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            Abstract
Exceptionally preserved fossils from the Palaeozoic era provide crucial insights into arthropod evolution, with recent discoveries bringing phylogeny and character homology into sharp focus1,2,3,4. Integral to such studies are anomalocaridids, a clade of stem arthropods whose remarkable morphology illuminates early arthropod relationships5,6 and Cambrian ecology7,8,9. Although recent work has focused on the anomalocaridid head6,7,8,9,10, the nature of their trunk has been debated widely5,11,12,13,14,15,16,17,18. Here we describe new anomalocaridid17 specimens from the Early Ordovician Fezouata Biota of Morocco19, which not only show well-preserved head appendages providing key ecological data, but also elucidate the nature of anomalocaridid trunk flaps, resolving their homology with arthropod trunk limbs. The new material shows that each trunk segment bears a separate dorsal and ventral pair of flaps, with a series of setal blades attached at the base of the dorsal flaps. Comparisons with other stem lineage arthropods16,20,21,22 indicate that anomalocaridid ventral flaps are homologous with lobopodous walking limbs and the endopod of the euarthropod biramous limb, whereas the dorsal flaps and associated setal blades are homologous with the flaps of gilled lobopodians (for example, Kerygmachela kierkegaardi, Pambdelurion whittingtoni) and exites of the â€˜Cambrian biramous limbâ€™23. This evidence shows that anomalocaridids represent a stage before the fusion of exite and endopod into the â€˜Cambrian biramous limbâ€™5,16,23, confirming their basal placement in the euarthropod stem4,5,6, rather than in the arthropod crown24 or with cycloneuralian worms14. Unlike other anomalocaridids, the Fezouata taxon combines head appendages convergently9 adapted for filter-feeding with an unprecedented body length exceeding 2Â m, indicating a new direction in the feeding ecology of the clade. The evolution of giant filter-feeding anomalocaridids may reflect the establishment of highly developed planktic ecosystems during the Great Ordovician Biodiversification Event25.
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                    Figure 1: A. benmoulae, holotype YPM 237172, Early Ordovician, Fezouata Biota, Morocco.[image: ]


Figure 2: A. benmoulae, appendages and ventral spines, Early Ordovician, Fezouata Biota, Morocco.[image: ]


Figure 3: A. benmoulae, reconstruction, Early Ordovician, Fezouata Biota, Morocco.[image: ]


Figure 4: Simplified cladogram showing the position of A. benmoulae, and schematic cross-sections through the bodies of included taxa illustrating the limb homologies and morphological transitions.[image: ]
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Extended data figures and tables

Extended Data Figure 1 A. benmoulae, nearly complete three-dimensionally preserved specimen, counterpart, dorsal view, Early Ordovician, Fezouata Biota, Morocco, holotype YPM 237172.
a, With separate blocks in place, showing ventral flaps. b, With one block removed, showing dorsal flaps. c, With two blocks removed, showing dorsal flaps alone. d, Digital combination of images, showing both dorsal and ventral flaps. e, Interpretative drawing of dorsal view combining information from part and counterpart. Arabic numerals indicate trunk somites.


Extended Data Figure 2 A. benmoulae, nearly complete three-dimensionally preserved specimen, dorsal and ventral flaps, Early Ordovician, Fezouata Biota, Morocco, holotype YPM 237172.
a, Separate block, part, dorsal flaps, plan view. b, Separate block, lateral view showing body wall (counterpart), and dorsal (part) and ventral flaps (counterpart). c, Separate block, counterpart, ventral flaps. d, Counterpart, dorsal flaps. e, Interpretative drawing of lateral view of separate block. f, part, ventral flaps. g, Part, muscle tissue closely associated with first dorsal flap on left side, showing individual fibres.


Extended Data Figure 3 A. benmoulae, central elements of carapace, Early Ordovician, Fezouata Biota, Morocco.
a, b, YPM 516785: a, nearly complete central element, part, dorsal view; b, interpretative drawing. c, d, Paratype YPM 227556: c, nearly complete central element, part, dorsal view; d, interpretative drawing. e, f, YPM 523425: e, ventral triangular extension, counterpart, showing marginal rim and texture; f, interpretative drawing. g, h, YPM 523424: g, partial central element, part, oblique, showing second morph with additional anterior triangular extension; h, interpretative drawing.


Extended Data Figure 4 A. benmoulae, complete carapace lateral element associated with partial central element, Early Ordovician, Fezouata Biota, Morocco, paratype YPM 525437.
a, With partial central element, part, in place. b, With partial central element, part, removed, revealing counterpart imprint of triangular ventral extension. c, With dorsal side of central element digitally removed, revealing triangular ventral extension overlying anterior of lateral element. d, Interpretative drawing.


Extended Data Figure 5 A. benmoulae, appendages and ventral spines, Early Ordovician, Fezouata Biota, Morocco.
aâ€“c, Paratype YPM 527123, nearly complete appendage: a, part; b, interpretative drawing combining part and counterpart; c, counterpart. d, YPM 527124, part, distal portion of ventral spines. Setae showing double row of spinules arrowed. YPM 527123 and 527124 belong to a disarticulated assemblage which may represent a single individual. e, YPM 523810, part, distal portion of five ventral spines. f, YPM 523423 and 523424, counterpart, ventral spines and partial carapace element. g, YPM 523428, part, termination of ventral spine. Roman numerals indicate appendage podomeres.


Extended Data Figure 6 A. benmoulae, appendages and appendage ventral spines, Early Ordovician, Fezouata Biota, Morocco.
a, Close-up of ventral spines of YPM 527125, showing spinulose filtrating setae and their insertion on the anterior margin of the ventral spines. Setae showing double row of spinules arrowed. bâ€“d, YPM 525217, partial appendage: b, part; c, interpretative drawing combining information from part and counterpart; d, counterpart. Roman numerals indicate appendage podomeres.


Extended Data Figure 7 A. benmoulae, Early Ordovician, Fezouata Biota, Morocco.
aâ€“c, Partial appendage, paratype YPM 522227: a, part; b, interpretative drawing combining information from part and counterpart; c, counterpart. Roman numerals indicate appendage podomeres. d, e, Assemblage of carapace elements, appendage ventral spines and setal blades, YPM 523423â€“523427: d, specimen; e, interpretative drawing.


Extended Data Figure 8 A. benmoulae, isolated bands of setal blades, Early Ordovician, Fezouata Biota, Morocco.
aâ€“c, YPM 516791: a, part; b, counterpart; c, close-up of counterpart, showing fine lateral lamellae on setal blades in plan view. d, Specimen associated with YPM 527123, part, showing lamellae on setal blades. e, YPM 227934, part, showing connection between setal blades and division into short anterior and long posterior free parts. f, YPM 516792, part.


Extended Data Figure 9 P. nathorsti, articulated specimens showing dorsal flaps, middle Cambrian, Burgess Shale, Canada.
a, USNM 274156 and USNM 274161 joined into complete specimen. White box indicates area of close-ups of USNM 274161 in b and c. b, c, USNM 274161: b, posterior, counterpart, showing two sets of flaps; c, interpretative drawing. d, USNM 274154, the opposite half of the split corresponding to USNM 274156 and 274161. e, USNM 274145. Blue arrows indicate ventral flaps; orange arrows indicate dorsal flaps.


Extended Data Figure 10 Results of the phylogenetic analysis.
Strict consensus of 70 most parsimonious trees obtained under equal weighting (consistency index = 0.611; retention index = 0.798). Numbers above nodes indicate Bremer support/standard bootstrap (1,000 replicates) values; number below nodes is the jackknife (1,000 replicates, P = 36) value. An identical strict consensus tree is obtained with implied weighting for all k values from 3 to 8.





Supplementary information
Supplementary Information
This file contains additional detailed description and interpretation; discussion of functional morphology, mode of life, presence of dorsal flaps and trunk limbs in other anomalocaridids, and phylogenetic position; comparison with other taxa; a list of previously figured Aegirocassis benmoulae specimens and Supplementary References. (PDF 577 kb)


Supplementary Data
This file contains the phylogenetic matrix used for the phylogenetic analysis, including the data matrix. (TXT 12 kb)


Video clarifying the position of the separate block and the relationship of dorsal and ventral flaps in the complete holotype YPM 237172, and the relationship between the lateral and central carapace elements in paratype YPM 525437.
This video clarifies the position of the separate block and the relationship of dorsal and ventral flaps in the complete holotype YPM 237172, and the relationship between the lateral and central carapace elements in paratype YPM 525437. (MOV 29804 kb)
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        Editorial Summary
The evolution of arthropod limbs
The classic 'Burgess Shales' variety of Cambrian fauna is now known to extend into the Ordovician that begins around 490 million years ago. The anomalocaridids, a diverse group of arthropod-like animals, are familiar as the giant predators of the Cambrian seas. Here Peter Van Roy et al. describe a much younger anomalocaridid from the Ordovician of Morocco, which was a filter-feeder more than two metres long. The new fossils reveal evolutionary relationships with arthropod limbs, in the form of two pairs of swimming flaps on each division of the trunk, the lower pair representing a modified leg and the upper pair representing gills.
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