types of gnathobases (boxed areas), detailed in B and Fig. 7. (B) Close-up of stout 546 

spines, as shown in A; box outlines the area shown in C. (C) SEM-BSE image of the spines boxed in B; 547 

box outlines the area shown in D. (D) SEM-BSE image of spine boxed in C, showing the cuticular 548 

fibres oriented parallel to the long axis of the spine in the central region and fanning out on either 549 

side. 550 
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 552 



Fig. 7. The gnathobasic spines of Sidneyia inexpectans (ROM 63388A). (A) Close-up of the second 553 

type of longer, thinner gnathobasic spines, as shown in Fig. 6A; box outlines the area shown in B. (B) 554 

SEM-BSE image of the spines boxed in A; box outlines the area shown in C. The white arrows indicate 555 

the thin outer layer of cuticle. (C) SEM-BSE image of spine boxed in B, showing the thick, fibrous 556 

cuticle; note the fibres oriented parallel to the long axis of the spine in the central region. 557 
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 559 

Fig. 8. The gnathobasic spines of Sidneyia inexpectans (ROM 64386). (A) Well preserved row of 560 

gnathobasic spines; box outlines the area shown in B. (B) SEM-BSE image of spines shown in boxed 561 

area of A; boxes outline the areas shown in C and D. (C) SEM-BSE image of spines showing boundary 562 

between cuticle and central basal cavity (white arrows). (D) SEM-BSE image of a spine showing well 563 

preserved fibrous cuticle and the boundary between cuticle and the central basal cavity (white 564 

arrow). 565 
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 567 

Fig. 9. The gnathobasic spines of Sidneyia inexpectans (ROM 64387). (A) Complete appendage with 568 

well preserved gnathobasic spines; box outlines the area shown in B. (B) SEM-BSE image of spines 569 

shown in boxed area of A, with white arrows indicating the thin outer layer of cuticle; box outlines 570 

the areas shown in C. (C) SEM-BSE image of a spine in B, with white arrows indicating the thin outer 571 

layer of cuticle. 572 
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 574 



Fig. 10. Simplified reconstructions of the cuticular microstructure of the gnathobasic spines in 575 

Limulus polyphemus, Eurypterus tetragonophthalmus, and Sidneyia inexpectans. For L. polyphemus, 576 

only the relative thickness of the exocuticle and endocuticle is shown, as well as the orientation of 577 

fibres within each of these cuticular layers. The spine of E. tetragonophthalmus consists entirely of 578 

laminate cuticle, and the spine of S. inexpectans consists of a thick fibrous cuticle covered by a very 579 

thin outer cuticle. The grey area of each spine represents the central cavity that houses the soft 580 

tissues (including nerves). 581 
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 583 

Fig. 11. The gnathobasic spines of Limulus polyphemus on the fifth cephalothoracic appendage 584 

(walking leg 4); the same specimen illustrated in Fig. 2. (A) Anterior view of coxa. (B) Posterior view 585 

of coxa. (C) View from the sagittal plane showing offset spine rows.  586 
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