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ABSTRACT 10 

Radiodonts evolved to become the largest nektonic predators in the Cambrian period 11 

persisting into the Ordovician and perhaps up until the Devonian period. They used a pair 12 

of large frontal appendages together with a radial mouth apparatus to capture and 13 

manipulate their prey and had evolved a range of species with distinct appendage 14 

morphologies already by the early Cambrian (~521 Ma). However, since their discovery, 15 

there has been a lack of understanding about their basic functional anatomy and thus their 16 

ecology. To explore radiodont modes of feeding we have digitally modelled different 17 

appendage morphologies represented by Anomalocaris canadensis, Hurdia victoria, 18 

Peytoia nathorsti, Amplectobelua stephenensis, and Cambroraster falcatus from the 19 

Burgess Shale. Our results corroborate ideas that there was likely a significant functional 20 

and, hence, behavioural diversity among different radiodont species with adaptations for 21 

feeding on differently sized prey (0.07 cm up to 10 cm). We argue here that Cambroraster 22 

falcatus appendages were suited for feeding on suspended particles rather than filtering 23 

sediment. Given the limited dexterity and lack of accessory feeding appendages as seen 24 

in modern arthropods, feeding must have been inefficient and ‘messy', which may explain 25 

their subsequent replacement by crown-group arthropods, cephalopods and jawed 26 
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vertebrates.  27 

 28 

 29 

1. INTRODUCTION 30 

Radiodonts were among the first large predators in metazoan dominated ecosystems that 31 

suddenly flourished near the onset of the Cambrian Series 2 (~ 521 Ma). Their fossil 32 

record extends to the Ordovician and potentially to the Lower Devonian (from ~419 to 33 

~393 Ma) [1-11]. Members of this group exhibit a relatively large size, hydrodynamic body 34 

outline with elaborated natatory flaps, well-developed stalked compound eyes, and 35 

massive frontal raptorial appendages,  which is evidence for them having been nektonic 36 

apex predators [2, 12-14].  37 

Radiodonts are a clade of stem-euarthropods (Radiodonta) and comprise four main 38 

families (Amplectobeluidae, Anomalocaridae, Tamisiocaridae, and Hurdiidae) [11, 15-20]. 39 

Their frontal appendages comprise a series of hard elements (podomeres) intercalated by 40 

a soft and flexible region (arthrodial membrane). Two lateral articulating joints are placed 41 

between each podomere, dividing the arthrodial membrane into two parts, a ventral and 42 

dorsal [1, 2]. Each podomere may bear spines. In the past, researchers recognised two 43 

principal types of appendages among radiodonts: the Anomalocaridae-like appendages, 44 

showing a pair of endites, or ventral spines, projecting to form an inverted V-shape, and 45 

the Hurdiidae-like type (or F-type) appendages, bearing one single long endite [1]. Recent 46 

discoveries have revealed intermediate morphologies and other morphotypes of which the 47 

pincer-like frontal appendage of Amplectobeluidae is the most distinct [16, 20-22]. 48 

The diverse appendage morphologies among different radiodont species already 49 

established by the early stages of the Cambrian period is indicative of an adaptive 50 

radiation [16], reflecting diversification and partitioning into different feeding strategies, 51 

including filter-feeding. Filter-feeding has evolved many times throughout history amongst 52 
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nektonic top predators (tertiary/quaternary consumers) [11, 16, 23-26].  53 

Adaptive radiations occur in the presence of new ecological opportunities [27]. 54 

Those may be offered by morphological innovation, colonising new ecospace or the 55 

ecosystem vacuum post-dating a major extinction event [27]. The Cambrian was both a 56 

time of innovation and ecological vacuums as a result of the emerging body plans.  57 

Different animal phyla colonised the water column as predators to create the first 58 

complexly tiered metazoan food web [28, 29]. Arthropods were dominant throughout most 59 

of the Palaeozoic and occupied several tiers in the food chain up until jawed vertebrates 60 

displaced the higher tiers in marine ecosystems [30]. Radiodonts pioneered this trend as 61 

one of the first groups of nektonic predators with large body size and diverse feeding 62 

structures.  63 

Various hypotheses have been proposed to explain the functional roles radiodont 64 

feeding structures may have served (frontal appendages and mouth apparatus), but none 65 

have been tested. Anomalocaris canadensis is generally thought to have been a stealthy 66 

macro predator [2, 13, 20, 21, 31] that grasped large prey, while the appendages of Hurdia 67 

victoria and Peytoia nathorsti have been proposed to have worked as a jaw or sieve to 68 

prior shift sediment [21, 32, 33]. The amplectobeluid appendage is posed to have 69 

functioned as grasping/cutting pincers and Cambroraster falcatus has been interpreted as 70 

sediment sifter [20, 21, 31-36], while the delicate accessory spines/bristles in members of 71 

the tamisiocaridae and Aegirocassis and Pahvantia served in filter-feeding. Radiodonts 72 

lack compelling modern analogues as they possess only a single pair of feeding 73 

appendages. In contrast, extant arthropods typically possess a series of appendages with 74 

specialised and differentiated elements for food manipulation. Furthermore, the radiodont 75 

mouth apparatus otherwise found in other ecdysozoan phyla and the panarthropod total 76 

group was lost. 77 

Therefore, a new method is proposed, comprising the reconstruction of 3-D models 78 
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of radiodont appendages to explore their range of movement. We use this method to test 79 

and reconstruct differences in feeding and prey partitioning among the Burgess Shale 80 

radiodonts Anomalocaris canadensis, Hurdia victoria, Peytoia nathorsti, Amplectobelua 81 

stephenensis and Cambroraster falcatus. We have chosen the Burgess shale as a case 82 

study due to the diverse number of well-studied and illustrated taxa of which many likely 83 

co-existed. Understanding how radiodonts evolved to occupy a set of distinct trophic 84 

niches will improve our understanding of the complexity of Cambrian ecosystems and their 85 

role in shaping them [37-40].  86 

 87 

2. MATERIAL AND METHODS 88 

2.1 Museum abbreviations 89 

The following prefixes are used: Royal Ontario Museum, Toronto (ROMIP); National 90 

Museum of Natural History, Washington (USNM); Mineralogisk Museum, Copenhagen 91 

(MMK); Geological Survey of Canada (GSC). 92 

 93 

2.2 Species analysed 94 

3-D models of the frontal appendage of Anomalocaris canadensis, Amplectobelua 95 

stephenensis, Cambroraster falcatus, Hurdia victoria, and Peytoia nathorsti (5 spine 96 

morphology) were constructed from measurements taken from the following specimens. 97 

Anomalocaris canadensis: ROMIP 51211, ROMIP 51212, ROMIP 51215, ROMIP 5124, 98 

ROMIP 62542, ROMIP 61040, ROMIP 61655, ROMIP 62543, USNM 57555, USNM 99 

57490, USNM80487, GSC 45308, MMK 1925.87, USNM 213687; Amplectobelua 100 

stephenensis: ROMIP 59492, ROMIP 5493, ROMIP 59495; Hurdia victoria: ROMIP 60026, 101 

ROMIP 60048, ROMIP 60020, ROMIP 59259; Cambroraster falcatus: ROMIP 65084, 102 

ROMIP 65080, ROMIP 65085, ROMIP 65087; Peytoia nathorsti: USNM 240989. USNM 103 

139709, USNM 57490, ROMIP 60052, ROMIP 60036, ROMIP 60044. 104 
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 105 

2.3 Measurements 106 

The following measurements were taken of the appendage for each species using ImageJ 107 

1.38e [41]: the dorsal and the ventral length, the proximal height, the length of the proximal 108 

margin of the endite, the height of the articulating joint, the minimal and maximal length of 109 

auxiliary spines, the maximal space between spines, and the diameter of the mouth (see 110 

supplementary Figure 1). The ratio between the ventral and dorsal length, the dorsal 111 

length and proximal height, the proximal height and the proximal margin of the endite 112 

length, were also calculated for each podomere. Average values for each 113 

measurement/ratio were also calculated to aid in the construction of models.  114 

 115 

2.4 Model creation and range-of-motion reconstruction 116 

A representative fossil specimen of a frontal appendage with proportions closest to 117 

average values were selected and used to produce an interpretative drawing. 118 

The interpretative drawing was then imported as a background image in Blender 119 

2.81 (a professional open-source 3-D computer graphics software programme) and used 120 

as a template to build the 3-D model through "box modelling" [42-44]. Podomeres and 121 

endites were shaped by modifying (scaling, rotating, translating) in-built meshes (cube, 122 

cones). Where necessary, the dimensions of the podomere elements were adjusted to the 123 

average values taken in the previous step and other anatomical details, such as auxiliary 124 

spines, were added. 125 

Once completed, the model was articulated by a Blender armature using 126 

interconnected elements (referred to as “bones”) to control the movement of the model. 127 

Each bone of the armature was set as parent to the respective podomere and manually 128 

moved into different configurations (e.g., fully extended, fully contracted) using forward 129 

kinematics. The model was then compared to the positions shown in different fossils 130 
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preserved at an angle to estimate the lateral depth of the appendages following Briggs and 131 

Williams’ observations for the reconstruction of flattened fossils [45], showing that a 132 

compression fossil is a 2-D representation of the specimen in 3-D. In other words, the lack 133 

of lateral distortion during compaction means that differently angled views allow for 134 

inferring the thickness of the fossil (see supplementary Information 1 a and b). Some 135 

species are not collected with sufficient variation in burial mode to expose different viewing 136 

angles other than lateral (as in Amplectobelua stephenensis) meaning that the appendage 137 

depth is poorly understood, including potential lateral curvature of spines.  138 

The lateral articulation points between the appendage podomeres result in 139 

dorsoventral flexibility in a two-dimensional plane. The reconstructed range of movement 140 

was achieved by rotating the podomeres around the axis connecting the two articulating 141 

joints between adjacent podomeres, hence reducing the arthrodial membrane area until 142 

podomeres abut. By comparing fossils showing different grades of contraction and, in 143 

some cases, podomere overlap, we have also allowed some models to hyperextend/flex if 144 

deemed likely that the podomeres could allow for some degree of telescoping inferred 145 

when modelling the range of movement. The range of movement reported here should 146 

therefore be considered a minimum estimate of maximum extension/flection. It was not 147 

possible to infer a range of movement confidently in the most distal podomeres.  148 

Once the model was articulated, an animated video and pictures of the model in 149 

different poses were rendered (see supplementary Video 1-5). From these, measurements 150 

of the contraction and extension angles were obtained between podomeres.  151 

The position of the appendages relatively to the body in articulated specimens 152 

suggests a degree of movement beyond a two-dimensional plane in the junction between 153 

the limb and body. The membrane connecting the limb to the body is often termed the 154 

‘cormus’. A similar degree of dexterity is common among modern arthropods, where the 155 

cormus typically allows for the appendage to perform both dorsoventral and lateral 156 
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movements to different degrees [27, 46]. We, therefore, assume that radiodont 157 

appendages had a higher degree of freedom of movement in the connection to the body. 158 

This degree of freedom, however, remains to be fully assessed (see supplementary 159 

Information 1 c).  160 

 161 

3. RESULTS 162 

Our findings indicate significant variation in the range of movements between the species 163 

analysed (see supplementary Information, section 2 and supplementary Table 1 for more 164 

details). 165 

Anomalocaris canadensis (see Figure 1) possessed very dextrous appendages with a high 166 

degree of flexibility (213°± 6°  total and on average ~18° flection between podomeres) The 167 

articulating joints are placed at ~80% of the proximal height of the podomere. In articulated 168 

specimens, appendages are occasionally found with the ventral surface facing the other 169 

appendage. This might indicate synchronised movements, although a single appendage 170 

might have been sufficient to firmly grab prey (see supplementary Video 1) [31]. The 171 

internal diameter of the space created by a minimally flexed appendage able to grab an 172 

object is 20-28% of the total appendage dorsal length. 173 

The appendages of Peytoia nathorsti (see Figure 2 a-d) are here inferred to have 174 

exhibited less dexterity than A. canadensis, evidenced by the articulating joints placed 175 

more medially, at ~70% of the podomere proximal height, offering a lower contractibility. 176 

There is also a lower inferred extension angle (192°± 3° of total and on average ~22° 177 

extension between podomeres). The proximal five podomeres show higher extension 178 

angles (average ~27°) than the distal ones (average ~17°). Based on the range of 179 

movement between each podomere and the mesial orientation of the auxiliary spines, a 180 

single appendage might not have been sufficient to grab prey. The appendages might 181 

have been used in concert, surrounding the prey while extended and capturing it during 182 
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contraction (see supplementary Video 2). These observations can also be extended to the 183 

seven-spined appendages of other Laggania species [21] and Hurdia victoria (see 184 

supplementary video 3). 185 

In comparison to P. nathorsti, the frontal appendages of Hurdia victoria (see Figure 186 

2 e-h) show a degree of extension that is considerably lower (106°± 3° in total and on 187 

average ~10° extension between podomers) and possessed only one spine-free distal 188 

podomere. The articulation joints are at ~70% of the distal height. The higher extension 189 

angle occurs between podomeres six and seven (~25°). 190 

Amplectobelua stephenensis (see Figure 2 i-n) exhibit articulating joints at ~80% of 191 

the proximal height and a low degree of flection (40°± 4° in total and on average ~3° 192 

flection between podomers). This is compensated by their pincer-like shape, which makes 193 

these appendages suited for grasping prey of small size (see supplementary Video 4). 194 

Based on the distance between the elongated endites and the appendage body, the 195 

maximum prey diameter is estimated to be 30% of the total appendage length. 196 

In macropredatory taxa, there is overall a strong correspondence between the 197 

estimated prey size and the oral come diameter. 198 

Cambroraster falcatus appendages show articulating joints placed at ~85% of the 199 

proximal height and a degree of extension of ~7° between podomere two to three and 10° 200 

between podomere three to five could be allowed (see Figure 3 a-c). This degree of 201 

extension, together with the strong curvature of the endites, enabled the creation of a well-202 

developed feeding basket surrounding the mouth (see Figure 3 d-f and supplementary 203 

Video 5). 204 

 205 

4. DISCUSSION 206 

 207 

4.1 Functional differences in radiodont appendages  208 
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 209 

4.1.1 Ecological niche partitioning in the Burgess Shale community 210 

The Burgess Shale ecosystem included at least five roughly contemporaneous radiodonts 211 

[34]. Anomalocaris, Peytoia and Hurdia fossils are widely distributed in the Burgess Shale 212 

(e.g. the Mouth Stephen locality, Raymond Quarry and Tulip beds) [47], Amplectobelua 213 

was found at the Mount Stephen locality [21] and Cambroraster comes from the Marble 214 

Canyon Site [34], which hosts a diverse assemblage of radiodonts comprising 11% of the 215 

fauna and are yet to be documented [21, 34, 47]. Daley and Budd (2010) [21] argued that 216 

the coexistence of such a variety of radiodonts in the Burges Shale biota required niche 217 

partitioning and that the evolution of different appendage morphologies reflects different 218 

feeding strategies. The analyses conducted in this study support this claim (see Figure 4). 219 

 With the appendages of presumed adult Anomalocaris canadensis specimens 220 

ranging from 100-180 mm in length, our model infers average prey size to be 20-50 mm in 221 

diameter (Figure 4 a and b). Since the oral cone is inferred to have been unable to process 222 

hard food, prey could have been soft-bodied or lightly sclerotised [12]. Based on the 223 

position and dexterity of the appendages, a flexible and hydrodynamic body [13], A. 224 

canadensis’s prey may have been predominantly nektonic (e.g. vetulicolians, 225 

nectocaridids, or swimming arthropods) and occasionally benthic (such as benthic 226 

unmineralized arthropods) (see Figure 4 a and b). Coprolites have been described in 227 

China and Australia, mainly composed of the remains of non-mineralised organisms, such 228 

as waptiid arthropods or Isoxys, which exhibit dimensions compatible with Anomalocaris or 229 

Amplectobelua as the defecator [48, 49]. Some of these coprolites also contain the cuticles 230 

of trilobites as a minor component, indicating occasional predation on hard-shelled 231 

organisms [48, 49]. 232 

Several studies have hypothesised that Peytoia nathorsti formed a net-like structure 233 

with its appendages to trap food and could be used together with either as sieves or as 234 
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jaws to capture larger prey [1, 2, 21, 32]. The first hypothesis is unlikely due to the shape 235 

and position of the auxiliary spines, which are present only on the distal side, facing those 236 

of the opposite appendage, and are too small, irregularly spaced and sized to form an 237 

effective food trap. The second hypothesis is supported by the fact that spines with an 238 

alternating length are usually observed in extant arthropod appendages specialised in 239 

capturing large prey, such as those found on mantids or giant isopods [50, 51]. A similar 240 

pattern is present on the teeth and beaks of vertebrates [52, 53]. By using both the 241 

appendages in concert the captured prey of P. nathorsti the same length of the 242 

appendages (around 60-100 mm). The most distal, spine-free podomeres may have 243 

helped trap and manipulate prey. The feeding appendages were also closer to the body 244 

than in Anomalocaris [2]. Based on these observations along with the configuration of the 245 

appendages on the body, we infer P. nathorsti to have captured less agile and benthic 246 

prey, but of likely larger size than A. canadensis (see Figure 4 c and d). These 247 

interpretations are also consistent with the more rigid and presumably less hydrodynamic 248 

body compared to A. canadensis.  249 

Similarly to those of P. nathorsti, Hurdia victoria the frontal appendages might have 250 

worked in conjunction. They are comparatively smaller (around 20-40 mm) and less 251 

dextrous. These characteristics indicate that they were probably better suited to capture 252 

small epibenthic mobile and sessile organisms such as trilobites, lobopodians, and 253 

perhaps endobenthic priapulids (see Figure 4 e and f). The frontal appendages of H. 254 

victoria show a degree of extension that is considerably smaller than in P. nathorsti, 255 

thereby diminishing the length of the extension, making them less suitable for capturing 256 

agile prey [17, 32]. This interpretation is consistent with the trunk anatomy of H. victoria, 257 

such as the presence of vertically displaced lateral flaps, which would likely prevent rapid 258 

swimming [17, 32].  259 

A single Amplectobelua stephenensis appendage was able to grab prey with a 260 
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diameter of around 20 mm [21]. The smaller ventral spines along every other podomere 261 

distally to the hypertrophied spine might have been used to hold and retain prey by adding 262 

more friction. The multi-segmented nature of the appendage might suggest they were 263 

mechanically less stable than appendages with fewer segments, such as the common 264 

arthropod cheliped and hence unlikely to be used for crushing, slicing or cutting larger 265 

prey. In contrast, these appendages could be well suited to perform precise and well-266 

controlled movements to firmly grasp and manipulate prey to the mouth or tearing off 267 

pieces from larges carcasses (see Figure 4 g and h). 268 

 269 

4.1.2 Cambroraster falcatus may have been a filter feeder. 270 

Filter-feeding is a particular feeding mode in which food particles in suspension are 271 

collected from the water column by passing through a specialised filtering structure. Filter-272 

feeding can be active or passive. Whale sharks and mysticete whales are examples of a 273 

particular active filter-feeding mode in which the water is engulfed and forced to pass 274 

through filtering structures (e.g. baleen in cetaceans) when expelled [54]. Several teleost 275 

fishes and chondrichthyans utilise gill rakers [23, 34, 51, 55]. In arthropods, suspension-276 

feeding involves specialised appendages with fine setae and spines. Among nektonic 277 

suspension feeders, several strategies exist, such as lunge feeding (like in rorqual 278 

mysticetes), skimming/ram-feeding (e.g. balaenid whales, paddlefish or basking sharks) or 279 

through more active pumping of water through the filter apparatus by suction currents in 280 

fishes or mechanical pumping of water (e.g. krill and mysids) [56]. Passive suspension-281 

feeding also exists among arthropods in which filter appendages form a fan-like net that is 282 

held up against the water current (porcelain crab, atyopsid shrimps and barnacles) [57, 283 

58]. Among radiodonts, Tamisiocaris borealis (early Cambrian, Sirius Passet) was 284 

described as a sweep net filter feeder [16], resembling mysids while the giant Aegirocassis 285 

benmoulae (early Ordovician, Fezouata) and smaller, but similar Pahvantia hastata 286 
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(middle Cambrian, Utah) shows adaptations for skim/ram feeding [11, 26].  287 

General observations, which serve to identify fossil and recent filter feeders, show that the 288 

feeding structures consist of elongated and slender, equally spaced structures forming a 289 

net with a regular mesh size [11, 16]. Furthermore, the filter-feeding apparatus needs to 290 

create a closed compartment, so that water is forced through the filter apparatus and not 291 

around it. 292 

 Despite being previously described as sediment sifter [33, 34], our analysis 293 

suggests that Cambroraster were better suited for filter-feeding given their long auxiliary 294 

spines, which is not encountered amongst extant taxa processing sediment, which have 295 

shorter and more robust structures. Exemplified in feeding strategies amongst modern 296 

teleost fishes and their gill raker apparatus (Figure 3 g and h) [55], the suspension-feeding 297 

cichlid Chaetobranchopsis australis exhibits elongated, regularly spaced gill rakers (figure 298 

3 g). In contrast, the cichlid Satanoperca pappaterra, which sifts sediment, possesses gill 299 

rakers that are shorter and wider (figure 3 h) [55, 59, 60]. Long and slender filter elements 300 

do not appear suitable for sediment manipulation as sifting more dense and viscous 301 

sediment necessitates a more robust apparatus. 302 

Based on extant comparisons, Cambroraster falcatus, with its long and delicate 303 

spine apparatus, does not appear suited for sediment processing. The spines are facing 304 

anteriorly, which would cause much strain if ploughed into a substrate. While it is possible 305 

that sediment was brought into suspension by other means, such as the head shield, we 306 

argue that feeding must have been in suspension and by filtering rather than direct 307 

manipulation of sediment by the frontal appendages.  308 

Corroborating the filter-feeding ecology, we observe that with the configuration of 309 

the frontal appendages anterior to the mouth and pointing in a ventral direction, the long 310 

ventral spines with the inwards curvature could form a feeding basket by the juxtaposition 311 

of the two appendages while extended (see Figure 3 d-f and supplementary video 5). 312 
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Using the observed relationship between filter mesh size and prey diameter [16, 34, 51], 313 

we estimate a minimum prey size of 0.7-2 mm. The head shield elements may have 314 

facilitated and enhanced the capability of filter-feeding by the off channelling water into and 315 

through the filter-feeding appendages. The horseshoe-shaped head shield, the reduced 316 

number of vertically displaced flaps and the dorsally positioned eyes indicate a nekto-317 

benthic lifestyle [33, 34].  318 

 319 

4.2 Prey size, the mouth apparatus and radiodont feeding efficacy. 320 

The oral cone of radiodonts is homologous to that of deeper stem-arthropods, such as the 321 

gilled lobopodians and the introvert apparatus seen in other ecdysozoans [38]. Yet, it 322 

shows higher structural integrity as revealed by the coherent assembly of its elements into 323 

a unit often found in isolation after moulting or decay [35]; it is composed of a series of 324 

plates arranged in a circle with each plate displaying a series of denticle-like structures 325 

facing orally with bigger plates overlapping smaller ones slightly. An elastic non-sclerotised 326 

region was present between each oral plate [12]. The total number of plates, their 327 

distribution, and proportion are variable depending on the species and the taxonomic 328 

group (e.g., in Anomalocaris it is triradial and in hurdiids tetraradial) [12, 35]. Whether the 329 

mouth apparatus could exert any degree of biting force is unclear [2, 12, 48]. It has been 330 

proposed that the oral cone functioned as a suction apparatus, like how many fish 331 

consume and ingest prey [34, 61]. By everting the external plates, a partial vacuum would 332 

have formed that would pull the captured prey into the mouth, which would mean that the 333 

maximal diameter of prey to be ingested should be less than the outer diameter of the oral 334 

cone. Pharyngeal teeth observed in some taxa [12] may have been used in mastication 335 

food upon ingestion. 336 

Unlike euarthropods, radiodonts lack specialised head appendages that would 337 

enable them to process and transport prey. Gnathobase-like structures recently described 338 
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from Amplectobelua from Chengjiang may likely have been utilised in food intake, but their 339 

wider distribution in other taxa remains to be shown. While we surmise some processing 340 

could have been possible in radiodonts it may have been limited compared to most living 341 

arthropods [62]. 342 

As such the feeding mechanisms of radiodonts must have been relatively inefficient 343 

in comparison to living arthropods. In predatory taxa, feeding consisted of prey capture, 344 

transport to the mouth and then ingestion via suction and subsequent mastication 345 

performed by the pharyngeal teeth and perhaps the outer tooth plates as well [12, 21, 34, 346 

48]. The lack of specialised appendages to process the food prior to ingestion, a condition 347 

often found in modern arthropod, and the poor masticatory efficiency of the oral cone 348 

might have resulted in a lower energy intake. Therefore, the subsequent evolution of 349 

predators better able to effectively slice and cut prey, for improved digestive rate, such as 350 

jawed vertebrates, cephalopods and modern arthropod clades, might explain the turnover 351 

and ultimate demise of the once successful radiodonts. 352 

 353 

5. CONCLUSIONS AND FURTHER RESEARCH 354 

Our results confirm previous hypotheses that little trophic overlap between different 355 

radiodont species may have existed in the Burgess Shale biota. Anomalocaris canadensis 356 

may have been a fast and agile predator with highly dextrous feeding appendages, 357 

capable of catching pelagic prey. In contrast, the hurdiids Peytoia nathorsti and Hurdia 358 

victoria appear more suited to capturing proportionally larger, but less agile prey and with a 359 

near-benthic foraging strategy. The claw-like appendages of Ambectobelua stephenensis, 360 

on the other hand, may have facilitated well-controlled grasping for catching smaller 361 

animals (see Figure 4 i). Cambroraster is here interpreted as a suspension feeder as the 362 

apparatus does not conform to sediment ingesting anatomy. 363 

The inferred prey size of Anomalocaris canadensis, Hurdia victoria, and Peytoia 364 
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nathorsti is slightly inferior to the mouth diameters. This suggests prey was swallowed 365 

whole and corroborates that the mouth mainly served for ingestion through the creation of 366 

a suction current as observed in spiders and unlike most crown-euarthropods, which 367 

process their prey by extensive mastication prior to ingestion or pre-digestion. 368 

 369 
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 548 

Figure 1 Frontal appendage of Anomalocaris canadensis (a) specimen ROMIP 61040), (b) interpretative drawing and the (c) 549 

reconstructed appendage model; comparison between the model showing the degree of flection (d) based on the sole 550 

arthrodial membrane and (e) on the contact between the ventral spines as shown in (f) the specimen ROMIP 51212 (f). The 551 

bars in (e) indicate the bones of the Blender armature with their relative articulation joints and the computed angles of flection 552 

between each podomere. Scale bar 20 mm.  553 
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 554 

Figure 2 Radiodont frontal appendage reconstructions. (a-d) Peytoia nathorsti (a) specimen USNM 240984, (b) interpretative 555 

drawing and (c) the flexed and (d) extended model of the appendage; (e-h) Hurdia victoria, (e) specimen ROMIP 59259, (f) 556 

interpretative drawing and (g) the flexed and (h) extended model of the appendage; (i-m) Amplectobelua stephenensis, (i) 557 

specimen ROMIP 59495, (j) interpretative drawing and (l) the flexed and (m) extended model of the appendage. Scale bars in 558 

(a) 10 mm, in (e) and (i) 5 mm. The bars in (c, g, n) indicate the bones of the Blender armature with their relative articulation 559 

joints and the computed angles of extension (c, g) or flection (n) between each podomere. Am = arthrodial membrane, As = 560 

auxiliary spine, Ds = dorsal spine, E = endite, P=podomere, Vs = ventral spines. Picture in (a) from [22].  561 
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 562 

Figure 3 Reconstruction of Cambroraster falcatus (a) specimen ROMIP 605084, (b) interpretative drawing and (c) the 563 

reconstructed model of the appendage; Extended model forming a feeding basket in (d) lateral (, (e) ventral and (f) frontal 564 

view surrounding the mouth apparatus (represented by the toroid). Comparison between the gill rankers of (g) the filter feeder 565 

cichlid Chaetobranchopsis australis and the (h) deposit feeder Satanoperca pappaterra with the first being more elongated 566 

and presenting interstitial space, similarly to the auxiliary spines of Cambroraster falcatus. Scale bar 10 mm. The bars in (c) 567 

indicate the bones of the Blender armature with their relative articulation joints and the computed angles of extension (c) 568 

between each podomere. Am = arthrodial membrane, As = auxiliary spine, Ds = dorsal spine, Vs = ventral spine. Images in 569 

(g) and (h) modified from [50].  570 
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 571 

Figure 4 Reconstruction of radiodont feeding modes and inferred maximum prey size (represented by the violet sphere) compared to 572 

the mouth apparatus (represented by the dark grey toroid). Anomalocaris canadensis capturing its prey using a single appendage in (a) 573 

lateral and (b) dorsal view; Peythoia nathorsti capturing its prey using both appendages in conjunction, in (c) lateral and (d) dorsal view; 574 

Hurdia victoria capturing its prey using both appendages in conjunction, in (e) lateral and (f) dorsal view; Amplectobelua stephenensis 575 

capturing its prey using a single appendage, in (g) lateral and (h) dorsal view; (i) Niche partitioning among different Burges Shale 576 

radiodont species, arrows indicate the energy flow through the food chain. Anomalocaris canadensis was able to catch medium-size, or 577 

maybe larger, agile pelagic prey, whereas hurdiids such as Hurdia victoria and Peytoia nathorsti were more specialised to feed on 578 

benthic prey. Peytoia may have consumed pelagic prey also. Smaller benthic animals and the medium members of the nekton were 579 

captured by Ambectobelua stephenensis. Silhouettes from @Phylopic (Joanna Wolfe) and modified from illustrations made by Marianne 580 

Collins and Jun (https://twpf.jp/ni075). 581 

  582 
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1- Examples of radiodont appendage reconstruction 592 

 593 

a) Detailed example of a radiodont appendage reconstruction: Anomalocaris canadensis. 594 

 595 

Measurements from a range of appendages attributed to Anomalocaris canadensis was taken from each 596 

podomere (Pdors, Plat, Pvent, SI, Supplementary Figure 1 A). From these, for each specimen, the ratio 597 

between different podomere elements was computed, as well the average ratios per the corresponding 598 

podomere between each specimen. Once this step was completed, we selected a representative and well 599 

preserved specimen as a template for the reconstruction (ROMIP 61040, Figure 1 A, main text).  This 600 

specimen has average dimensions and shows clear podomere margins, arthrodial membranes, articulating 601 

joints. This specimen also consists of a well preserved part and counterpart. A detailed interpretative 602 

drawing was made (Figure 1 B, main text). The interpretative drawing was imported into Blender 2.81, and, 603 

using box modelling—a 2-dimensional model of the appendage was created. Each podomere and endite 604 

was shaped independently. Where the podomere was incompletely exposed or preserved, we used 605 

average proportions from our measurements from other specimens. For example, podomere 9 Pdors and 606 

Pvent have been computed knowing PI and the average proportions (Pdors/PI, Pvent/Pdors, 607 

Supplementary figure 1). Podomere 1 has been reconstructed using the Pdors ratio between its distal in the 608 

complete specimen (ROMIP 62543) and according to average ratios. We subsequently extruded the planar 609 

model to get a 3-D shape, to the depth revealed by specimens exposed in dorsoventral view. Because 610 

Anomalocaris canadensis appendages show an overall bilateral symmetry. We shaped half podomere and 611 

mirrored the other part. The width of the appendage was computed using the ratio between the Width and 612 

Pdors in ROM 616770 (Figure 12-8) [31]. ROMIP 616770 also shows a central “crest”, indicating a restriction 613 

of the dorsal margin. A central restriction in the ventral margin is indicated by the V-displacement of the 614 

pair endites shown in many specimens (e.g., ROMIP 62543, but also ROMIP 61040) (Figure 14-4) [31]. We 615 

modified the model accordingly giving the podomeres a quasi-elliptical shape. 616 

 617 

b) Detailed example of a radiodont appendage reconstruction: The shape and the position of the endites 618 

in Hurdia victoria. 619 

 620 

The model of Hurdia victoria was created using a similar procedure as reported for A. canadensis above. 621 

Differences in modelling lie in the reconstruction of the single long endites. Endites in Hurdia overlap: the 622 

proximal margin of one endite covers part of the distal endite in lateral view and the other way around in 623 

mesial view. Lateral and mesial view can be distinguished by the auxiliary spines being superimposed onto 624 

the overlapping endites. The shape of the proximal endites in Hurdia was modelled based on partially 625 

extended specimens like ROMIP 60048 (Figure 12-C) and ROMIP 60020 (Figure 12-E [32]. Once the planar 626 

shape of the endites was complete, we used a schematic drawing of the specimen ROMIP 65094 (Figure 3-627 

G) [34] for reconstructing the orientation and the curvature of the endites (using the curve modifier on 628 

Blender 2.8) and the orientation of the spines. This specimen shows a Hurdia appendage in an almost 629 

frontal view, allowing for inferring their lateral arching trajectory. The insertion of endites is, as indicated by 630 

ROMIP 65095, laterally displaced. 631 

 632 

c) The orientation and the movement at the cormus. 633 

 634 

Based on articulated specimens, clues about the orientation and the position of the appendage relative to 635 

the mouth provide evidence for how dextrous the connecting membrane between the appendage and the 636 
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body (cormus) may have been in life:  the appendages of Anomalocaris canadensis are typically oriented 637 

frontally (see ROMIP 51212, figure 1 F, main text) while those of the hurdiids have a ventral orientation 638 

relative to the body (e.g. USNM274142, figure 35 [2]; ROMIP 60012, figure 21-C [32]; ROMIP 65087, Figure 639 

2-J [34]). Articulated specimens of Amplectobelua stephenensis have not been described yet.  640 

Amongst extant arthropods, several muscle groups inserting into the first podomere from the body and 641 

extensive articulating membranes facilitate a greater range of movements than the typical 2-dimensional 642 

range between more distal podomeres. This was likely also the case in radiodonts. 643 

It has been suggested that the shape of the distal margin of the peduncle should reveal the dexterity of the 644 

appendage at the cormus [31]. This shape seems to be straight in Anomalocaris canadensis (ROM 51215, 645 

Figure 10-1) [31] and convex in Peytoia, Hurdia and Amplectobelua (ROMIP 60052, Figure 13-A [32], ROMIP 646 

59633; Figure 24-A [32]; ROM 59496, Figure 4-A [21]) which may provide some constraints as to what 647 

directions of movements may have been permitted. While these must have offered some constraints as to 648 

the range of movements, caution is advised. The notch shown in Cambroraster specimen ROMIP 605084 649 

might be an artefact due to incomplete preservation. Its first podomere might have been longer, as shown 650 

in ROMIP 65087 [31]. In many radiodont specimens, the first podomere is incomplete in its proximal part 651 

and this might suggest a lower level of sclerotisation, that may have gone into facilitating a greater range of 652 

movements [1]. It is also observed that in A. canadensis, the appendages are oriented at different angles in 653 

body fossil specimens (ROMIP 51211, ROMIP 51212, and ROMIP 51213) [29], although post mortem 654 

displacement and decay could result in unnatural postures. However, based on modern evidence and with 655 

fossil evidence we consider radiodont frontal appendages to have had a higher range of movements at the 656 

cormus, beyond a 2-dimensional plane. In our reconstructed range of movements, we have been aiming at 657 

inferring a range of movements that are conservative and consistent with the evidence offered by the fossil 658 

record.  659 
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2- Appendage morphology and range of movements 660 

 661 

a) Anomalocaris canadensis 662 

 663 

The available appendages of Anomalocaris canadensis vary from 30 to 180 mm in length and exhibit 14 664 

podomeres with the 13 most proximal bearing a pair of tricuspid endites (see Figure 1 a and b). The overall 665 

length of the endites decreases distally, and longer and shorter spines alternate with the shortest spines 666 

located on uneven segments [1, 2, 31]. The articulation joints on both sides are almost ~80% of the 667 

proximal podomere height (specimens ROMIP 61040, ROMIP 62543) (see Figure 1 c).  668 

The degree of flection indicated by the margins of the arthrodial membranes, ~11° on average and ~134° in 669 

total, (see Figure 2 d) do not permit the flexure observed in some specimens (see Figure 2 e-f). This limit 670 

might be indicated by the contact between endites rather than podomeres. From this, we estimate a 671 

degree of ventral telescoping close to 20% of the ventral length on each podomere. 672 

Due to the lack of an expanded dorsal margin of the arthrodial membranes, the presence of dorsal spines 673 

on the most distal podomeres, and the fact that no specimen seems to show a higher degree of extension, 674 

we assume that the specimen ROMIP 61040 might be a fully extended appendage. Thus, from a wholly 675 

extended appendage, an average flection of ~18° between each podomere and a total flection of ~213° can 676 

be reconstructed (see Figure 2 e).  677 

The internal diameter of the space created by a minimally flexed appendage able to grab an object is 20-678 

28% of the total appendage dorsal length, a ratio akin to that measured between the oral cone diameter 679 

and the appendage length in ROMIP 51213, ROMIP 51215, ROMIP 61663, and ROMIP 61642 (25%). 680 

 681 

b) Peytoia nathorsti 682 

 683 

The described appendages in Peytoia nathorsti vary between 60 and 120 mm in length and are composed 684 

of eleven podomeres, of which only two to six bear endites [1, 2, 32]. Appendages are usually fully flexed. 685 

In some cases, such as in USNM 240984, it is possible to see the dorsal part of the arthrodial membrane 686 

and the position of the articulating joints (see Figure 2 a and b). The observed angle is on average ~22° 687 

between each podomere, with the proximal five podomeres showing a higher angle (average ~27°) than 688 

the distal one (average ~17°). The articulating joints comprise ~70% of the total proximal height (see Figure 689 

2 c and d). A fully extended Peytoia appendage has not been described, although the most distal 690 

podomeres in specimen USNM 57490 display the ventral arthrodial membrane, which indicate a specific 691 

grade of extension [1, 22]. We interpret the flexed state to be the default, or relaxed, state, and that the 692 

appendage is extended during prey capture only. 693 

Frontal appendages of P. nathorsti are found in paired constellations with the endites facing each other 694 

(specimen USNM 57490, USNM 139724), which might suggest that the appendages might have been used 695 

in concert to capture prey [1]. Auxiliary spines are different in lengths (between 0.6 to 1.8 mm) and do not 696 

exhibit regular spacing (between 0.3 to 1 mm in specimen USNM 240984, USNM 57490). USNM 57490 also 697 

demonstrates that the most distal podomeres curve medially slightly. Complete Peytoia appendages 698 

associated with the oral cone are not currently described and available for this study.  The length of the 699 

isolated oral cone was similar to the total length of the appendages (USNM 57555) [2]. 700 

 701 

c) Hurdia victoria 702 

 703 

Appendages in Hurdia victoria are usually not longer than 30 mm and shows 9 podomeres, from which, 8 704 

(from 2 to 9) possess well-developed endite. Like other members of Hurdiidae, the endites are distally 705 
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pointing inward and slightly curved, and a triangular shape is visible in their transverse section [17, 32]. 706 

Endites 1 to 6 possesses auxiliary spines, while the eighth and the ninth podomeres host a well-developed 707 

non-spinous endite, 25% shorter than the others (see Figure 2 e and f). Like Anomalocaris canadensis, some 708 

body fossils exhibit configurations suggesting a degree of freedom of movement at the peduncular base 709 

(ROM 60035, ROM 59633) [17, 32]. The articulation joints are ~70% of the proximal height. Despite the fact 710 

that most hurdiid frontal appendages are found in a flexed condition, as observed in P. nathorsti, the dorsal 711 

articulating membrane is generally not evident; however, it can be observed in ROM 60048 and ROM 712 

59259 (see Figure 2 e and f). Our analysis indicates an average of ~10° extension in between each of the 713 

first five podomeres. This value increases to ~25° between podomeres 6-7 (see Figure 2 g and h). The 714 

spacing between auxiliary spines ranged from 1-2 mm and each spine is up to 3 mm long within a single 715 

specimen (ROMIP 59259). The diameter of the mouth apparatus is equivalent to the total length of the 716 

appendages (ROM 60012, ROM 60035, ROM 59633) [17, 32]. 717 

 718 

d) Amplectobelua stephenensis 719 

 720 

The two single appendages described are ~40 mm long and composed of twelve podomeres of which the 721 

first bear well-developed endites [21]. A single pair of smaller endites (less than 2 mm long) is present on 722 

uneven podomeres, and a pair of smaller ones on even podomeres. Podomere 2 and podomeres from 10 to 723 

12 do not bear spines.  Three auxiliary spines are present on the endites. The arthrodial membranes are 724 

present in ROM 59495 from which the articulating joint is estimated at ~80% of the proximal height. ROM 725 

59495 also represent an almost fully extended appendage with the uneven podomeres endites spines at 726 

approximately the mid-length of their ventral margin (see Figure 2 i and l). From this specimen, a model has 727 

been produced and the degree of flection between each podomere seems not to be higher than ~6°, with 728 

an average of ~3°. Given the wider arthrodial membrane on the most distal podomeres, it might be 729 

possible that the tip of the appendage had some degree of extension, this cannot be assessed due to the 730 

incompleteness of the specimen. The space between the podomeres and the endite in a fully extended 731 

Amplectobelua stephenensis appendage offers a range indicating a capability of grasping prey smaller than 732 

30% of the total length of the appendage. 733 

 734 

e) Cambroraster falcatus 735 

 736 

Cambroraster falcatus appendages are around 30 mm long and composed of ten podomeres. Except for 737 

the first and the seventh podomere, each podomere bears a single endite. Endites on podomeres 2 to 6 738 

curve internally and, (almost two times the proximal height) and bear a series of long auxiliary spines (up to 739 

8 mm) regularly spaced (up to 1,3 mm between each spine); the endites 8 and 9 are considerably shorter, 740 

spiniform and straight [34]. The specimen ROMIP 65084, on which the model was largely based, shows the 741 

dorsal part of the arthrodial membranes. Therefore, the articulating joint was placed at 85% of the 742 

proximal height and a degree of extension of ~7° between podomere two to three and 10° between 743 

podomere three to five could be allowed (see Figure 4 a-c). This degree of extension, together with the 744 

strong curvature of the endites, enabled the creation of a well-developed feeding basket surrounding the 745 

mouth (see Figure 4 d-f). This configuration can be partially observed in specimen ROMIP 65087, in which 746 

the appendages are partially extended, and the mouth apparatus is shown in relationship to the 747 

appendages, indicating roughly a similar size [34]. 748 

749 
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3- Supplementary Table 1 750 

 751 

 752 

Supplementary Table 1 Maximal extension and contraction between the podomers and their distal ones 753 

among different radiodont species. Measures were taken between Pdors and reported in degrees.   754 

A. canadensis p1-p2 p2-p3 p3-p4 p4-p5 p5-p6 p6-p7 p7-p8 p8-p9 p9-p10 p10-p11 p11-p12 p12-p13 p13-p14 

Max. extension 174 178 177 171 169 164 168 169 159 159 154 146 165 

Max. contraction 160 156 157 153 153 142 150 150 147 141 142 126 ? 

P. nathorsti p1-p2 p2-p3 p3-p4 p4-p5 p5-p6 p6-p7 p7-p8 p8-p9 p9-p10 p10-p11 
   

Max. extension 182 193 188 182 188 180 187 194 172 ? 
   

Max. contraction 155 165 163 154 172 163 170 177 155 156 
   

H. victoria p1-p2 p2-p3 p3-p4 p4-p5 p5-p6 p6-p7 p7-p8 p8-p9 
     

Max. extension 187 189 182 186 173 200 194 ? 
     

Max. contraction 174 179 173 176 158 175 171 137 
     

A. stephenensis p1-p2 p2-p3 p3-p4 p4-p5 p5-p6 p6-p7 p7-p8 p8-p9 p9-p10 p10-p11 p11-p12 
  

Max. extension 180 179 172 171 172 171 175 172 173 154 138 
  

Max contraction 176 175 170 169 169 169 172 166 168 151 134 
  

C. falcatus p1-p2 p2-p3 p3-p4 p4-p5 p5-p6 p6-p7 p7-p8 p8-p9 p9-p10 
    

Max. extension 169 175 180 171 168 ? ? ? ? 
    

Max. contraction 169 168 169 160 160 165 170 168 163 
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4- List of supplementary material 755 

 756 

Measurements.xlsx An Excel file containing all the measurements taken from the fossils. 757 

Supplementaryvideo folder containing the following files: 758 

• Supplementaryvideo1.mkv supplementary video of Anomalocaris canadensis; 759 

• Supplementaryvideo2.mkv supplementary video of Peytoia nathorsti; 760 

• Supplementaryvideo3.mkv supplementary video of Hurdia victoria; 761 

• Supplementaryvideo4.mkv supplementary video of Amplectobelua stephenensis; 762 

• Supplementaryvideo5.mkv supplementary video of Cambroraster falcatus. 763 

Models folder containing the following files: 764 

• Acanadensis.blend model of a single A. canadensis appendage; 765 

• AcanadensisAnim.blend model of the A. canadensis appendages from which the video was 766 

rendered; 767 

• Amplectobelua.blend model of a single A. stephenensis appendage; 768 

• AmplectobeluaAnim.blend model of the A. stephenensis appendages from which the video was 769 

rendered; 770 

• Cambrotaster.blend model of a single A. stephenensis appendage; 771 

• CambrorasterAnim.blend model of the C. falcatus appendages from which the video was 772 

rendered; 773 

• Hurdia.blend model of a single H. victoria appendage; 774 

• HurdiaAnim.blend model of the H. victoria appendages from which the video was rendered; 775 

• Peytoia.blend model of a single P. nathorsti appendage; 776 

• PeytoiaAnim.blend model of the P. nathorsti appendages from which the video was rendered.  777 
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 778 

5- List of the specimen cited in the manuscript.  779 

• Anomalocaris canadensis: ROMIP 51211 (Figure 2), ROMIP 51212 (Figure 1), ROMIP 51213 (Figure 780 

8), ROMIP 1525 (Figure 10-1), ROMIP 62543, (Figure 13-5), ROMIP 61663 (Figure 11-1), ROMIP 781 

61642 (Figure 12-1) [31]. 782 

• Peytoia nathorsti: USNM 57490, (Page 80, Figure 2), USNM 139724 (Page 80, Figure 8) [1], USNM 783 

57538 (Figure 61)  [2]. 784 

• Hurdia victoria: ROMIP 60035 (Figure 22-D), ROMIP 59633 (Figure 24-A), ROMIP 60048 (Figure 12-785 

D), ROMIP 60012 (Figure 21-D) [23]. 786 

• Cambroraster falcatus: ROMIP 65080 (Figure 2-C) ROMIP 65087 (Figure 2-J) [34].  787 
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6- Supplementary Figure 1  788 

 789 

 790 

 791 
 792 

Supplementary Figure 1. Process used in this study at  different stages for appendage reconstruction 793 

exemplified by Anomalocaris canadensis: measurements taken and their abbreviated labelling (a),  Fossil 794 

chosen to build model upon (b) and its interpretative sketch (c), 3-D model using box modelling (d), 795 

correction using the average measures (e), blender armature application to a single appendage (f). Aj= the 796 

articulating joint, Ang= articulating joint angle, Pdors= dorsal length, Pvent= ventral length, Plat= proximal 797 

height Si= proximal spine length. Appendage in (b) from [31].  798 
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