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Supplementary Information for Sander, P.M., Mateus,O., Laven, T. & Knötschke,N. (2006) Bone histology indicates insular dwarfism in a new Late Jurassic sauropod dinosaur. Nature, 441: 739-741



Correspondence and requests for materials about bone histology should be addressed to P.M.S. ([email protected]) and about the other topics to O.M. ([email protected]).



Geology and taphonomy of the Langenberg quarry locality The remains of the diminutive sauropod were recovered from a working quarry at Langenberg mountain near Oker (Harz mountains, Niedersachsen, northern Germany). The quarry exposes a 203 m thick, well-dated (based on foraminifera and ostracodes) section of marine carbonates of early 1,2



Oxfordian to late Kimmeridgian age . These rocks were deposited in the southern part of the Lower Saxony Basin that throughout the Late Jurassic had fully marine conditions and was surrounded by 3



several large islands , one of which must have been the habitat of the new sauropods (Supplementary Fig. 1). Over the last ten years, about 650 bones were recovered and are inventoried at the Dinosaurier-Freilichtmuseum Münchehagen (DFMMh) near Hannover, Germany. The sauropod fossils 2



are a localized occurrence of 60-80 m in middle Kimmeridgian bed 93 of reference 2 and are 4



preserved as isolated bones to partially articulated skeletons . One of these is the holotype of Europasaurus that was recovered as disarticulated but associated bones. The same size combined with lack of multiple elements indicates that this material represents one carcass. Based on morphological overlap in the partial skeletons and isolated bones, all sauropod fossils from bed 93 represent the same new taxon of Sauropoda. The absolute age of the fossils is about 154 million years. 2



Bed 93 is a carbonate mudstone which near the bone accumulation contains large intraclasts 3



(max. 200 cm ). Scarce other vertebrate remains from the bone accumulation pertain to fishes, atoposaurid crocodiles, pterosaurs, turtles, and theropod dinosaurs. Gastropods and bivalves are the macroinvertebrate component, and foraminifera and ostracodes are most common in the microfossil fraction. Other microfauna components are characean gyrogonites, fish teeth and sponge remains.
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Although the middle Kimmeridgian part of the sections was deposited in shallow water in fully marine 1,2



conditions , the bone-bearing bed varies much more in thickness and has less marine fauna, suggesting shallower water and greater terrestrial influence than the beds below and above. Proximity 4



of the coast line is uncertain . The sauropods are preserved as isolated bones, including numerous disarticulated skull bones, to partially articulated skeletons (Supplementary Fig. 2). Excellent bone surface preservation and complete preservation of small, fragile skull bones (Fig. 1, Supplementary Fig. 3) indicates short transport before burial (fragmentary bones resulted from damage during recovery, not from preburial damage). The sauropod carcasses were probably transported by a river from the island into the sea and came to rest in the shallow, low-energy marine environment. The localized nature of the bone accumulation suggest that all the bones were accumulated in a single catastrophic event.



Phylogenetic analysis In order to detect the relationships of Europasaurus, three different phylogenetic analyses were performed. Two of these were based on the data matrices in references 5-7 that were analyzed with 9



WinClada , employing the phylogenetic search engine NONA. The third analysis was based on a 8



modified version of the most recently published matrix for sauropod dinosaurs . This analysis was performed with PAUP 3.1.1, and the search mode was branch and bound.



5



Table 1 Character coding of Europasaurus based on the Wilson (2002) matrix. 1111?01111 ?1001101?0 1?10010111 011100101? ??10000001 [50] 1001100111 1?1?1110?1 1110?101?? 0110000009 ?101011011 [100] 1100100210 ?001?00000 0011001000 000000??11 000010?011 [150] 0100000001 0101111010 0???11???? ??111101?1 1101111101 [200] 0011011101 1110?11?1? ??1??1?1?? 11?? [234]



Table 2 Character coding of Europasaurus based on the Upchurch (1998, 1999) 1100? 10111 10111 11110 10100 11010 10000 00000 00000 11001 [50] 10011 01000 01111 11000 11101 ????0 11100 22001 0010? 010?1 [100] 11001 11?00 11000 001?1 10110 01?00 01??0 00110 01011 10001 [150] 110?1 0???0 0???? ??111 ?0111 1???? 00011 11111 11011 ??1?? [200]



6,7



matrix.
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11?1? 00??0 001?? ?1?1 [219]



Modified matrix of Upchurch et al. (2004)



8



The matrix used was based on reference 8, but was simplified by deleting some terminal taxa and collapsing others into higher taxa. Specifically, we collapsed the terminal taxa within higher Titanosauria (all Titanosauria except Phuwiangosaurus) and within Diplodocoidea. The characters rendered uninformative by the modifications to the matrix were deleted, resulting in a final matrix of 122 characters and 12 taxa. These taxa are: Herrerasaurus, Euhelopus, Omeisaurus, Diplodocoidea, Atlasaurus, Camarasaurus, Brachiosaurus, Cedarosaurus, Lapparentosaurus, Phuwiangosaurus, Pleurocoelus, and higher Titanosauria. The 122 characters in the modified matrix are listed in Table 4.



8



Table 3 The charactes and their states in Europasaurus in the modified Upchurch et al. (2004) matrix. The original character number from reference 8 was retained. States are given in parentheses after the character number, except when the coding is 1 (apomorphic). 5, 6, 8, 10, 11, 15, 18, 19, 20, 24(0), 28, 30(0), 33(?), 38, 45(0), 52(0), 64(0), 66, 67, 72, 73, 74(?), 75, 78, 82, 83, 85, 87(0), 88(0,1), 92, 93, 97(?), 98(?), 99(?), 100(0), 102(0), 105, 106, 107(0), 108(0), 109(2), 110(2), 113(0), 116, 118(0), 122(?), 123(?), 126(0), 127, 128, 129, 130, 131(0), 136, 137(?), 138(0), 142(0), 143, 147, 148(0), 149, 150, 153, 154(0), 157, 159, 160(0), 164, 165, 172(0), 173(0), 176(0), 183(0), 185, 188(0), 194, 195, 196(0,1), 197(0), 198(0), 199(0), 203(0), 206, 207, 208, 210(2), 211(0), 215(?), 216(?), 218, 219, 224(0), 225(0), 229(?), 231(?), 233(?), 239(?), 240(?), 242, 243(0), 244, 245, 249, 251(?), 253, 258, 259(?), 265(0), 266, 271, 274(0), 277, 282, 283, 284, 285, 288(?), 293(?), 295(?), 300(?), 308, 309(?).



For the current analysis, characters were renumbered and seven new characters were added. These are: 123) Nasal process of premaxillary projects posteriorly or posterodorsally (0); vertically or anterodorsally (1) (see Supplementary Fig. 3). 124) Jugal contribution to the ventral margin of the skull is longer than dorsoventral extent of jugal at this point (0); is shorter than dorsoventral extent of jugal or contribution is absent (1) (see Fig. 1). 125) Posterior dorsal margin of cervical vertebral centra is continuous across the midline (0), has a medial notch (1) (see Supplementary Fig. 2).
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126) Scapular acromion has a round or square outline (0); has a prominent posterior projection (1) (see Supplementary Fig. 2). 127) Transverse width of astragalus is less than twice its dorsoventral height and anteroposterior length (0); is twice its dorsoventral height and anteroposterior length (1) 128) Fourth trochanter of femur projects posteriorly (0); projects medially (1) (see Supplementary Fig. 2). 129) Laterosphenoid-orbitosphenoid complex: Cranial nerve II passes through two separate foramina (0); passes through a single, medial foramen (1).



Table 4 States of the seven new characters (123-129). Herrerasaurus



00000 0?



Euhelopus



01?0? 0?



Omeisaurus



01000 0?



Diplodocoidea



01000 00



Atlasaurus



0100? 0?



Camarasaurus



01000 00



Brachiosaurus



01000 00



Cedarosaurus



0??0? ??



Lapparentosaurus



0???? 0?



Phuwiangosaurus



0?00? 1?



Pleurocoelus



0???? 0?



higher Titanosauria



0?000 00



Europasaurus



10111 11



Results All three phylogenetic analyses indicate that Europasaurus holgeri gen. et sp. nov. is a macronarian more derived than Camarasaurus and that it is the sister-group of Brachiosauridae and all more derived Titanosauromorpha. However, we will only discuss the analysis of the modified matrix from reference 8 in detail because it is based on the most current data set. This analysis resulted in only one most parsimonious tree (Supplementary Fig. 4). The tree is 277 steps long and has a consistency index of 0.65, a rescaled consistency index of 0.35 and a retention index of 0.53.
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The following unambiguous autapomorphies of Europasaurus holgeri gen. et sp. nov. were found in the analysis: Nasal process of premaxillary projecting anterodorsally (character 123, state 1); medial notch on posterior dorsal margin of cervical vertebral centra (character 125, state 1); scapular acromion with a prominent posterior projection (character 126, state 1); transverse width of astragalus twice its dorsoventral height and anteroposterior length (character 127, state 1). Ambiguous autapomorphies of Europasaurus holgeri gen. et sp. nov. are: contact between maxilla and quadratojugal (character 24, state 0, reversal); anteroventral corner of infratemporal fenestra terminates below, or more posteriorly to, midpoint of orbit (character 30, state 0, reversal); proximal end of tibia compressed transversely (character 274, state 0, reversal); jugal contribution to ventral margin of skull longer than dorsoventral extent of jugal at this point (character 124, state 0, reversal); fourth trochanter of femur projecting medially (character 128, state 1, convergent with Phuwiangosaurus); laterosphenoid-orbitosphenoid complex: cranial nerve II passes through single, medial foramen (character 129, state 1, convergent with Shunosaurus; Suuwassea also shows this character although this taxon was not included in the analysis).



Body length estimates for Europasaurus Body length of Europasaurus individuals was estimated by scaling down from a complete skeleton of 10



Camarasaurus grandis GMNH-101 using femur length. Not all individuals have a complete femur or a femur preserved at all. Femur length of the incomplete Europasaurus femora was reconstructed by scaling up or down from the complete femur of medium-sized individual DFMMh/FV 48 (280 mm long). The largest, albeit incomplete, femur of Europasaurus holgeri gen. et sp. nov. originally was about 510 mm long (DFMMh/FV 415), and the smallest was about 165 mm (DFMMh/FV 291.9). For tibiae, femur length was estimated based on the femur/tibia ratio of individual DFMMh/FV 459 which preserves both. For the other long bones, the ratios of Camarasaurus



10



were used. Brachiosaurus or a basal member



of the Somphospondyli was not used in body length estimate because there are no sufficiently complete skeletons of these taxa.



Table 5 Limb bones measurements (in millimeters) of specimens of Europasaurus holgeri gen. et sp. nov. providing body length estimates. Body length (in meters) is extrapolated by scaling down from 10



Camarasaurus grandis GMNH-101 . The discrepancy between the body length estimates based on
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femur and tibia of the same individual, DFMMh/FV 495, indicates that long bone proportions in Europasaurus were not the same as in Camarasaurus. Bones sampled for histology are printed in bold.



DFMMh/FV



Max.



Min.



specimen



Estimated



proximal



Max. distal



diaphyseal



BONE



no.



full length



width



width



diameter



Femur



291.9



165



55



45



15



2,00



Femur



48



280



74



85



25



2,58



Femur



177



280



Femur



495.9



400



Femur



153



380



4,61



Femur



415



510



6,18



Humerus



11



250



85



72



37



3,03



Humerus



372



450



180



115



66



5,46



Tibia



009



119



49



31



20



1,75



Tibia



154



238



82



70



43



3,51



Tibia



001



239



94



78



40



3.52



Tibia



475



253



103



73



45



3,73



Tibia



495.5



300



128



88



51



4,42



Tibia



468



345



?



80



30



5,08



Fibula



158



260



49



55



30



3,53



Fibula



157



400



80



85



42



5,44



Body length



2,58 105



110



45



3,69



Histologic sampling and sample processing Seven long bones (four femora, three tibiae) representing a growth series of Europasaurus were selected for histologic study (see Table 2). All bones were sampled by using a recently developed core drilling technique



11



at mid-shaft at a standardized location, the anterior surface of the middle of the



shaft. The largest femur was sampled distal from the middle of the shaft because of incomplete preservation. In addition to the core samples, whole bone cross section were obtained from the middle of the shaft of the femur of a midsized individual (FV 495.9) and the distal shaft of the femur of the largest individual (FV 415). The samples were processed into thin sections following standard procedures. Polished sections were also prepared of all samples to observe histologic features not 11



seen in thin section such as growth marks expressed as polish lines . Bone histology terminology used here follows references 12-13.
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Supplementary Figure 1 Kimmeridgian-Tithonian palaeogeography of Europe with the Oker locality 3



(star) and major cities for reference. Based on reference . Europasaurus most likely inhabited the Rhenish Massif or the Bohemian Massif. Abbreviations of land masses: BM = Bohemian Massif, FSH = Fennoscandian High, LBM = London Brabant Massif, LH = Lusatian High, NGH = North German High, RM = Rhenish Massif. Numbers indicate area of land mass in thousands of square kilometres.
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Supplementary Figure 2 Skeletal anatomy of Europasaurus holgeri gen. et sp. nov., based on several specimens. a, Last cervical vertebra in dorsal and lateral view. Note the medial notch on dorsoposterior margin of cervical vertebra (arrow). b, Middle dorsal vertebra in lateral view and spine in anterior view. c, Sacrum in ventral view. d, Approx. 16th caudal vertebra. e, Middle cervical vertebra. f, Left scapula. Note the prominent posterior projection in the scapular acromion (arrow). g, Right humerus in anterior view. h, Right tibia and outline of left tibia (both in medial view). i, Right femur in posterior view. j, Left ischium. k, First chevron in posterodorsal view. Scale bars, 5 cm. di, diapophysis; mn, midline notch; ns, neural spine; pa, parapophysis; pl, pleurocoel; prz, prezygapophysis; poz, postzygapophysis. The reconstruction is modified from that of Brachiosaurus in reference 14.
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Supplementary Figure 3 Lateral view of left premaxilla of Europasaurus holgeri gen. et sp. nov. Reconstruction, based on three incomplete specimens (DFMMh/FV 032, holotype DFMMh/FV 291.18, DFMMh/FV 281). Note the anterodorsally projecting nasal process that is the cranial autapomorphy of Europasaurus. dmp, dorsal maxillary process; np nasal process; vmp, ventral maxillary process.
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Supplementary Figure 4 Phylogenetic relationships of Europasaurus holgeri gen. et sp. nov. This cladogram represents the most parsimonious tree produced by the analysis of the modified matrix of 8



Upchurch et al. (2004) . Numbers at nodes indicate bootstrap support (in percent, 1000 replicates). No value indicates a support of less than 50%. See text for details of analysis.
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