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A minute Meckel9s cartilage from the Devonian Hangenberg
black shale in Morocco and its position in chondrichthyan jaw
morphospace
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Chondrichthyan remains are mostly known from their teeth or ûn spines only, whereas
their cartilaginous endoskeletons require exceptional preservational conditions to become
fossilized. While most cartilaginous remains of Famennian chondrichthyans were found in
older layers of the eastern Anti-Atlas, such fossils were unknown from the Hangenberg
black shale (HBS) and only a few chondrichthyan teeth had been found therein previously.
Here, we describe a Meckel9s cartilage from the Hangenberg black shale in Morocco, which
is the ûrst fossil cartilage from these strata. Since no teeth or other skeletal elements have
been found in articulation, we used elliptical Fourier (EFA), principal component (PCA), and
hierarchical cluster (HCA) analyses to morphologically compare it with 41 other
chondrichthyan taxa and to evaluate its possible aûliation. Additionally, a mantel test was
performed to evaluate the relationship between jaw shape and phylogenetic distances.
PCA and HCA position the new specimen closest to some acanthodian and elasmobranch
jaws. Accordingly, a holocephalan origin was excluded. The jaw shape as well as the
presence of a polygonal pattern, typical for tessellated calciûed cartilage, suggest a
ctenacanth origin and we assigned the new HBS Meckel9s cartilage to the order
Ctenacanthiformes with reservations.
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18 Abstract

19

20 Chondrichthyan remains are mostly known from their teeth or fin spines only, whereas 

21 their cartilaginous endoskeletons require exceptional preservational conditions to 

22 become fossilized. While most cartilaginous remains of Famennian chondrichthyans 

23 were found in older layers of the eastern Anti-Atlas, such fossils were unknown from the 

24 Hangenberg black shale (HBS) and only a few chondrichthyan teeth had been found 

25 therein previously. Here, we describe a Meckel�s cartilage from the Hangenberg black 

26 shale in Morocco, which is the first fossil cartilage from these strata. Since no teeth or 

27 other skeletal elements have been found in articulation, we used elliptical Fourier (EFA), 

28 principal component (PCA), and hierarchical cluster (HCA) analyses to morphologically 

29 compare it with 41 other chondrichthyan taxa and to evaluate its possible affiliation. 

30 Additionally, a mantel test was performed to evaluate the relationship between jaw 
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31 shape and phylogenetic distances. PCA and HCA position the new specimen closest to 

32 some acanthodian and elasmobranch jaws. Accordingly, a holocephalan origin was 

33 excluded. The jaw shape as well as the presence of a polygonal pattern, typical for 

34 tessellated calcified cartilage, suggest a ctenacanth origin and we assigned the new 

35 HBS Meckel�s cartilage to the order Ctenacanthiformes with reservations.

36

37 Introduction
38

39 The supposedly oldest gnathostomes (jawed vertebrates) date back to the Ordovician 

40 period but are well documented from the Silurian (Brazeau & Friedman 2015). While 

41 only the arguably paraphyletic placoderms (King et al. 2017) and osteichthyans (bony 

42 fishes and tetrapods) are known from the Silurian, fossil chondrichthyans (sharks, rays 

43 and chimaeroids) are known only from the Devonian onward (Brazeau & Friedmann 

44 2015) while the earliest acanthodian finds date back to the Silurian (Burrow & Rudkin 

45 2014). Because of their quite basal position in the vertebrate stem and the great 

46 morphological disparity of body outlines, fin spines as well as types of dentitions, the 

47 phylogenetic position of acanthodians was widely discussed during the past decades 

48 (Hanke & Wilson 2006; Brazeau 2009; Davis et al. 2012; Burrow & Rudkin 2014; 

49 Brazeau & Friedman 2015; Brazeau & Winter 2015; Giles et al 2015; Qiao et al. 2016). 

50 Members of this group show characteristics of both principal lineages of living 

51 gnathostomes, are covered with scales and are often referred to as �spiny sharks� 

52 because of the spines in front of their dorsal, anal and paired fins (Qiao et al. 2016). 

53 Recently, acanthodians were recognized as stem chondrichthyans (Zhu et al. 2013; 

54 Coates et al. 2017; Rücklin et al. 2021).
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55 Only teeth and fin spines of chondrichthyans (whole group, including acanthodians) are 

56 strongly mineralized while chondrichthyan endoskeletons are made of unmineralized 

57 cartilage covered by a thin layer of calcified cartilage (Kemp & Westrin 1979; Dean & 

58 Summers 2006, Seidel et al. 2016, 2020; Maisey et al. 2020) that is only rarely 

59 preserved. This thin outer layer shows a distinct polygonal pattern caused by the 

60 presence of tesserae � the tessellated calcified cartilage (Seide et al. 2016, 2020, 2021; 

61 Maisey et al. 2020). Such cartilage is characteristic for modern, as well as Devonian 

62 crown chondrichthyans (elasmobranchs and holocephalans, Long et al. 2015; Maisey 

63 2020) while these polygonal structures tend to be less distinct in acanthodians, where 

64 only �subtessellated calcified cartilage� or �globular calcified cartilage� is reported (Dean 

65 & Summers 2006; Brazeau & Friedman 2014; Maisey et al. 2020). 

66 Among the cartilaginous remains, jaws are one of the most relevant anatomical 

67 structures from an evolutionary perspective. The evolution of lower jaws, the Meckel�s 

68 cartilage, is seen as a key innovation of gnathostomes enabling the first gnathostomes 

69 to broaden their range of feeding strategies and prey upon a much greater diversity of 

70 animals (DeLaurier & Gerhart, 2018; Deakin et al. 2022). These innovations contributed 

71 to their radiation and possibly to the decline of agnathans (Brazeau & Friedman 2015; 

72 Hill et al. 2018). Nevertheless, only very few quantitative studies about jaw shapes have 

73 been published. Hill et al. (2018) quantified jaw shape in modern and in Palaeozoic 

74 fishes and demonstrated that jaw shape has a greater disparity in modern fish clades 

75 than during the early gnathostome radiation (Silurian and Devonian). This is mostly 

76 caused by the great morphological disparity among modern actinopterygians (Hill et al. 

77 2018). Deakin et al. (2022) also mentioned an increasing disparity in jaw shape with 
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78 ongoing evolution but the functional disparity of early vertebrate jaws to be highest very 

79 early in jaw evolution and optimized for a predatory function.

80 Despite chondrichthyan skeletons are frequently found in the middle and late 

81 Famennian strata in the Tafilalt and MaWder regions of southern Morocco (Ginter et al. 

82 2002; Derycke et al. 2008; Frey et al. 2018; Frey et al. 2020), the Hangenberg black 

83 shale of Morocco constitutes an exception to this. The only vertebrate remains that are 

84 known from these strata are chondrichthyan teeth (Klug et al 2016; Frey et al. 2018). 

85 Additionally, some chondrichthyan ichnofossils were found in layers just above the 

86 Hangenberg black shale (basal Hangenberg Sandstone) (Klug et al 2021).

87 Here we describe a minute lower jaw found in the Anti-Atlas that represents the first 

88 reported cartilaginous remain from the Moroccan Hangenberg black shale, shedding 

89 light into the diversity of jaw morphologies seen in early gnathostomes. We have 

90 applied elliptical Fourier (EFA), principal component (PCA) and hierarchical cluster 

91 analyses (HCA) to the new small Meckel�s cartilage and other chondrichthyan and 

92 acanthodian lower jaws, in order to approximate its possible systematic affiliation.

93

94 Geological setting � Hangenberg crisis

95 In the Anti-Atlas, sedimentary successions from the Late Proterozoic (Letsch et al. 

96 2019) to the Early Carboniferous (Destombes & Hollard 1988) are well exposed. The 

97 Late Devonian Hangenberg crisis is a global extinction event at the Devonian-

98 Carboniferous boundary (Caplan & Bustin 1999; Kaiser et al. 2011). It reflects one of 

99 the six largest mass extinction events in earth�s history, and follows the Kellwasser 
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100 event at the Frasnian/Famennian boundary, which is categorized as one of the �Big 

101 Five� (McGhee 1996; McGhee et al 2012,2013). 

102 The Hangenberg crisis affected vertebrate groups to an extent that is comparable to the 

103 Big Five mass extinctions. Therefore, it is seen as a bottleneck in vertebrate evolution 

104 and the recovery of formerly diverse vertebrate groups after the event was minimal 

105 (Sallan and Coates 2010; Frey et al. 2018). Indeed, the Hangenberg crisis was more 

106 severe than formerly thought and caused a larger diversity loss on genus level (32%) 

107 than the Kellwasser event (19%; Sallan & Coates 2010).

108 The Hangenberg crisis is recognizable by lithological changes such as the widespread 

109 appearance of black shales and sandstones in alternation all over the world (Kaiser et 

110 al. 2015; Becker et al. 2016; Paschall et al. 2019; Pisarzowska et al. 2020, Deng et al. 

111 2021; DaSilvia et al. 2022). Short term climatic fluctuations, leading to changes in the 

112 carbon cycle, might have led to the differences in facies. Possible causes for these 

113 fluctuations are widely discussed and range from intense global transgressions 

114 (Sandberg et al. 1988; Chen et al. 2002, 2013), methylmercury poisoning due to 

115 volcanism (Racki et al. 2018; RakociEski et al. 2020; Pisarzowska et al. 2020), tectonic 

116 processes and associated tsunamis (Du et al. 2008), anoxia by various causes (Algeo & 

117 Scheckler 1998; Tribovillard et al. 2004), a supernova (Fields et al. 2020) to meteorite 

118 impacts (McGhee 1996; Morrow & Sandberg 2005). One of the most plausible 

119 hypothesis explaining some of the known macroecological changes is the global rise of 

120 land plants and particularly forests (Algeo & Scheckler 1998: p. 113)

121 The Hangenberg crisis is often divided into three stages. In the Rhenish massif, the first 

122 stage is characterized by sandstone layers (Drewer sandstone) and represents a drastic 
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123 sea-level fall and regression below the Hangenberg black shale that is connected to a 

124 short-lived glacial pulse in northern Gondwana at this time (Kaiser et al 2011, 2015). 

125 The Drewer sandstone is not developed in the eastern Anti-Atlas. This interval is 

126 followed by the Hangenberg black shale. In Morocco, the Hangenberg black shale was 

127 laid down during a supposed global transgression, which was linked with widespread 

128 anoxia, likely caused by eutrophication (Algeo & Scheckler 1998). In the Anti-Atlas, the 

129 black shale contains abundant algal remains, questioning the supposed transgressive 

130 character of these deposits. Widespread anoxia and the ceasing carbonate production 

131 led to global extinctions of numerous invertebrate and vertebrate groups at the early 

132 stage of the Hangenberg crisis with its culmination when the Hangenberg black shale 

133 formed (Sallan & Coates 2010; Kaiser et al 2011, 2015). The second stage is 

134 characterized by shales and sandstones, which were deposited during a subsequent 

135 regression interval (Kaiser et al. 2015). The third stage is characterized by the renewed 

136 growth of carbonate platforms in the early Tournaisian in many parts of the world. In 

137 Morocco, deposition of shales persisted until the middle Tournaisian (Kaiser et al. 2011, 

138 2015). The Hangenberg black shale and sandstone crop out over vast areas in the 

139 eastern Anti-Atlas and give the opportunity to collect data to analyse processes that 

140 occurred around this crisis, its causes and its influence on biodiversity and particularly 

141 on early vertebrates.

142

143 Materials & Methods

144

145 The specimen PIMUZ A/I 5139 (Fig.1) was found during a field trip to the Moroccan 

146 Anti-Atlas at the locality Madene El Mrakib (N30.73093°, W4.70749°). Permit for fossil 
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147 collection and export were given by the Ministère de l�Energie, des Mines, de l�Eau et de 

148 l�Environnement, Rabat, Morocco. It is stored at the Palaeontological Institute and 

149 Museum of Zurich (Switzerland). The specimen was largely exposed, but covered parts 

150 were carefully prepared using a thin steel-needle. Photos were taken using a Nikon D2X 

151 and colour and contrast were adjusted in Adobe Photoshop (Adobe Inc. 2019). Close-

152 ups were taken with a Leica MZ16 F microscope and adjusted in colour and contrast as 

153 well.

154

155 Morphometrics

156 Outlines of the lower jaws of 41 representatives of all important chondrichthyan 

157 (including acanthodians) orders were drawn using the vector-based software Affinity 

158 Designer based on photographs and illustrations from the literature (App. 1). These 

159 jaws belong to taxa from different periods and localities and cover a wide range of sizes. 

160 All Meckel�s cartilage outlines were digitized in TPS software (Rohlf, 2015). Elliptic 

161 Fourier analysis (EFA) was then performed in the Momocs package (Bonhomme et al., 

162 2014) in R (R Development Core Team, 2020) considering a total number of 25 

163 harmonics, which gather nearly 99% of the cumulative harmonic power (considered as 

164 a measure of shape information) and reconstructs actual morphologies with high 

165 accuracy. We obtained a virtual morphospace by performing a principal component 

166 analysis (PCA, Fig. 2) on the preordination data. In order to quantify the morphological 

167 similarity amongst the studied jaws we performed a hierarchical cluster analysis (HCA) 

168 using the R package �dendextend� (Galili et al. 2019). In order to assess the degree of 

169 morphological convergence in our sample, we performed a Mantel test correlating 

PeerJ reviewing PDF | (2022:08:76196:0:0:CHECK 8 Aug 2022)

Manuscript to be reviewed

valva274
Zvýraznenie

valva274
Lístok s poznámkou
Do you have better microscope (like Keyence) available, or can you produce close-ups with better resolution and less blurring?

valva274
Zvýraznenie
Who decides which chondrichthyan orders are important and which are not? Please rephrase.



170 phenetic (morphological) and phylogenetic distances. These metrics are expected to 

171 show greater decoupling and, consequently, lower correlation where homoplasy occurs. 

172 We repeated the test in a set of 1000 trees that accounted for phylogenetic and 

173 stratigraphic uncertainty. The tree topology is based on Klug et al. (in prep). Polytomies 

174 were randomly resolved 1000 times and each resulting tree was calibrated by 

175 randomizing the tip age of every species within the chronostratigraphic unit, at age or 

176 subperiod rank, where their first appearance occurs, using the R package �paleotree�.

177

178 Abbreviations

179 HBS: Hangenberg Black Shale; PCA: Principal Component Analysis; HCA Hierarchical 

180 Cluster Analysis, EFA: Elliptical Fourier Analysis

181

182 Results

183

184 Systematic Palaeontology

185 Class Chondrichthyes Huxley, 1880

186 Subclass ? Elasmobranchii Bonaparte, 1838

187 Order ? Ctenacanthiformes Glikman, 1964

188

189 The minute Meckel�s cartilage with a total length of 18 mm and a height of up to 6 mm is 

190 nearly complete (Fig. 1A). In the main fossil plate and in the counterpart, a distinctive 

191 polygonal pattern of the calcified cartilage is visible mainly in the posterior part (Fig. 1B). 

192 It shows a bright grey to white colour and is somewhat brighter than the sediment. The 

193 tessellation is not as geometric as in some modern species (Seidel et al. 2020,2021) but 
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194 a clear pattern is visible. The ventral edge of the Meckel�s cartilage is gently convexly 

195 curved. The ventral ridge is discernible in spite of the compaction especially in the 

196 middle to posterior part. The Meckel�s cartilage becomes higher from posteriorly until 

197 just before the articulation. It displays one bulge at the thickened anterior end, which is 

198 about 4 mm long and might represent the symphysis as well as the muscle attachment. 

199 This bulge is followed by a shallow depression, which is 3.5 mm long and a shallow 

200 bulge of about 2.5 mm length. We assume that the anterior 9 mm were the tooth-

201 bearing part. The next depression extends over 7.5 mm and ends at the articulation. 

202 The posterior part is somewhat incomplete in the main plate and entirely missing in the 

203 counterpart (Fig. 1A, B). Although the specimen is flattened, the retroarticular flange (cf. 

204 Long et al. 2015) at the posterior end is still preserved as a knob. 

205

206 Statistical Analyses

207 The PCA shows a good separation between the jaws of Elasmobranchii and 

208 Holocephalii (Fig. 2). PC 1 (59% of variance) is mostly related to changes in jaw 

209 thickness with decreasing thickness from negative to positive scores. PC 2 (13% of 

210 variance) mainly reflect changes of the jaw curvature (from strongly convex to slightly 

211 concave), with a decrease in curvature from negative to positive scores (Fig. 2). PC 3 

212 (6% of variance) mostly depends on changes in the curvature of the anterior end of the 

213 jaws as well as changes of the roundness of the posteroventral edge of the jaws (Fig. 

214 2). Holocephalan jaws occupy high PC1 scores of about 0.05 to 0.17 and positive PC2 

215 scores and are restricted to the middle to upper right side of the morphospace. All 

216 holocephalan jaws show relatively slender and only slightly curved morphologies. 
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217 Elasmobranch jaws occupy a wider score range with PC1 scores between -0.8 to 0.08 

218 and PC2 scores between 0.07 and 0.10 (Fig. 2). Most of them plot in the centre of the 

219 morphospace between PC1 scores of about -0.5 and 0.01 and PC2 scores around 0.0. 

220 Elasmobranch jaws show a greater shape variation, from thick and bulky to relatively 

221 slender. Acanthodian jaws occupy PC1 scores from -0.11 to 0.1 and PC2 scores of -

222 0.12 to 0.05 (Fig. 2) and overlap to a large extent with elasmobranch and holocephalan 

223 jaws. Acanthodian jaw shapes vary from bulky and curved to slender and straight. The 

224 new specimen plots at -0.01/0.025 (PC1/PC2) close to other acanthodians and some 

225 elasmobranchs. The closest taxa are the acanthodians Ischnacanthus sp. and 

226 Latviacanthus ventspilsensis. Some Ctenacanths plot very close: Dracopristis 

227 hoffmanorum, Ctenacanthus sp. Heslerodus divergens, as well as another 

228 elasmobranch of the order Synechodontiformes: Palidiplospinax occultidens (Fig. 2).

229 In the dendrogram derived from the HCA, the new Hangenberg black shale Meckel�s 

230 cartilage plots closest to the acanthodian Latviacanthus ventspilsensis. The 

231 acanthodian Ischnacanthus sp. and the elasmobranch of Heslerodus divergens 

232 constitute sequential outgroups to those two (Fig. 3). Overall, a clear grouping regarding 

233 the three classes is not evident (Fig. 3) but at lower clustering rank, a separation 

234 between holocephalans and elasmobranchs is supported. Acanthodians often plot 

235 together with either elasmobranchs or holocephalans (Fig. 3). This pattern entails an 

236 important degree of homoplasy in the jaws of those groups, which is further supported 

237 by the absence of correlation in any of the 1000 performed Mantel tests (R statistic = -

238 0.045 ± 0.009; p-value = 0.632 ± 0.032, data expressed in mean)±)standard deviation).

239

240 Discussion

PeerJ reviewing PDF | (2022:08:76196:0:0:CHECK 8 Aug 2022)

Manuscript to be reviewed

valva274
Zvýraznenie

valva274
Lístok s poznámkou
Please expand this paragraph to explain what are the consequences of the Mantel test results, not all readers are experts on that.



241

242 Both, the PCA and the HCA reveal that the outline morphology of the new Hangenberg 

243 black shale jaw is most similar to those seen in elasmobranchs and acanthodians. A 

244 holocephalan affinity is unlikely as all holocephalan jaws show distinctively different 

245 shapes (Fig. 2, 3). Whether the Hangenberg black shale jaw is of acanthodian or of 

246 elasmobranch origin is difficult to tell from the plots alone. In both plots, a slightly closer 

247 relation to acanthodian jaw shapes than to elasmobranch jaw shapes is apparent 

248 making an acanthodian affiliation likely (Fig. 2,3). The acanthodian jaws of 

249 Ischnacanthus and Latviacanthus are plotting closest to the new jaw. Two more 

250 Ctenacanth jaws plot close to the new HBS jaw, the ones of Ctenacanthus sp. and 

251 Dracopristis hoffmanorum and a little further away, the jaw of Heslerodus divergens. 

252 Regarding the PCA and HCA, either an acanthodian or an elasmobranch origin of the 

253 jaw is likely.

254 However, it has to be kept in mind, that PCA and HCA compare the two-dimensional 

255 outline shape of the 42 sampled lower jaws. Actually, the Mantel tests (Fig. 4) reveal the 

256 presence of an important homoplasy, which might hinder the interpretations of 

257 phylogenetic affinity from those analyses. Similarities in jaw shape can also result from 

258 adaptation. Jaw shape can, for example, be an adaption to a certain lifestyle as in 

259 durophagous sharks (Herbert & Motta 2018) or in general be connected to diet in 

260 combination with water depth (Motta & Huber 2012). Small variations in shape could 

261 also occur due to fossilisation, preparation and errors in redrawing the different outlines. 

262 Besides the HBS Meckel�s cartilage, the only vertebrate fossils known from the 

263 Hangenberg black shale are some poorly preserved chondrichthyan teeth (Klug et al. 
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264 2016), which are not determined but could be of symmoriiform origin (? Stethacanthus, 

265 Coates & Sequeira 2001, fig. 5 F-I). Even though homoplasy is suggested we assume a 

266 holocephalan origin as unlikely since all holocephalan jaw shapes are entirely different 

267 and it is well conceivable that these teeth belonged to a different animal than the new 

268 HBS jaw.

269 The jaw of the ctenacanth Heslerodus divergens (Hodnett et al. 2021) seems to share 

270 some features not directly captured by outline analysis, that are less distinct in both 

271 acanthodian jaws that plot close to the HBS jaw. The jaw of Heslerodus divergens has a 

272 relatively thin anterior to middle part comparable to the first 9 mm of the new jaw that we 

273 described as the probable tooth bearing part. Following this, in both jaw shapes, a ridge 

274 is present leading to a second depression that ends in the articulation. In the jaw of 

275 Heslerodus divergens this shape is more distinct than in the HBS jaw while both 

276 acanthodian jaws are dorsally straighter shaped (Fig. 5). Additionally, Hodnett et al. 

277 (2021) describes �a well-developed ventral ridge on the lateral margin of the Meckel�s 

278 cartilage, that extends over two thirds the length of the jaw�, as a synapomorphy of 

279 ctenacanths. A ventral ridge is one of the few features of the new Hangenberg black 

280 shale jaw, that is well recognizable (Fig. 1).

281 A complementary character that could help to determine the phylogenetic affinity of the 

282 HBS Meckel�s cartilage is the structure of the cartilage. A distinct polygonal structure is 

283 visible on the surface of the jaw (Fig. 1C). This pattern is characteristic for tessellated 

284 calcified cartilage, which is now widely accepted as a synapomorphy of modern and 

285 extinct crown chondrichthyans (Brazeau & Friedman 2014; Long, et al. 2015; Seidel et 

286 al. 2016, 2021; Maisey et al. 2020), while osteichthyan fishes show a continuous 
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287 surface layer of perichondral bone (Brazeau et al. 2020; Maisey et al. 2020). In fossils of 

288 the acanthodian group, this polygonal structure is less distinct and not all species show 

289 this pattern (Maisey et al. 2020). However, in certain acanthodians like Climatius 

290 (Burrow et al. 2015), Ischnacanthus (Burrow et al. 2018) or Cheiracanthus (den 

291 Blaauwen 2019), similar structures are present. Maisey et al. (2020) described these as 

292 �subtessellated perichondral biomineralization that could represent evolutionary 

293 precursors of tessellated calcified cartilage� but real tessellated calcified cartilage is 

294 apparently absent in acanthodians (Brazeau & Friedman 2014). A polygonal pattern is 

295 evident but the borders of the single tesserae are a bit blurred taphonomically, which 

296 might have been caused by dissolution of collagen between the tiles. The presence of 

297 the pattern is a good evidence for a chondrichthyan total group affinity but the 

298 preservation of the new HBS jaw hinders a reliable assignment within the stem or crown 

299 group. However, since the polygonal pattern is distinct at the surface of the specimen, 

300 an elasmobranch origin appears more likely than an acanthodian origin. Acanthodians 

301 in general show a more granular surface and the sub-tessellated pattern shows up only 

302 in thin sections (Carole Burrow, personal communication, 23.07.2022). In 

303 Ischnacanthus, subtessellated calcified cartilage is present while it is not reported from 

304 Latviacanthus. An ischnacanth affiliation of the new Hangenberg black shale jaw, 

305 therefore, is possible (Fig. 6). The more likely origin seems to be an elasmobranch 

306 origin. With the jaw of Heslerodus divergens being the most similar elasmobranch 

307 shape, also sharing some other features, we assigned the new Meckel�s cartilage to the 

308 order Ctenacanthiformes with reservations (Fig. 6). 
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309 To some degree, this classification remains provisional/tentative and a bigger sample 

310 size could help to test the hypothesis. Further fossil finds, as well as a better 

311 understanding of the early development of tessellated calcified cartilage in early fishes 

312 could also help to classify the new jaw in more detail.

313

314 Conclusions

315 The newly described Meckel�s cartilage is the first known fossil cartilage remain from 

316 the Hangenberg black shale from the Moroccan Anti-Atlas. It is only 18 mm long, 

317 ventrally convexly curved and shows two depressions dorsally. PCA and HCA reveal a 

318 strong similarity in shape with some acanthodians and some elasmobranchs. The only 

319 other vertebrate fossils that are known from the same strata are of probable symmoriid 

320 origin and we assume that they are of a different affinity, as we excluded a 

321 holocephalan/ symmoriid origin based on the PCA and HCA. However, the Mantel test 

322 reveals an important homoplasy and phylogenetic interpretations of the analyses have 

323 to be seen with reservations. Furthermore, some similar features, that cannot be 

324 captured by outline analysis can be seen in the ctenacanth Heslerodus divergens, 

325 which shows a similarly curved dorsal edge and a distinct ventral ridge. These features 

326 are less distinct in the other acanthodian jaws that plot close. Additionally, the surface of 

327 the HBS Meckel�s cartilage shows a distinct polygonal pattern that supports an 

328 elasmobranch origin rather than an acanthodian origin and we assigned the new lower 

329 jaw to the order Ctenacanthiformes, tentatively.

330
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Figure 1
Meckel's cartilage outlines and close ups

Meckel9s cartilage of an ischnacanthiform acanthodian from the Hangenberg black shale,
Madene El Mrakib; PIMUZ A/I 5139. A, medial view; B1, traced outline; B2, counterpart with

outline; C1,2, Close-up photos of the cartilage showing the polygonal pattern. Abbreviations:

sym - symphysis, ma - muscle attachment area, vr - ventral ridge, re.û - retroarticular ûange.
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Figure 2
PCA and morphospace with all sampled lower jaws

Principal Component Analysis of some fossil and modern chondrichthyan lower jaws. Orange
colours: acanthodians; purple colours: holocephalan; blue colours: elasmobranchs. The new
lower jaw from the Hangenberg black shale is represented by a black dot and grey colours
represent lower jaws of unknown class and order. A jaw morphospace is represented in the
background showing the shape variation. The new Hangenberg black shale jaw plots close to
jaws of acanthodians as well as elasmobranchs. Lv: Latviacanthus ventspilsensis, Is:
Ischnacanthus sp., Po: Palidiplospinax occultidens, Dh: Dracopristis hoûmanorum, Ct:
Ctenacanthus sp. Hd: Heslerodus divergens
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Clours are similar, undistinguishable in the diagram, which makes all of the PC1 data uninformative.



Figure 3
Dendrogram showing morphological distances of the sampled lower jaws

Dendrogram showing morphological distances regarding the ûrst principal components from
the PCA. Orange colours: acanthodians; purple colours: holocephalan; blue colours:
elasmobranchs. The elasmobranchs plot mainly on the top, while holocephalan jaws plot
mainly at the bottom. Acanthodian jaws are scattered over the whole dendrogram. The lower
jaw from the Hangenberg black shale is closest to some acanthodian jaws such as that of
Ischnacanthus sp.
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Figure 4
Mantel test results

Results of the Mantel test analysis performed in 1000 trees accounting for phylogenetic and
stratigraphic uncertainty. R statistic values close to 1 or -1 support strong correlation, while
values close to 0 support weak correlation
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Figure 5
visual jaw shape comparison

Visual comparison of the new HBS Meckel9s cartilage (grey, top) with the two most similar
jaw shapes of two diûerent groups (pink, middle) and an overlay of both (pink and grey,
bottom). A: the elasmobranch Heslerodus divergens. B: the acanthodian Ischnacanthus sp.
Diûerent characteristic points are correlated and both shapes are shown in overlap with the
HBS Meckel9s cartilage.
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Figure 6
All sampled outlines in a phylogenetic tree showing the possible position of the new
Meckel's cartilage

Simpliûed chondrichthyan phylogeny modiûed after Klug et al. (in prep.). The lower jaw from
the Hangenberg black shale is ûgured together with the taxa used in the Fourier Analysis.
The shapes of the lower jaws were redrawn from the literature (App. 1). The new HBS jaw is
suggested to be of ctenacanthiform origin. Another possible origin is an ischnacanthiform
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