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Abstract: Sauropod dinosaurs include the largest land animals to have walked the earth, mostly
weighing 10ದ70 tonnes (e.g.1,2). Osteohistology suggests that derived physiological
traits evolved near the origin of sauropod gigantism, including both rapid and
uninterrupted growth from juvenile to adult, with little developmental plasticity1,3,4.
This differs from the slower, seasonally-interrupted growth of their direct ancestors, as
evident in most non-sauropodan sauropodomorphs, which also show developmental
plasticity in some groups. Accelerated, but seasonally-interrupted, growth is present in
Lessemsauridae, the sister clade to Sauropoda, which also attained giant adult body
sizes (>10 tonnes)5. These observations suggest a correlation between giant size and
accelerated growth. However, testing this evolutionary connection has been limited by
incomplete understanding of growth patterns in some of the closest non-giant relatives
of sauropods. We present the osteohistology of two such taxa, Aardonyx celestae and
Sefapanosaurus zatronensis. Both exhibit highly vascularized woven-parallel
complexes, with fibrolamellar complexes during early to mid-ontogeny, containing
regular growth marks. These observations provide strong evidence for rapid, but
seasonally-interrupted, growth with limited developmental plasticity (indicated by the
regular-spacing of growth marks). Combined with our review of early branching
sauropodomorph osteohistology, these results show that highly accelerated growth
rates originated among smaller, non-sauropodan sauropodomorphs weighing 1ದ2
tonnes, but preceded the origins of giant size (>10 tonnes). Therefore, the capacity for
rapid bone tissue formation, a derived aspect of rapid growth seen in sauropods, did
not evolve specifically to enable giant body sizes, but may have been a prerequisite for
them.
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Summary  22 

Sauropod dinosaurs include the largest land animals to have walked the earth, mostly 23 

weighing 10±70 tonnes (e.g.1,2). Osteohistology suggests that derived physiological traits 24 

evolved near the origin of sauropod gigantism, including both rapid and uninterrupted growth 25 

from juvenile to adult, with little developmental plasticity1,3,4. This differs from the slower, 26 

seasonally-interrupted growth of their direct ancestors, as evident in most non-sauropodan 27 

sauropodomorphs, which also show developmental plasticity in some groups. Accelerated, 28 

but seasonally-interrupted, growth is present in Lessemsauridae, the sister clade to 29 

Sauropoda, which also attained giant adult body sizes (>10 tonnes)5. These observations 30 

suggest a correlation between giant size and accelerated growth. However, testing this 31 

evolutionary connection has been limited by incomplete understanding of growth patterns in 32 

some of the closest non-giant relatives of sauropods. We present the osteohistology of two 33 

such taxa, Aardonyx celestae and Sefapanosaurus zatronensis. Both exhibit highly 34 

vascularized woven-parallel complexes, with fibrolamellar complexes during early to mid-35 

ontogeny, containing regular growth marks. These observations provide strong evidence for 36 

rapid, but seasonally-interrupted, growth with limited developmental plasticity (indicated by 37 

the regular-spacing of growth marks). Combined with our review of early branching 38 

sauropodomorph osteohistology, these results show that highly accelerated growth rates 39 

originated among smaller, non-sauropodan sauropodomorphs weighing 1±2 tonnes, but 40 

preceded the origins of giant size (>10 tonnes). Therefore, the capacity for rapid bone tissue 41 

formation, a derived aspect of rapid growth seen in sauropods, did not evolve specifically to 42 

enable giant body sizes, but may have been a prerequisite for them. 43 

 44 

Results 45 
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All the studied bones (see STAR Methods for details) of Aardonyx celestae and 46 

Sefapanosaurus zatronensis display a moderate to very highly vascularized (see Table S1 for 47 

quantified vascular density) woven-parallel complex (WPC, Figure 1A, B; Figures S1±3), 48 

indicating rapid growth in early-diverging sauropodiforms weighing 1±2 tonnes at adult body 49 

mass6,7. This complex consists of an interstitial matrix of woven bone, comprising abundant, 50 

globular, bunched osteocyte lacunae; and parallel-fibered bone, comprising lenticular 51 

osteocyte lacunae evenly distributed in parallel, surrounding the vascular canals to create 52 

primary osteons8. A slight decrease in zone width towards the sub-periosteal surface of some 53 

bones indicate an early to late subadult status for all the elements studied. In some elements, 54 

especially those preserving a record of early ontogenetic growth (e.g. Figures 1C, S1A, S1G, 55 

S2F), the woven bone is so abundant that the woven-parallel complex forms a fibrolamellar 56 

complex (traditionally known as fibrolamellar bone9 (Figure 1C). This extremely fast 57 

growing bone tissue is limited to the inner and mid-cortex (and hence to younger ontogenetic 58 

stages). Various elements show a small increase in the incidence of parallel-fibered bone 59 

towards the outer cortex indicating a decrease in growth rate with age (Figure 1D, E). All 60 

elements exhibit interrupted growth in the form of annuli of parallel-fibered bone, which 61 

represent temporary decreases in growth rate, or Lines of Arrested Growth (LAGs), which 62 

indicate temporary cessations in growth (Figure 1F, 2A±D, 3). These cyclical growth marks 63 

(annuli and LAGs) are typically considered to be annual10. None of the bones studied exhibit 64 

an External Fundamental System (EFS; also known as Outer Circumferential Lamellae) in 65 

the form of numerous closely spaced LAGs and/or an avascular slowly growing region at the 66 

sub-periosteal surface, which would have indicated that the individuals had essentially ceased 67 

growing (Figure 2E, F). However, there is a slight decrease in the spacing between the 68 

growth marks (Figure 3) in some of the bones (e.g. Sefapanosaurus humerus BP/1/7434, ulna 69 

BP/1/7437, Aardonyx radius BP/1/5379a) indicating an overall decrease in growth rate with 70 
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age and consistent with our observations of an increasing incidence of parallel-fibered bone 71 

towards the outer cortex (see STAR Methods and Supplementary Figures for a detailed 72 

osteohistological description of each element).  73 

 74 

Discussion 75 

 76 

Bone microstructure of the early-diverging sauropodiforms Aardonyx and Sefapanosaurus 77 

shows a highly vascularized woven-parallel complex with an extremely rapidly forming 78 

fibrolamellar complex in the inner and mid-cortices of many of the bones. These observations 79 

indicate fast growth rates in early-diverging sauropodiforms, similar to those seen so far in 80 

sauropods, the giant near-sauropod clade Lessemsauridae, and the sauropodomorph 81 

Mussaurus, which exhibits a fibrolamellar complex very early in ontogeny (e.g.1,5,11,12,13). 82 

Growth marks indicating annual interruptions in growth are present from at least mid-83 

ontogeny, and are fairly regularly spaced throughout the cortex, providing clear evidence for 84 

seasonally-interrupted growth similar to other non-sauropodan sauropodomorphs. The 85 

combination of rapid, but interrupted growth in Aardonyx and Sefapanosaurus is most 86 

similar, so far, to giant lessemsaurids5. However, Aardonyx and Sefapanosaurus differ from 87 

these taxa in showing relatively smaller body sizes at most 1±2 tonnes unlike the > 10 tonne 88 

adult body sizes seen in lessemsaurids and sauropods (e.g.5,14) (Table S2).   89 

The presence of WPC is typical for Sauropodomorpha and dinosaurs in general8, but 90 

can vary in the proportion of woven bone to parallel-fibered bone. Higher proportions of 91 

woven bone are consistent with fast growth rates whereas a predominance of parallel-fibered 92 

bone indicates slower growth rates8,9,15. Most non-sauropodan sauropodomorphs show a 93 

predominance of parallel-fibered bone11,16,17,18, suggesting relatively slow rates of bone tissue 94 

formation compared to sauropods, lessemsaurids and the early-diverging sauropodiforms 95 
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Aardonyx and Sefapanosaurus (shown here). The predominance of parallel-fibered bone in 96 

non-sauropodan sauropodomorphs also differs from early diverging saurischians such as 97 

Herrerasaurus19 and even archosauriforms such as erythrosuchids20,21 suggesting that slow 98 

bone tissue formation had initially evolved from ancestors with faster bone tissue formation 99 

around the origin of Sauropodomorpha. Differences between sauropods and other 100 

sauropodomorphs led previous authors to suggest that the predominance of woven bone, 101 

which indicates fast growth rates, was primarily a sauropodan trait, with a separate 102 

evolutionary origin of fast growth rates in the sauropodiform Mussaurus11. The Mussaurus 103 

specimens sampled exhibit a mixture of both woven and parallel-fibered bone that was 104 

attributed as a possible example of developmental plasticity11,13. 105 

More recently, the osteohistology of the giant (>10 tonne adult body sizes), near-106 

sauropod clade Lessemsauridae has indicated a pre-sauropodan origin for the highly 107 

vascularized fibrolamellar complex, indicating that lessemsaurids also exhibited rapid growth 108 

rates, similar to sauropods (5 Ingentia prima, Lessemsaurus sauropoides). Lessemsaurids 109 

exhibit a combination of cyclic growth marks, similar to more basal sauropodomorphs, and 110 

increased growth rates more similar to those of the more derived Eusauropoda5. The 111 

osteohistology from a giant South African lessemsaurid, Ledumahadi mafube (approximately 112 

12 tonnes), is represented by a senescent individual with a highly remodeled inner cortex. 113 

Thus, all that is known regarding this individual is that it exhibited interrupted WPC during 114 

mid-ontogeny, growth marks are present at least in the outer third of the cortex and the 115 

individual has an EFS14. Given that Ledumahadi is ontogenetically much older than Ingentia 116 

or Lessemsaurus it is difficult to compare these taxa, and the South African lessemsaurid 117 

Antetonitrus ingenipes was excluded from this analysis (see STAR Methods for details). 118 

Overall, these observations suggest that rapid, but cyclical, growth enabled lessemsaurids to 119 

attain giant body sizes prior to the origin of sustained (acyclical) growth in Sauropoda. Our 120 
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data indicate that the early sauropodiforms Aardonyx and Sefapanosaurus also shared these 121 

features, differing from the slower cyclical growth of their non-sauropodiform ancestors, and 122 

therefore suggesting an earlier phylogenetic origin for this distinctive, pre-sauropodan growth 123 

strategy from within Sauropodomorpha. 124 

We investigated the evolution of growth traits on the evolutionary line leading to 125 

Sauropoda, undertaking a detailed re-consideration of published osteohistological evidence 126 

for early sauropodomorphs (see STAR Methods). Our approach is intended specifically to 127 

account for variation in ontogenetic stage among the specimens sampled for some species 128 

(see STAR Methods) and the summary of those considerations is presented by taxon in Table 129 

S2. This is important because bone deposited during younger growth stages tends to show 130 

bone types consistent with faster growth (e.g.22,23), and the record or early growth is typically 131 

removed or over-written by remodeling in older individuals (e.g.24,25). This pattern is evident 132 

in the new data presented here, which documents much of the ontogeny of Aardonyx and 133 

Sefapanosaurus across several elements of the skeleton, and also in some previous studies of 134 

dinosaur osteohistology (and also see17,23±29 for similar multiple-element studies).  135 

Previous studies of sauropodomorphs have not been able to effectively account for 136 

potentially spurious, age-related variation, due to the more limited data available. For 137 

example, Cerda et al.11 interpreted the bone tissues of Massospondylus as being 138 

predominantly parallel-fibered, and therefore more slowly-growing than other 139 

sauropodomorphs, based on a single, ontogenetically advanced specimen (BP/1/4934). 140 

However, ontogenetically younger specimens exhibit a high proportion of woven bone, 141 

suggesting more rapid growth during early and mid-ontogeny in Massospondylus18 and 142 

Figure S4), similar to other early-diverging sauropodomorphs, including Plateosaurus 143 

(Nicole Klein, pers. comm. 2021). 144 



7 
 

We interpreted observations in light of the ontogenetic stage of specimens, assigning 145 

taxa to broad osteohistological categories that we then mapped to phylogeny (Figure 4). Our 146 

phylogeny is based on the most recent studies on sauropodomorph phylogeny30±32, and may 147 

change pending new discoveries. Nevertheless, key aspects of our phylogenetic hypothesis 148 

are conserved among many recent analyses and will likely remain stable30±32, especially the 149 

sister-taxon relationship of lessemsaurids to Sauropoda, and the existence of a clade 150 

Sauropodiformes that includes various taxa, including Aardonyx and Sefapanosaurus, as 151 

close relatives of lessemsaurids and Sauropoda. 152 

Once ontogeny is taken into account the first appearance of rapid growth during early 153 

to mid-ontogeny (characterized by the predominance of woven-fibered bone in the WPC) 154 

appears relatively early in sauropodomorph phylogeny, with Plateosaurus, and is shared with 155 

Massospondylus18. However, various basal sauropodomorphs exhibit apparently slower 156 

growth, including Riojasaurus, Leyesaurus, Adeopapposaurus, Ngwevu, Coloradisaurus and 157 

Leonerasaurus, which exhibit a dominance of parallel-fibered bone or patches of a WPC 158 

even in mid-ontogeny (although the sample sizes of these taxa are limited, and thus, some of 159 

the bone tissues at different ontogenetic stages remain uncertain, see STAR Methods)11,30. In 160 

spite of this variation among species, all these non-sauropodiform taxa, including non-161 

juvenile individuals of Plateosaurus and Massospondylus, document bone tissue types 162 

indicative of relatively slower growth compared to sauropodiforms, including Aardonyx and 163 

Sefapanosaurus.  164 

Secondary remodeling in Aardonyx and Sefapanosaurus is limited to the inner cortex 165 

and thus, much of the life history of each individual can be assessed (i.e. ontogeny is not a 166 

factor). The zone widths are, however, similar to those of Massospondylus (up to 4 mm per 167 

zone, 1-2 mm on average), which are narrower than the maximum zone widths seen in 168 

Lessemsaurus (7.2±13.6 mm, but see above regarding the ontogenetic status of these 169 
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specimens) and Ingentia. Thus, although their rate of bone tissue formation during the 170 

favorable growing season may have been elevated compared to earlier-diverging 171 

sauropodomorphs, Aardonyx and Sefapanosaurus did not deposit the same amount of bone 172 

tissue as the lessemsaurids were capable of, perhaps due to a shorter seasonal growth 173 

duration. Nevertheless, the presence of a rapidly forming highly vascularized fibrolamellar 174 

complex in Aardonyx and Sefapanosaurus into the early subadult stage indicates that a 175 

lessemsaurid-like capacity for rapid bone tissue formation had already evolved in early-176 

diverging sauropodiforms that had smaller body sizes than the Lessemsauridae (Figure 4).  177 

Within a given clade, small taxa grow more slowly than larger members of the same 178 

group33, and thus, body size must be considered when comparing growth patterns. Notably, 179 

osteohistological similarities shared by Aardonyx, Sefapanosaurus and lessemsaurids are 180 

independent of overall size given the maximum estimated body masses of 1±2 tonnes in 181 

Aardonyx and Sefapanosaurus, compared to >10 tonne adult body masses of 182 

lessemsaurids5,14. Therefore, rapid growth rates were present in early sauropodiforms such as 183 

Aardonyx and Sefapanosaurus, prior to the attainment of large body size in the lessemsaurids, 184 

indicating a decoupling of the evolution of large body size from that of growth strategy. 185 

Comparisons of the osteohistology of Aardonyx and Sefapanosaurus to similar-sized 186 

non-sauropodiforms also supports the inference that rapid growth in sauropodiforms is 187 

independent of body size evolution. For example, non-sauropodiform taxa such as 188 

Plateosaurus (917 kg) and some Mussaurus individuals (1150 kg) exhibit a highly 189 

vascularized WPC during mid-ontogeny, with other Mussaurus individuals showing a 190 

predominance of parallel-fibered bone (e.g. femora MPM-PV 181511, MLP 61-III-20-23, 191 

MPM-PV 1838, MLP 61-II-20-26, MPM-PV 1902, and humerus MPM-PV 182113), 192 

indicating slightly slower bone tissue formation than Aardonyx and Sefapanosaurus. The 193 

non-sauropodiform Riojasaurus provides a potentially even stronger demonstration, with a 194 
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body mass of around 2230 kg, but a bone tissue type suggesting even slower relative tissue 195 

deposition (11 and see STAR Methods). In contrast, species such as Saturnalia (10.6 kg34), 196 

Leyesaurus (body mass unknown, but estimated to be 2.5 m in body length, Apaldetti et 197 

al.35), Adeopapposaurus (39.6 kg34, Ngwevu (approximately 108 kg) and Coloradisaurus 198 

(381 kg; bipedal body mass equation based on femoral shaft circumference from36) are all 199 

relatively smaller taxa compared to the more derived Sauropoda. It is possible that these taxa 200 

grew more slowly because they were smaller.  201 

 Although the innermost LAGs have been destroyed by secondary remodeling, the 202 

inner and mid-cortex of Aardonyx and Sefapanosaurus elements reveals the presence of 203 

LAGs even from mid-ontogeny, which differs from the more derived Sauropoda. The 204 

distribution of growth marks in Sefapanosaurus and Aardonyx is also regular with a slight 205 

decrease in spacing towards the sub-periosteal surface. This is typical of most dinosaurs, but 206 

differs from the basal sauropodomorphs Plateosaurus, Massospondylus and Mussaurus, all of 207 

which show extreme developmental plasticity13,16±18. This suggests that a decrease in 208 

developmental plasticity, towards the more regular growth seen in sauropods, occurred 209 

around the base of Sauropodiformes (as seen in Aardoynyx and Sefapanosaurus). 210 

 211 

Rapid growth preceded gigantism 212 

The bone tissues of Aardonyx and Sefapanosaurus, medium-sized sauropodiforms (weighing 213 

1±2 tonnes) from the Triassic/Jurassic boundary interval of South Africa, indicate rapid bone 214 

tissue formation and the capacity for rapid growth in these taxa. These taxa are characterized 215 

by a highly vascularized rapidly forming woven-parallel complex, with a fibrolamellar 216 

complex (in which woven bone dominates) found within the inner and mid-cortex of many 217 

specimens. The fibrolamellar cortex was more prevalent in the larger Sefapanosaurus than 218 
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Aardonyx. The presence of highly vascularized, rapidly forming bone tissues with an 219 

abundance of woven bone in these taxa shows that, although they did not deposit the same 220 

amount of bone as the larger lessemsaurids, they were capable of very rapid growth during 221 

the favorable growing season. Interestingly, the highly variable growth seen in the more basal 222 

Mussaurus suggests that high growth rates had begun to appear, but had yet to become fixed 223 

in this taxon13. The smaller adult body sizes of Aardonyx and Sefapanosaurus (compared to 224 

lessemsaurids and most sauropods) may have resulted either from the occurrence of a shorter 225 

seasonal growth period or from variation in the exact rates of growth and bone tissue 226 

formation among taxa with similar bone tissue types37±39. The presence of growth marks even 227 

during mid-ontogeny sets Aardonyx and Sefapanosaurus apart from the more derived 228 

Eusauropoda, which grew in a sustained manner until late ontogeny. The regular spacing of 229 

growth marks suggests that these taxa did not exhibit developmental plasticity, unlike some 230 

earlier-diverging sauropodomorphs such as Plateosaurus, Massospondylus and 231 

Mussaurus11,13,16,18. Taken together, our findings contribute to an emerging picture in which 232 

sauropodan growth traits evolved gradually among non-sauropodan sauropodomorphs, and 233 

especially in sauropodiforms5, 11, 14, 40. Our results show that very rapid bone tissue deposition 234 

evolved prior to the development of large body size, and instead of rapid growth and 235 

gigantism evolving in concert, high seasonal growth rates, and therefore the potential for 236 

annual high growth rates, preceded the evolution of giant body size. Rapid growth was 237 

potentially advantageous in the environment of these relatively smaller taxa and was most 238 

likely a prerequisite for gigantism in later-branching sauropods. 239 

 240 

 241 
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Figure Captions 258 

Figure 1. Osteohistology of Sefapanosaurus zatronensis and Aardonyx celestae limb 259 

bones. A, Sefapanosaurus BP/1/7445 tibia and B, Aardonyx BP/1/5379b ulna showing a 260 

woven-parallel complex. C, Sefapanosaurus BP/1/7436 radius showing a fibrolamellar 261 

complex with abundant woven bone. D, Sefapanosaurus BP/1/7435 radius and E, 262 

Sefapanosaurus BP/1/7445 tibia showing increased dominance of parallel-fibered bone 263 

towards the outer cortex. F, Sefapanosaurus BP/1/7436 radius showing five growth marks. 264 

Arrowheads indicate growth marks. Scale bars A±C 100 µm, D, E, 50 µm, F 500 µm. 265 

Abbreviations: PFB, parallel-fibered bone; WB, woven bone. [planned for page width] 266 

 267 
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Figure 2. Osteohistology of Sefapanosaurus zatronensis and Aardonyx celestae limb 268 

bones. A, Sefapanosaurus BP/1/7435 radius, B, Aardonyx BP/1/5379b ulna, C, 269 

Sefapanosaurus BP/1/7435 radius and D, Aardonyx BP/1/6321 radius showing a woven-270 

parallel complex interrupted by annuli and LAGs. E, Sefapanosaurus BP/1/7437 ulna and F, 271 

Aardonyx BP/1/5379b ulna showing continued growth at the sub-periosteal surface. 272 

Arrowheads indicate growth marks. Scale bars A±E 500 µm, F, 100 µm. Abbreviation: WB, 273 

woven bone. [planned for page width] 274 

 275 

Figure 3. Line diagrams of the Sefapanosaurus (A-G) and Aardonyx (H-K) elements in 276 

this study. Red lines represent growth marks. A, humerus BP/1/7434. B, radius BP/1/7436. 277 

C, radius BP/1/7435. D, ulna BP/1/7437. E, femur BP/1/7444. F, tibia BP/1/7445. G, 278 

BP/1/fibula BP/1/7446. [planned for page width] 279 

 280 

Figure 4. Sauropodomorph phylogenetic tree showing only taxa that have been 281 

examined histologically (phylogeny after the most recent studies30,31. The general trend is 282 

a dominance of parallel-fibered bone in the woven-parallel complex in basal 283 

sauropodomorphs, to a woven-parallel complex with narrow zones, and an increase in woven 284 

bone, but still with narrow zones in the sauropodiforms Aardonyx and Sefapanosaurus, to a 285 

rapidly forming fibrolamellar complex with wide zones in the Lessemsauridae to sustained 286 

rapid growth until late ontogeny in the more derived Eusauropoda. Abbreviations: FLC, 287 

fibrolamellar complex, GM, growth marks; PFB, parallel-fibered bone, WB, woven bone, 288 

WPC, woven-parallel complex. [planned for page width in portrait] 289 

 290 

 291 

 292 
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STAR Methods 293 

RESOURCE AVAILABILITY 294 

Lead contact 295 

Further information and requests for resources or protocol details should be directed to and 296 

will be fulfilled by the lead contact, Jennifer Botha (jbotha@nasmus.co.za). 297 

Materials Availability 298 

The thin sections generated from this study are currently housed at the National Museum, 299 

Bloemfontein. 300 

 301 

EXPERIMENTAL MODEL AND SUBJECT DETAILS 302 

Geological Context of Specimens  303 

Sefapanosaurus was found in the Scalenodontoides Assemblage Zone of the lower Elliot 304 

Formation near the town Zastron, Xhariep District, in the Free State, and is latest Triassic in 305 

age7,41. The geographic coordinates of the type locality are uncertain, but its stratigraphic 306 

position in the lower Elliot Formation is lower than that of Aardonyx. The Aardonyx type 307 

locality, located on the farm Spion Kop in the Thabo Mofutsanyane District of the Free State, 308 

is from the overlying Massospondylus Assemblage Zone of the upper Elliot Formation and is 309 

earliest Jurassic in age6,42. The material is housed at the Evolutionary Studies Institute, 310 

University of the Witwatersrand, Johannesburg, South Africa (BP). The sample of 311 

Sefapanosaurus includes a humerus, two radii of different sizes, an ulna, femur, tibia and 312 

fibula. The bones pertain to at least four individuals7. The Aardonyx material includes two 313 

radii, an ulna, and a fibula. Radius and ulna BP/1/5379 were tentatively assigned to one 314 

individual by6, however the radius is notably shorter than the ulna, introducing the possibility 315 

that they may belong to different individuals.  316 

mailto:jbotha@nasmus.co.za
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QUANTIFICATION AND STATISTICAL ANALYSIS 317 

 318 

The vascular density was quantified following the same protocol as43, where 10 mid-319 

cortical fields of view were used to obtain an average vascular canal area. Although it is well-320 

known that these canals would have included nerves and lymph as well as blood vessels, this 321 

quantification provides the maximum possible vascular density within a given region of bone 322 

and can be quantitatively compared to other elements or species. 323 

 324 

METHOD DETAILS 325 

Osteohistology 326 

The thin-sectioning process was conducted at the National Museum, Bloemfontein 327 

using the same techniques set out in44. All the bones were cast prior to thin sectioning. The 328 

samples were embedded in Struers Epofix epoxy resin (Cleveland, OH, USA) inside a 329 

vacuum chamber. After setting, the resin blocks were cut into thick sections using a Struers 330 

Accutom-100 cutting and grinding machine. The thick sections were then stuck to frosted 331 

glass slides using the Struers Epofix resin and then ground to approximately 60 µm in 332 

thickness using the Struers Accutom-100. The thin-sections were viewed and photographed 333 

using a Nikon Eclipse 50i Polarizing microscope with an attached DS-Fi1 digital camera. 334 

Photos were captured using NIS Elements D v. 4.6 (Nikon Corp., Tokyo, Japan). 335 

Osteohistological terminology follows that of8,45. The distance between growth marks and 336 

outer bone circumference was measured in millimeters.  337 

Body mass estimates 338 

Adult body mass estimates were primarily taken from14,34, which were both based on the 339 

same dataset of limb bone measurements. Mass estimates in those works were based on the 340 

estimation equations presented by46 for quadrupeds (using femoral and humeral shaft 341 
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circumference), and36 for bipeds (using femoral shaft circumference). Inference of bipedality 342 

or quadrupedality were taken from14 based on discriminant function analysis of the 343 

relationship between humeral and femoral shaft circumferences, in which quadrupeds have 344 

proportionally robust forelimbs relative to the hind limb than those of bipeds14,47. In cases 345 

where it was not possible to infer whether a taxon was bipedal or quadrupedal, as in 346 

Aardonyx and Sefapanosaurus, we present body mass estimates for both bipedal and 347 

quadrupedal alternatives. Relevant measurements were not available for adult (or near-adult) 348 

individuals in some taxa (e.g. Lessemsaurus, Ingentia). In those cases, we used mass 349 

estimates from other methods, either by imputing the masses of taxa with similar overall 350 

skeletal dimensions, or from reasoned suggestions in other literature (e.g.5). 351 

 352 

Data and code availability 353 

Section 1: Data 354 

All raw data is available in the STAR Methods and Supplementary Figures or is publicly 355 

available in existing publications. 356 

Section2: Code 357 

This paper does not report original code. 358 

Section 3 359 

Any additional information required to reanalyze the data reported in this paper is available 360 

from the lead contact upon request. 361 

 362 

Detailed Osteohistological Descriptions 363 

Sefapanosaurus zatronensis 364 
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Humerus 365 

Humerus BP/1/7434 is large (circumference 146.81 mm) with what would probably have 366 

been an open medullary cavity if not for the large number of broken trabeculae distributed 367 

throughout this area (Figure S1A). As these bony trabeculae are mostly broken and floating 368 

free of the rest of the bone, it is likely that they formed the peri-medullary region and did not 369 

naturally fill the medullary cavity during life. The peri-medullary area contains extensive 370 

secondary remodeling with resorption cavities and secondary osteons extending to half way 371 

through the cortex. However, although secondary osteons are denser within the innermost 372 

cortex, they do not overlap to the extent of forming dense Haversian bone. The compact 373 

cortex consists of a highly vascularized woven-parallel complex or WPC (combination of 374 

woven and parallel-fibered bone sensu8,45 with numerous primary osteons (14.77 % 375 

vascularization) in a laminar to plexiform arrangement (Figure S1B) with some areas forming 376 

a fibrolamellar complex where woven bone dominates. There does not appear to be any 377 

decrease in vascularization towards the subperiosteal surface. These characteristics indicate 378 

that the bone was growing rapidly. However, the bone tissues are interrupted by four growth 379 

marks. Growth marks in the form of annuli or Lines of Arrested Growth indicate temporary 380 

decreases (annuli) or cessations (LAGs) in bone growth10. In humerus BP/1/7434, the growth 381 

marks are in the form of annuli of parallel-fibered bone and are usually associated with 382 

LAGs, indicating that growth did not just decrease, but ceased during the unfavorable 383 

growing period. There is no External Fundamental System (also known as Outer 384 

Circumferential Lamellae) in the form of numerous closely spaced LAGs or an avascular 385 

slowly growing region at the subperiosteal surface, indicating that the animal was still 386 

growing at the time of death. However, there is a slight decrease in the spacing between the 387 

LAGs (Table S1) indicating that the animal was most likely a subadult. 388 

 389 
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Radii 390 

There are two radii. BP/1/7436 (estimated circumference 84.89 mm) is smaller than 391 

BP/1/7435 (circumference 113.73 mm) and preserves fewer growth marks, suggesting that it 392 

is ontogenetically younger than BP/1/7435 (Figure S1C, SD). The smaller radius is slightly 393 

crushed, causing numerous small broken trabeculae to be distributed throughout the 394 

medullary cavity (Figure S1C). However, as in the humerus, it is probable that the medullary 395 

cavity was mostly open during life and that these trabeculae originate from the peri-396 

medullary area. Resorption cavities and large secondary osteons are common in the inner 397 

cortex and extend to the mid-cortex, but dense Haversian bone is absent. Growth marks 398 

consist of annuli of parallel-fibered bone associated with five LAGs. There is no marked 399 

decrease in the LAG spacing nor vascularization towards the periphery, suggesting that this 400 

iQdiYidXaO ZaV aQ eaUO\ VXbadXOW aW Whe WiPe Rf deaWh. ShaUSe\¶V fibeUV e[WeQd iQWR Whe Pid-401 

cortex in several places. The bone clearly exhibits rapidly forming bone tissues in the form of 402 

a woven-parallel complex with areas of the inner and mid-cortex being dominated by woven 403 

bone such that it can be classified as a fibrolamellar complex. The vascular canal 404 

arrangement varies from plexiform to longitudinally-oriented primary osteons (10.47% 405 

vascularization).  406 

 BP/1/7435 is also slightly crushed, but to a lesser extent than BP/1/7436 (Figure 407 

S1D). The medullary cavity and peri-medullary area are similar to BP/1/7436. BP/1/7435 408 

exhibits a typical WPC with a predominantly laminar vascular arrangement (Figure S1E, SF). 409 

There are areas that contain a large amount of woven bone (Figure S1G) suggesting the 410 

presence of the rapidly forming fibrolamellar complex (12.67% vascularization). There 411 

appears to be an increase in parallel-fibered bone in the outer cortex. Eleven LAGs can be 412 

seen traversing the cortex, some of which are closely spaced, but there are always several 413 

layers of vascular canals between them suggesting that the closely spaced LAGs do not 414 
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represent double LAGs (i.e. they do not represent a single season). There is no EFS in this 415 

bone, nor is there a general decrease in zone width towards the subperiosteal surface, 416 

indicating that this individual was still growing when it died. 417 

 418 

Ulna 419 

Ulna BP/1/7437 (Figure S1H) is very nicely preserved with a large, clear medullary cavity. 420 

The peri-medullary region contains numerous large resorption cavities and secondary 421 

osteons. The secondary osteons are dense enough to touch one another, but rarely overlap 422 

(forming two generations in a few places). The primary cortex appears midway through the 423 

bone and consists of a highly vascularized (11.79% vascularization) WPC with 424 

predominately laminar vascular canals, but with longitudinally-oriented primary osteons as 425 

well (Figure S1I). Five LAGs are visible. The spacing between LAGs decreases only slightly 426 

toward the outer cortex. There is no EFS and no clear decreased vascularization at the 427 

subperiosteal surface indicating that the individual was still actively growing at the time of 428 

death. 429 

 430 

Femur 431 

Femur BP/1/7444 (Figure S2A) represents the largest bone in the Sefapanosaurus sample 432 

(circumference 264.02 mm). Due to the large size of the midshaft, the bone had to be cut into 433 

four pieces to fit on four separate slides. It was possible to fit the pieces back into two, but a 434 

small section from the middle is missing due to saw destruction. However, the amount of 435 

bone missing is only a couple of microns thick and does not limit the description of the 436 

osteohistology. The majority of the medullary cavity is open, but there are numerous broken 437 

bony trabeculae floating in the outermost parts of the cavity (Figure S2A). There has been 438 

some inner crushing and separation of parts of the compact cortex, but bone tissues are 439 
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clearly discernable. The bone tissues comprise a highly vascularized WPC (Figure S2B, SC) 440 

with predominantly a mixture of laminar and plexiform vascular canals (18.47 % 441 

vascularization). It is difficult to accurately count the preserved growth marks as the bone 442 

appears to have cracked along many of the LAGs, but at least ten regularly spaced LAGs are 443 

preserved. There is no evidence of an EFS nor a decrease in vascularization at the 444 

subperiosteal surface, showing that the individual was still actively growing at the time of 445 

death. There appears to be less woven bone than the humerus, radii or ulna suggesting a 446 

slightly slower growth rate, however the 18.47% vascular density, which is the highest 447 

amongst all the Sefapanosaurus specimens sampled, suggests that it was still growing rapidly 448 

and was in an early subadult stage despite its large size. The bone tissues may appear to have 449 

more parallel-fibered bone because there is more laminar bone in this individual where the 450 

woven bone becomes sandwiched between the primary osteons as discussed at length by 451 

Stein and Prondvai48 in sauropod dinosaurs. 452 

 453 

Tibia 454 

Tibia BP/1/7445 is a large bone (177.59 mm circumference) with a thick cortex (Figure 455 

S2D). The medullary cavity is clear and medium to large resorption cavities have eroded the 456 

perimedullary area. Secondary osteons are abundant in the inner cortex and scatter into the 457 

mid-cortex. The bone tissue comprises a highly vascularized (9.15% vascularization) woven-458 

parallel complex (Figure S2E), with a fibrolamellar complex being present in the inner and 459 

mid-cortex (Figure S2F). There is a slight increase in the amount of parallel-fibered bone in 460 

the outermost cortex. However, the bone remains highly vascularized right up to the 461 

subperiosteal surface and varies between laminar and longitudinally-oriented primary 462 

osteons. Fourteen growth marks in the form of annuli and LAGs interrupt the bone tissues, 463 

with several LAGs forming double LAGs (where there is no vascularization between the 464 
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lines). Several LAGs are very closely spaced suggesting that they may have been deposited in 465 

a single growing season, but vascular canals separate them, thus the possibility that they 466 

represent separate seasons cannot be ruled out. There is no EFS. 467 

 468 

Fibula 469 

Fibula BP/1/7446 is an asymmetrical bone (Figure S2G) with the cortex being thicker on the 470 

medial side. Numerous large cracks are present throughout the bone. The medullary cavity is 471 

large and almost completed filled with tiny broken loose bony trabeculae. It is difficult to 472 

know whether the medullary cavity would have been partially infilled naturally during life. 473 

The inner cortex is similar to the other elements with there being numerous secondary 474 

osteons, but not to the extent of forming dense Haversian bone. A woven-parallel complex 475 

(Figure S2H) is present throughout the cortex with there being more woven bone in the inner 476 

cortex. Vascular arrangements vary between plexiform, laminar and in a few places, 477 

longitudinally-oriented primary osteons. Eight growth marks in the form of annuli and LAGs 478 

interrupt the cortex at fairly regular intervals. There is no EFS and vascularization (5.1% 479 

vascularization) UePaiQV cRQVWaQW WhURXghRXW Whe cRUWe[. ShaUSe\¶V fibers extend as far as the 480 

mid-cortex in places.  481 

 482 

Aardonyx celestae 483 

 484 

Yates et al.6 sectioned a rib and scapula fragment in order to age the specimen in their study. 485 

They gave a brief description of a highly vascularized woven-parallel complex interrupted by 486 

growth marks, but this is not enough information to obtain a detailed account of the growth 487 

patterns of this taxon. Hence, further elements have been examined. 488 

 489 
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Radii 490 

The thick compact cortex of radius BP/1/5379 (circumference 109.61 mm) surrounds an 491 

open, clear medullary cavity (Figure S3A). There are no loose, broken trabeculae in the 492 

medullary cavity. A few large resorption cavities extend from the peri-medullary area into the 493 

mid-cortex in a few places, but are generally restricted to the inner cortex. Secondary osteons 494 

are common in the inner cortex, but generally are not abundant enough to touch. They 495 

become scattered and sparse in the mid-cortex. The bone comprises a highly vascularized 496 

(7.09 % vascularization) network of laminar and longitudinally-oriented primary osteons in a 497 

woven-parallel complex, with extensive amounts of woven bone in the inner cortex forming a 498 

FLC. Growth marks are present, but are very faint, appearing sometimes as bright lines that 499 

can only be seen in cross-polarized light or polarized light with a lambda compensator. Five 500 

growth marks in the form of annuli, LAGs or bright lines were observed. The fourth and fifth 501 

growth marks are very close together and may represent a single season. The outer growth 502 

marks are also closer together compared to the inner ones suggesting an overall decrease in 503 

growth. Although the two outermost LAGs are closely spaced, they do not represent an EFS 504 

as there is clear bone deposition after these growth marks. Thus, it is likely that BP/1/5379 505 

represents a sub-adXOW. ShaUSe\¶V fibeUV e[WeQd iQWR Whe RXWeU cRUWe[ iQ a feZ SOaceV, 506 

particularly along the medial side of the bone. 507 

Radius BP/1/6321 is similar to radius BP/1/5379a in that the medullary cavity is open 508 

(Figure S3B), there are large resorption cavities in the peri-medullary region, becoming 509 

smaller as they extend into the innermost cortex and secondary osteons are common in the 510 

inner cortex, only rarely being dense enough to touch one another and they become more 511 

sparsely distributed in the mid-cortex. The two bones are also similar in their bone tissue 512 

types, both exhibiting a well-vascularized woven-parallel complex with a mixture of laminar 513 

vascular canals and longitudinally-oriented primary osteons (Figure S3C, SD). There are 514 
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patches of FLC in the inner cortex of radius BP/1/6321 where woven bone dominates. 515 

However, the bones differ in the number and distribution of growth marks. Lenticular 516 

osteocyte lacunae are also more common in BP/1/6321 compared to BP/1/5379a, which 517 

contains predominantly globular osteocyte lacunae. BP/1/6321 is slightly smaller in 518 

circumference (93.93 mm) than BP/1/5379a, but it exhibits 10 LAGs (the outer two probably 519 

representing a double LAG). The LAGs are fairly evenly distributed throughout the cortex. 520 

Although the LAGs are relatively closely spaced, there is no EFS at the subperiosteal surface. 521 

There is a small patch of radiating vascular canals between the second last and last LAG, 522 

Zhich iV OiNeO\ SaWhRORgicaO, SRVVibO\ UeOaWiQg WR aQ iQjXU\. ShaUSe\¶V fibeUV e[WeQd a VPaOO 523 

distance into the cortex in places, similar to radius BP/1/5379a. 524 

 525 

Ulna 526 

Ulna BP/1/5379b contains what would probably have been an open medullary cavity during 527 

life (Figure S3E). However, pieces of the peri-medullary region have broken off and are 528 

preserved inside the cavity. The peri-medullary area contains numerous resorption cavities 529 

and secondary osteons. The secondary osteons appear more abundant than those seen in 530 

radius BP/1/5379a, with many of them connecting in the inner cortex. The secondary osteons 531 

extend into the mid-cortex. The bone tissue comprises a woven-parallel complex with woven 532 

bone being more prominent forming a fibrolamellar complex. Osteocyte lacunae vary from 533 

being globular in the woven bone areas to being flattened in the lamellae surrounding the 534 

vascular canals or along growth marks. In some areas, thick regions of woven bone separate 535 

the primary osteons. The tissues are moderately vascularized (5.28% vascularization) with a 536 

predominance of laminar and plexiform vascular canals around most of the bone. However, 537 

the arrangement changes to longitudinally-oriented primary osteons in some places and there 538 

is an area of radially oriented canals as well. Nine growth marks (notably more than in radius 539 
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BP/1/5379a) in the form of LAGs interrupt the cortex at regular intervals. The eighth and 540 

ninth LAGs are very closely spaced, but do not represent an EFS as the bone was still 541 

gURZiQg aW Whe WiPe Rf deaWh. ShaUSe\¶V fibeUV e[WeQd iQWR Whe Pid-cortex on the antero-lateral 542 

side of the bone. 543 

  544 

Fibula 545 

Fibula BP/1/6316 has an asymmetrically distributed cortex with it being thinner on the lateral 546 

side (Figure S3F). Broken trabecular fragments are preserved in the medullary cavity 547 

bunched up to the thinner cortical area, otherwise the medullary cavity is clear. Resorption 548 

cavities are fairly extensive in the inner cortex on the thicker side of the bone. Secondary 549 

osteons are common in the inner cortex, but do not form dense Haversian bone. A few can be 550 

seen scattered in the mid-cortex. The woven-parallel complex becomes FLC in the inner and 551 

parts of the mid-cortex. The vascular canals vary between laminar and longitudinally-oriented 552 

primary osteons (Figure S3G, SH). There is an increase in parallel-fibered bone towards the 553 

subperiosteal surface. Twelve LAGs were counted traversing the cortex. The last two LAGs 554 

form a double LAG. There are also two zones that are wider than the others giving the growth 555 

mark distribution a more irregular appearance compared to the other Aardonyx elements. 556 

There is no EFS. ShRUW ShaUSe\¶V fibeUV e[WeQd iQWR Whe RXWeU cRUWe[ iQ a feZ SOaceV, 557 

particularly along the antero-medial and posterior sides of the bone. 558 

 559 

Ontogenetic Reconsiderations 560 

When comparing the growth patterns of taxa within a given clade, it is important to 561 

consider the ontogenetic stage of each specimen examined. The Aardonyx and 562 

Sefapanosaurus data were compared with the osteohistology of other sauropodomorph 563 

dinosaurs including the basal Saturnalia49 and Plateosaurus trossingensis (previously P. 564 
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engelhardti)16,17, as well as the massopods Riojasaurus, Coloradisaurus, Massospondylus, 565 

Ngwevu, Leyesaurus, Adeopapposaurus, the sauropodiformes Mussaurus and Leonerasaurus, 566 

the lessemsaurids Lessemsaurus, Ingentia, and Ledumahadi, as well as the eusauropods 567 

Volkheimeria, Patagosaurus5,11,30 and Isanosaurus4. Although a recent study of the South 568 

African lessemsaurid Antetonitrus ingenipes indicated possible variation in growth 569 

strategies40, almost all of the material, which were humeri, femora and tibiae, were based on a 570 

portion of a bonebed labelled NMQR 1705. Although the holotype of Antetonitrus 571 

(BP/1/4952) was also examined, no images were shown and a description of the bone tissue 572 

was limited to a woven-parallel complex (previously fibrolamellar bone) interrupted by 573 

annuli40, similar to other closely related taxa. The NMQR 1705 elements belong to the well-574 

known Maphutseng dinosaur bonebed from the lower Elliot Formation of Lesotho. Recently 575 

de Fabrègues and Allain50 identified a new species of sauropodomorph from this bonebed, 576 

namely Kholumolumo ellenbergerorum, indicating the presence of at least two taxa in this 577 

quarry. Given that Antetonitrus is currently only known from the upper Elliot Formation and 578 

that only one unique feature pertaining to the NMQR 1705 Antetonitrus limb bones could be 579 

identified in the humerus that was thin sectioned (the femur and tibia having no 580 

autapomorphies), it is possible that the NMQR 1705 material contains more than one species 581 

and thus, the growth patterns of NMQR 1705 may represent multiple taxa.  582 

The ontogeny of each specimen examined in the studies listed above is described in 583 

detail below, as it has implications for the interpretation of the osteohistology and thus, life 584 

history comparisons. 585 

The basal sauropodomorph Saturnalia was first studied by49 who reported the 586 

presence of fibrolamellar bone (i.e. a woven-parallel complex) in a femur. Two growth marks 587 

traversed the cortex, but there was no indication of a decrease in growth towards the 588 

subperiosteal surface and an EFS was absent. Cerda et al.11 reassessed Saturnalia and the 589 
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basal sauropodomorph Plateosaurus trossingensis based on more recent personal 590 

observations made by Martin Sander, who indicated the predominance of parallel-fibered 591 

bone over woven bone in both taxa. Given the presence of two growth marks, but absence of 592 

overall decrease in growth rate (e.g. decreased vascularization, narrower zones, EFS etc.), it 593 

is likely that the Saturnalia specimen was a late juvenile to early subadult at the time of 594 

death. The Plateosaurus samples represent subadult and late subadult individuals17 and when 595 

the inner cortex is examined, a highly vascularized woven-parallel complex is present with a 596 

clear abundance of woven bone (Nicole Klein, pers. comm. 2021). 597 

The Riojasaurus PVL 3526 specimen examined by11 contains several closely spaced 598 

LAGs at the subperiosteal surface suggesting an older ontogenetic stage (identified in Cerda 599 

et al.11 as an EFS, although there is a region of vascularized tissue that was deposited after 600 

these growth marks, thus growth may not have ceased). Riojasaurus PVL 3669, which is 601 

ontogenetically younger, contains a mixture of woven and parallel-fibered bone11. Cerda et 602 

al.11 state that parallel-fibered bone dominates throughout the entire cortex, but it is difficult 603 

to confirm this as the osteocyte lacunae appear rarely preserved and can only be seen in 604 

images showing the outer cortex of the older PVL 3526 specimen. A comparison with this 605 

taxon may have to wait until better preserved material is examined.  606 

The massopod Leyesaurus specimen in the Cerda et al.11 study contains at least 13 607 

growth marks and represents a relatively old individual, with parallel-fibered bone 608 

dominating towards the outer cortex as one would expect in an individual that was nearing 609 

adult size. Cerda et al.11 also mention the dominance of parallel-fibered bone over woven 610 

bone (i.e. a woven-parallel complex) in the rest of the cortex. However, the authors also note 611 

that the bone tissue features in Leyesaurus are identical to those of Massospondylus, but the 612 

latter taxon shows abundant woven bone at earlier ontogenetic stages (Figure S4). It is likely 613 

that the two taxa are similar because they are both adults thus, show similar bone tissues 614 
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because of ontogenetic stage. Younger individuals of Massospondylus show the presence of 615 

more woven bone, but the Leyesaurus specimen is too remodeled in the inner cortex to assess 616 

the primary bone tissues of earlier stages.   617 

Cerda et al.11 noted an increase in parallel-fibered bone in the outer cortex of their 618 

Adeopapposaurus specimen, which is considered to be 77% of the holotype PVS610. 619 

However, the holotype is not considered to be the largest known specimen (D. Pol pers. 620 

comm. 2022). This makes femur PVSJ569 a subadult, possibly even a young subadult. There 621 

appear to be fewer secondary osteons in the inner cortex obscuring the primary bone tissue 622 

and the authors note a predominance of parallel-fibered bone throughout the cortex.  623 

Massospondylus is portrayed in Cerda et al.11 as having predominantly parallel-624 

fibered bone. However, as the authors note, the specimen used (BP/1/4934) is one of the 625 

ontogenetically oldest Massospondylus specimens known (see18) and although an EFS is 626 

absent, there is a clear decrease in growth rate in the form of decreased spacing between 627 

successive growth marks near the subperiosteal surface. The outer cortex consists 628 

predominantly of parallel-fibered bone, but when the inner and mid-cortex are examined 629 

there is an abundance of woven bone, similar to what has been found in younger 630 

Massospondylus specimens (e.g. BP/1/4860, 5241, 5108, 4934 ranging from 67% maximum 631 

known size to 100% maximum known size, see18 and Figure S4). The dominant bone tissue is 632 

WPC with more woven bone in the inner and mid-cortex of some specimens, and parallel-633 

fibered bone dominating in the mid- and outer cortex of other specimens. The woven bone 634 

does not appear to be as abundant as that shown for the lessemsaurids Lessemsaurus and 635 

Ingentia5.  636 

Ngwevu intloko is a recently erected, closely related taxon to Massospondylus 637 

carinatus from the Early Jurassic of South Africa30. The osteohistology of the humerus and 638 

femur were examined and a mixture of woven and parallel-fibered bone was present 639 
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indicating the presence of WPC, but with substantial amounts of parallel-fibered bone 640 

particularly towards the outer cortex (30 and Figure S4). This observation along with the 641 

presence of at least 10 growth marks in the femur and decreased zone width towards the 642 

subperiosteal surface suggested that the individual was a late subadult (no EFS was 643 

observed). However, the prevalence of more parallel-fibered bone throughout the cortex 644 

suggests that the very rapidly forming fibrolamellar complex seen in Lessemsaurus and 645 

Ingentia was absent (except for perhaps very early in ontogeny).  646 

The bone tissues of the Coloradisaurus specimen are badly preserved and Cerda et 647 

al.11 noted it was difficult to accurately identify the bone tissues. They did, however, note the 648 

presence of both woven and parallel-fibered bone, but it is difficult to assess from the images 649 

which bone matrix is more prominent. The presence of several growth marks traversing the 650 

cortex and absence of decreased vascularization towards the subperiosteal surface suggest a 651 

subadult stage for this specimen. 652 

The ontogenetic status of Leonerasaurus is difficult to assess as the outer cortex of the 653 

specimen used in Cerda et al.11 is absent. However, the authors mention that they considered 654 

the individual to be nearly fully grown and the bone tissues were a mix of woven and 655 

parallel-fibered bone, indicating the presence of WPC, with parallel-fibered bone dominating 656 

throughout the cortex that was preserved.  657 

Mussaurus was examined by11,51 and more recently by52. Mussaurus contains WPC 658 

that falls under the fibrolamellar complex during very early ontogeny. The individuals 659 

examined by Cerda et al.11 appear to be late subadults, with MPM-PV 1815 containing more 660 

closely spaced growth marks in the outer cortex than specimen MLP 61-III-20-22. However, 661 

the more recent study by Pol et al.52 shows a transition from the fibrolamellar complex to a 662 

woven-parallel complex, with increasing amounts of parallel-fibered bone in the second to 663 

largest individual. The presence of large amounts of woven bone in the largest individual 664 
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studied (MLP 61-111-20-22), however, as well as the variable incidence of growth marks11 665 

indicated that more research was required to fully understand the life history of this taxon. 666 

Thus, a very recent study by Cerda et al.13 examined the humeri, femora and fibulae from 13 667 

Mussaurus individuals of different sizes. Growth rates and the incidence of growth marks are 668 

variable amongst the specimens such that there is little correlation between ontogeny and 669 

body size. Some individuals exhibit WPC through to mid-ontogeny, others exhibit a 670 

predominance of parallel-fibered bone. The authors provided several reasons for this 671 

variability including sexual dimorphism, developmental plasticity and incorrect taxon 672 

identification, with the most likely being developmental plasticity13. Mussaurus is slightly 673 

more basal than Aardonyx and Sefapanosaurus. It is possible that Mussaurus had begun to 674 

develop inconsistent high growth rates, but this rapid growth had yet to become fixed in this 675 

Wa[RQ¶V Oife hiVWRU\. 676 

The Argentinian lessemsaurids Lessemsaurus sauropoides (PVL 6580, PVL 4822/64) 677 

and Ingentia prima (PVSJ 1086) both contain a highly vascularized fibrolamellar complex in 678 

the inner most cortices, becoming a WPC in the mid- and outer cortices5,11. Despite the 679 

Lessemsaurus specimens containing four to five LAGs and the Ingentia individual eight 680 

LAGs, none of the individuals were fully grown (i.e. an EFS is absent). The zones between 681 

the LAGs are wide and growth marks are present throughout the cortex in both taxa5. The 682 

osteohistology from a giant South African lessemsaurid, Ledumahadi mafube (BP/1/7120) 683 

shows that the mid-cortex comprises WPC and the outer cortex transitions into parallel-684 

fibered bone with an EFS14. The growth marks are present in at least the outer third of the 685 

cortex. However, the individual represents an almost fully grown adult and the inner cortex is 686 

completely remodeled14. Thus, we cannot confirm the presence of growth marks throughout 687 

the entire cortex as is seen in Lessemsaurus and Ingentia. Additionally, comparing this 688 

individual with the other lessemsaurids is difficult because Lessemsaurus and Ingentia 689 
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represent relatively ontogenetically young individuals (with Lessemsaurus PVL 6580 690 

possibly representing a juvenile, see5).  691 

Cerda et al.11 also examined the basal eusauropods, Patagosaurus and Volkheimeria. 692 

The Patagosaurus specimen, PVL 4075, did QRW cRQWaiQ aQ EFS aQd e[hibiWed ³UegXOaUO\ 693 

VSaced aQQXOi´ ZiWh QR cOeaU UedXcWiRQ iQ gURZWh PaUN VSaciQg WRZaUdV Whe RXWeU cRUWe[, 694 

although from the images the annuli are relatively closely spaced towards the outer cortex. 695 

This suggests a late subadult stage for this specimen. Growth marks are present only in the 696 

outer cortex. Woven bone is more prominent compared to the more basal sauropodomorphs.  697 

The specimen representing Volkheimeria is relatively small, growth marks are rare (an 698 

exact number is not given, but at least two are shown in the images) and restricted to the 699 

outer cortex and the bone lacks an EFS. The specimen used, PVL 4077, may represent a 700 

relatively young individual as shown by the presence of highly vascularized woven bone at 701 

the subperiosteal surface, showing that the individual was still actively growing at the time of 702 

death. Thus, it is possible that growth marks appeared during mid-ontogeny, but this cannot 703 

be confirmed until further material is examined.  704 

Sander et al.4 described the osteohistology of Isanosaurus from Thailand. Originally 705 

considered to be the oldest sauropod, its age is now uncertain and may be anything from Late 706 

Triassic to Late Jurassic in age49. The bone tissues of the specimen studied consist of the 707 

highly vascularized woven-parallel complex, which Sander et al.4 described as laminar 708 

fibrolamellar bone tissue. Growth marks and polish lines are absent suggesting uninterrupted 709 

growth until late ontogeny similar to Neosauropoda. However, this characteristic coupled 710 

with the lack of Haversian remodeling in the cortex indicates that a relatively young status for 711 

this specimen cannot be ruled out4 and thus, its life history remains uncertain. 712 

 713 

 714 
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Detailed Osteohistological Descriptions 

Sefapanosaurus zatronensis 

Humerus 

Humerus BP/1/7434 is large (circumference 146.81 mm) with what would probably have 

been an open medullary cavity if not for the large number of broken trabeculae distributed 

throughout this area (Figure S1A). As these bony trabeculae are mostly broken and floating 

free of the rest of the bone, it is likely that they formed the peri-medullary region and did not 

naturally fill the medullary cavity during life. The peri-medullary area contains extensive 

secondary remodeling with resorption cavities and secondary osteons extending to half way 

through the cortex. However, although secondary osteons are denser within the innermost 

cortex, they do not overlap to the extent of forming dense Haversian bone. The compact 

cortex consists of a highly vascularized woven-parallel complex or WPC (combination of 

woven and parallel-fibered bone sensuS1,S2 with numerous primary osteons (14.77 % 

vascularization) in a laminar to plexiform arrangement (Figure S1B) with some areas forming 

a fibrolamellar complex where woven bone dominates. There does not appear to be any 

decrease in vascularization towards the subperiosteal surface. These characteristics indicate 

that the bone was growing rapidly. However, the bone tissues are interrupted by four growth 

marks. Growth marks in the form of annuli or Lines of Arrested Growth indicate temporary 

decreases (annuli) or cessations (LAGs) in bone growthS3. In humerus BP/1/7434, the growth 

marks are in the form of annuli of parallel-fibered bone and are usually associated with 

LAGs, indicating that growth did not just decrease, but ceased during the unfavorable 

growing period. There is no External Fundamental System (also known as Outer 

Circumferential Lamellae) in the form of numerous closely spaced LAGs or an avascular 

slowly growing region at the subperiosteal surface, indicating that the animal was still 



growing at the time of death. However, there is a slight decrease in the spacing between the 

LAGs (Table S1) indicating that the animal was most likely a subadult. 

 

Radii 

There are two radii. BP/1/7436 (estimated circumference 84.89 mm) is smaller than 

BP/1/7435 (circumference 113.73 mm) and preserves fewer growth marks, suggesting that it 

is ontogenetically younger than BP/1/7435 (Figure S1C, SD). The smaller radius is slightly 

crushed, causing numerous small broken trabeculae to be distributed throughout the 

medullary cavity (Figure S1C). However, as in the humerus, it is probable that the medullary 

cavity was mostly open during life and that these trabeculae originate from the peri-

medullary area. Resorption cavities and large secondary osteons are common in the inner 

cortex and extend to the mid-cortex, but dense Haversian bone is absent. Growth marks 

consist of annuli of parallel-fibered bone associated with five LAGs. There is no marked 

decrease in the LAG spacing nor vascularization towards the periphery, suggesting that this 

iQdiYidXal ZaV aQ eaUl\ VXbadXlW aW Whe WiPe Rf deaWh. ShaUSe\¶V fibeUV e[WeQd iQWR Whe Pid-

cortex in several places. The bone clearly exhibits rapidly forming bone tissues in the form of 

a woven-parallel complex with areas of the inner and mid-cortex being dominated by woven 

bone such that it can be classified as a fibrolamellar complex. The vascular canal 

arrangement varies from plexiform to longitudinally-oriented primary osteons (10.47% 

vascularization).  

 BP/1/7435 is also slightly crushed, but to a lesser extent than BP/1/7436 (Figure 

S1D). The medullary cavity and peri-medullary area are similar to BP/1/7436. BP/1/7435 

exhibits a typical WPC with a predominantly laminar vascular arrangement (Figure S1E, SF). 

There are areas that contain a large amount of woven bone (Figure S1G) suggesting the 

presence of the rapidly forming fibrolamellar complex (12.67% vascularization). There 



appears to be an increase in parallel-fibered bone in the outer cortex. Eleven LAGs can be 

seen traversing the cortex, some of which are closely spaced, but there are always several 

layers of vascular canals between them suggesting that the closely spaced LAGs do not 

represent double LAGs (i.e. they do not represent a single season). There is no EFS in this 

bone, nor is there a general decrease in zone width towards the subperiosteal surface, 

indicating that this individual was still growing when it died. 

 

Ulna 

Ulna BP/1/7437 (Figure S1H) is very nicely preserved with a large, clear medullary cavity. 

The peri-medullary region contains numerous large resorption cavities and secondary 

osteons. The secondary osteons are dense enough to touch one another, but rarely overlap 

(forming two generations in a few places). The primary cortex appears midway through the 

bone and consists of a highly vascularized (11.79% vascularization) WPC with 

predominately laminar vascular canals, but with longitudinally-oriented primary osteons as 

well (Figure S1I). Five LAGs are visible. The spacing between LAGs decreases only slightly 

toward the outer cortex. There is no EFS and no clear decreased vascularization at the 

subperiosteal surface indicating that the individual was still actively growing at the time of 

death. 

 

Femur 

Femur BP/1/7444 (Figure S2A) represents the largest bone in the Sefapanosaurus sample 

(circumference 264.02 mm). Due to the large size of the midshaft, the bone had to be cut into 

four pieces to fit on four separate slides. It was possible to fit the pieces back into two, but a 

small section from the middle is missing due to saw destruction. However, the amount of 

bone missing is only a couple of microns thick and does not limit the description of the 



osteohistology. The majority of the medullary cavity is open, but there are numerous broken 

bony trabeculae floating in the outermost parts of the cavity (Figure S2A). There has been 

some inner crushing and separation of parts of the compact cortex, but bone tissues are 

clearly discernable. The bone tissues comprise a highly vascularized WPC (Figure S2B, SC) 

with predominantly a mixture of laminar and plexiform vascular canals (18.47 % 

vascularization). It is difficult to accurately count the preserved growth marks as the bone 

appears to have cracked along many of the LAGs, but at least ten regularly spaced LAGs are 

preserved. There is no evidence of an EFS nor a decrease in vascularization at the 

subperiosteal surface, showing that the individual was still actively growing at the time of 

death. There appears to be less woven bone than the humerus, radii or ulna suggesting a 

slightly slower growth rate, however the 18.47% vascular density, which is the highest 

amongst all the Sefapanosaurus specimens sampled, suggests that it was still growing rapidly 

and was in an early subadult stage despite its large size. The bone tissues may appear to have 

more parallel-fibered bone because there is more laminar bone in this individual where the 

woven bone becomes sandwiched between the primary osteons as discussed at length by 

Stein and Prondvai4 in sauropod dinosaurs. 

 

Tibia 

Tibia BP/1/7445 is a large bone (177.59 mm circumference) with a thick cortex (Figure 

S2D). The medullary cavity is clear and medium to large resorption cavities have eroded the 

perimedullary area. Secondary osteons are abundant in the inner cortex and scatter into the 

mid-cortex. The bone tissue comprises a highly vascularized (9.15% vascularization) woven-

parallel complex (Figure S2E), with a fibrolamellar complex being present in the inner and 

mid-cortex (Figure S2F). There is a slight increase in the amount of parallel-fibered bone in 

the outermost cortex. However, the bone remains highly vascularized right up to the 



subperiosteal surface and varies between laminar and longitudinally-oriented primary 

osteons. Fourteen growth marks in the form of annuli and LAGs interrupt the bone tissues, 

with several LAGs forming double LAGs (where there is no vascularization between the 

lines). Several LAGs are very closely spaced suggesting that they may have been deposited in 

a single growing season, but vascular canals separate them, thus the possibility that they 

represent separate seasons cannot be ruled out. There is no EFS. 

 

Fibula 

Fibula BP/1/7446 is an asymmetrical bone (Figure S2G) with the cortex being thicker on the 

medial side. Numerous large cracks are present throughout the bone. The medullary cavity is 

large and almost completed filled with tiny broken loose bony trabeculae. It is difficult to 

know whether the medullary cavity would have been partially infilled naturally during life. 

The inner cortex is similar to the other elements with there being numerous secondary 

osteons, but not to the extent of forming dense Haversian bone. A woven-parallel complex 

(Figure S2H) is present throughout the cortex with there being more woven bone in the inner 

cortex. Vascular arrangements vary between plexiform, laminar and in a few places, 

longitudinally-oriented primary osteons. Eight growth marks in the form of annuli and LAGs 

interrupt the cortex at fairly regular intervals. There is no EFS and vascularization (5.1% 

YaVcXlaUi]aWiRQ) UePaiQV cRQVWaQW WhURXghRXW Whe cRUWe[. ShaUSe\¶V fibeUV e[WeQd aV faU aV Whe 

mid-cortex in places.  

 

Aardonyx celestae 

 

Yates et al.S5 sectioned a rib and scapula fragment in order to age the specimen in their study. 

They gave a brief description of a highly vascularized woven-parallel complex interrupted by 



growth marks, but this is not enough information to obtain a detailed account of the growth 

patterns of this taxon. Hence, further elements have been examined. 

 

Radii 

The thick compact cortex of radius BP/1/5379 (circumference 109.61 mm) surrounds an 

open, clear medullary cavity (Figure S3A). There are no loose, broken trabeculae in the 

medullary cavity. A few large resorption cavities extend from the peri-medullary area into the 

mid-cortex in a few places, but are generally restricted to the inner cortex. Secondary osteons 

are common in the inner cortex, but generally are not abundant enough to touch. They 

become scattered and sparse in the mid-cortex. The bone comprises a highly vascularized 

(7.09 % vascularization) network of laminar and longitudinally-oriented primary osteons in a 

woven-parallel complex, with extensive amounts of woven bone in the inner cortex forming a 

FLC. Growth marks are present, but are very faint, appearing sometimes as bright lines that 

can only be seen in cross-polarized light or polarized light with a lambda compensator. Five 

growth marks in the form of annuli, LAGs or bright lines were observed. The fourth and fifth 

growth marks are very close together and may represent a single season. The outer growth 

marks are also closer together compared to the inner ones suggesting an overall decrease in 

growth. Although the two outermost LAGs are closely spaced, they do not represent an EFS 

as there is clear bone deposition after these growth marks. Thus, it is likely that BP/1/5379 

represents a sub-adXlW. ShaUSe\¶V fibeUV e[WeQd iQWR Whe RXWeU cRUWe[ iQ a feZ SlaceV, 

particularly along the medial side of the bone. 

Radius BP/1/6321 is similar to radius BP/1/5379a in that the medullary cavity is open 

(Figure S3B), there are large resorption cavities in the peri-medullary region, becoming 

smaller as they extend into the innermost cortex and secondary osteons are common in the 

inner cortex, only rarely being dense enough to touch one another and they become more 



sparsely distributed in the mid-cortex. The two bones are also similar in their bone tissue 

types, both exhibiting a well-vascularized woven-parallel complex with a mixture of laminar 

vascular canals and longitudinally-oriented primary osteons (Figure S3C, SD). There are 

patches of FLC in the inner cortex of radius BP/1/6321 where woven bone dominates. 

However, the bones differ in the number and distribution of growth marks. Lenticular 

osteocyte lacunae are also more common in BP/1/6321 compared to BP/1/5379a, which 

contains predominantly globular osteocyte lacunae. BP/1/6321 is slightly smaller in 

circumference (93.93 mm) than BP/1/5379a, but it exhibits 10 LAGs (the outer two probably 

representing a double LAG). The LAGs are fairly evenly distributed throughout the cortex. 

Although the LAGs are relatively closely spaced, there is no EFS at the subperiosteal surface. 

There is a small patch of radiating vascular canals between the second last and last LAG, 

Zhich iV likel\ SaWhRlRgical, SRVVibl\ UelaWiQg WR aQ iQjXU\. ShaUSe\¶V fibeUV e[WeQd a VPall 

distance into the cortex in places, similar to radius BP/1/5379a. 

 

Ulna 

Ulna BP/1/5379b contains what would probably have been an open medullary cavity during 

life (Figure S3E). However, pieces of the peri-medullary region have broken off and are 

preserved inside the cavity. The peri-medullary area contains numerous resorption cavities 

and secondary osteons. The secondary osteons appear more abundant than those seen in 

radius BP/1/5379a, with many of them connecting in the inner cortex. The secondary osteons 

extend into the mid-cortex. The bone tissue comprises a woven-parallel complex with woven 

bone being more prominent forming a fibrolamellar complex. Osteocyte lacunae vary from 

being globular in the woven bone areas to being flattened in the lamellae surrounding the 

vascular canals or along growth marks. In some areas, thick regions of woven bone separate 

the primary osteons. The tissues are moderately vascularized (5.28% vascularization) with a 



predominance of laminar and plexiform vascular canals around most of the bone. However, 

the arrangement changes to longitudinally-oriented primary osteons in some places and there 

is an area of radially oriented canals as well. Nine growth marks (notably more than in radius 

BP/1/5379a) in the form of LAGs interrupt the cortex at regular intervals. The eighth and 

ninth LAGs are very closely spaced, but do not represent an EFS as the bone was still 

gURZiQg aW Whe WiPe Rf deaWh. ShaUSe\¶V fibeUV e[WeQd iQWR Whe Pid-cortex on the antero-lateral 

side of the bone. 

  

Fibula 

Fibula BP/1/6316 has an asymmetrically distributed cortex with it being thinner on the lateral 

side (Figure S3F). Broken trabecular fragments are preserved in the medullary cavity 

bunched up to the thinner cortical area, otherwise the medullary cavity is clear. Resorption 

cavities are fairly extensive in the inner cortex on the thicker side of the bone. Secondary 

osteons are common in the inner cortex, but do not form dense Haversian bone. A few can be 

seen scattered in the mid-cortex. The woven-parallel complex becomes FLC in the inner and 

parts of the mid-cortex. The vascular canals vary between laminar and longitudinally-oriented 

primary osteons (Figure S3G, SH). There is an increase in parallel-fibered bone towards the 

subperiosteal surface. Twelve LAGs were counted traversing the cortex. The last two LAGs 

form a double LAG. There are also two zones that are wider than the others giving the growth 

mark distribution a more irregular appearance compared to the other Aardonyx elements. 

TheUe iV QR EFS. ShRUW ShaUSe\¶V fibeUV e[WeQd iQWR Whe RXWeU cRUWe[ iQ a feZ SlaceV, 

particularly along the antero-medial and posterior sides of the bone. 

 

Ontogenetic Reconsiderations 



When comparing the growth patterns of taxa within a given clade, it is important to 

consider the ontogenetic stage of each specimen examined. The Aardonyx and 

Sefapanosaurus data were compared with the osteohistology of other sauropodomorph 

dinosaurs including the basal Saturnalia6 and Plateosaurus trossingensis (previously P. 

engelhardti)S7,S8, as well as the massopods Riojasaurus, Coloradisaurus, Massospondylus, 

Ngwevu, Leyesaurus, Adeopapposaurus, the sauropodiformes Mussaurus and Leonerasaurus, 

the lessemsaurids Lessemsaurus, Ingentia, and Ledumahadi, as well as the eusauropods 

Volkheimeria, PatagosaurusS9,S10,S11 and IsanosaurusS12. Although a recent study of the 

South African lessemsaurid Antetonitrus ingenipes indicated possible variation in growth 

strategiesS13, almost all of the material, which were humeri, femora and tibiae, were based on 

a portion of a bonebed labelled NMQR 1705. Although the holotype of Antetonitrus 

(BP/1/4952) was also examined, no images were shown and a description of the bone tissue 

was limited to a woven-parallel complex (previously fibrolamellar bone) interrupted by 

annuliS13, similar to other closely related taxa. The NMQR 1705 elements belong to the well-

known Maphutseng dinosaur bonebed from the lower Elliot Formation of Lesotho. Recently 

de Fabrègues and AllainS14 identified a new species of sauropodomorph from this bonebed, 

namely Kholumolumo ellenbergerorum, indicating the presence of at least two taxa in this 

quarry. Given that Antetonitrus is currently only known from the upper Elliot Formation and 

that only one unique feature pertaining to the NMQR 1705 Antetonitrus limb bones could be 

identified in the humerus that was thin sectioned (the femur and tibia having no 

autapomorphies), it is possible that the NMQR 1705 material contains more than one species 

and thus, the growth patterns of NMQR 1705 may represent multiple taxa.  

The ontogeny of each specimen examined in the studies listed above is described in 

detail below, as it has implications for the interpretation of the osteohistology and thus, life 

history comparisons. 



The basal sauropodomorph Saturnalia was first studied byS6 who reported the 

presence of fibrolamellar bone (i.e. a woven-parallel complex) in a femur. Two growth marks 

traversed the cortex, but there was no indication of a decrease in growth towards the 

subperiosteal surface and an EFS was absent. Cerda et al.S10 reassessed Saturnalia and the 

basal sauropodomorph Plateosaurus trossingensis based on more recent personal 

observations made by Martin Sander, who indicated the predominance of parallel-fibered 

bone over woven bone in both taxa. Given the presence of two growth marks, but absence of 

overall decrease in growth rate (e.g. decreased vascularization, narrower zones, EFS etc.), it 

is likely that the Saturnalia specimen was a late juvenile to early subadult at the time of 

death. The Plateosaurus samples represent subadult and late subadult individualsS8 and when 

the inner cortex is examined, a highly vascularized woven-parallel complex is present with a 

clear abundance of woven bone (Nicole Klein, pers. comm. 2021). 

The Riojasaurus PVL 3526 specimen examined byS10 contains several closely spaced 

LAGs at the subperiosteal surface suggesting an older ontogenetic stage (identified in Cerda 

et al.S10 as an EFS, although there is a region of vascularized tissue that was deposited after 

these growth marks, thus growth may not have ceased). Riojasaurus PVL 3669, which is 

ontogenetically younger, contains a mixture of woven and parallel-fibered boneS10. Cerda et 

al.S10 state that parallel-fibered bone dominates throughout the entire cortex, but it is difficult 

to confirm this as the osteocyte lacunae appear rarely preserved and can only be seen in 

images showing the outer cortex of the older PVL 3526 specimen. A comparison with this 

taxon may have to wait until better preserved material is examined.  

The massopod Leyesaurus specimen in the Cerda et al.S10 study contains at least 13 

growth marks and represents a relatively old individual, with parallel-fibered bone 

dominating towards the outer cortex as one would expect in an individual that was nearing 

adult size. Cerda et al.S10 also mention the dominance of parallel-fibered bone over woven 



bone (i.e. a woven-parallel complex) in the rest of the cortex. However, the authors also note 

that the bone tissue features in Leyesaurus are identical to those of Massospondylus, but the 

latter taxon shows abundant woven bone at earlier ontogenetic stages (Figure S4). It is likely 

that the two taxa are similar because they are both adults thus, show similar bone tissues 

because of ontogenetic stage. Younger individuals of Massospondylus show the presence of 

more woven bone, but the Leyesaurus specimen is too remodeled in the inner cortex to assess 

the primary bone tissues of earlier stages.   

Cerda et al.S10 noted an increase in parallel-fibered bone in the outer cortex of their 

Adeopapposaurus specimen, which is considered to be 77% of the holotype PVS610. 

However, the holotype is not considered to be the largest known specimen (D. Pol pers. 

comm. 2022). This makes femur PVSJ569 a subadult, possibly even a young subadult. There 

appear to be fewer secondary osteons in the inner cortex obscuring the primary bone tissue 

and the authors note a predominance of parallel-fibered bone throughout the cortex.  

Massospondylus is portrayed in Cerda et al.S10 as having predominantly parallel-

fibered bone. However, as the authors note, the specimen used (BP/1/4934) is one of the 

ontogenetically oldest Massospondylus specimens known (see15) and although an EFS is 

absent, there is a clear decrease in growth rate in the form of decreased spacing between 

successive growth marks near the subperiosteal surface. The outer cortex consists 

predominantly of parallel-fibered bone, but when the inner and mid-cortex are examined 

there is an abundance of woven bone, similar to what has been found in younger 

Massospondylus specimens (e.g. BP/1/4860, 5241, 5108, 4934 ranging from 67% maximum 

known size to 100% maximum known size, see15 and Figure S4). The dominant bone tissue is 

WPC with more woven bone in the inner and mid-cortex of some specimens, and parallel-

fibered bone dominating in the mid- and outer cortex of other specimens. The woven bone 



does not appear to be as abundant as that shown for the lessemsaurids Lessemsaurus and 

IngentiaS9.  

Ngwevu intloko is a recently erected, closely related taxon to Massospondylus 

carinatus from the Early Jurassic of South AfricaS11. The osteohistology of the humerus and 

femur were examined and a mixture of woven and parallel-fibered bone was present 

indicating the presence of WPC, but with substantial amounts of parallel-fibered bone 

particularly towards the outer cortex (S11 and Figure S4). This observation along with the 

presence of at least 10 growth marks in the femur and decreased zone width towards the 

subperiosteal surface suggested that the individual was a late subadult (no EFS was 

observed). However, the prevalence of more parallel-fibered bone throughout the cortex 

suggests that the very rapidly forming fibrolamellar complex seen in Lessemsaurus and 

Ingentia was absent (except for perhaps very early in ontogeny).  

The bone tissues of the Coloradisaurus specimen are badly preserved and Cerda et 

al.S10 noted it was difficult to accurately identify the bone tissues. They did, however, note 

the presence of both woven and parallel-fibered bone, but it is difficult to assess from the 

images which bone matrix is more prominent. The presence of several growth marks 

traversing the cortex and absence of decreased vascularization towards the subperiosteal 

surface suggest a subadult stage for this specimen. 

The ontogenetic status of Leonerasaurus is difficult to assess as the outer cortex of the 

specimen used in Cerda et al.S10 is absent. However, the authors mention that they considered 

the individual to be nearly fully grown and the bone tissues were a mix of woven and 

parallel-fibered bone, indicating the presence of WPC, with parallel-fibered bone dominating 

throughout the cortex that was preserved.  

Mussaurus was examined byS10,S16 and more recently byS17. Mussaurus contains WPC 

that falls under the fibrolamellar complex during very early ontogeny. The individuals 



examined by Cerda et al.S10 appear to be late subadults, with MPM-PV 1815 containing more 

closely spaced growth marks in the outer cortex than specimen MLP 61-III-20-22. However, 

the more recent study by Pol et al.S17 shows a transition from the fibrolamellar complex to a 

woven-parallel complex, with increasing amounts of parallel-fibered bone in the second to 

largest individual. The presence of large amounts of woven bone in the largest individual 

studied (MLP 61-111-20-22), however, as well as the variable incidence of growth marksS10 

indicated that more research was required to fully understand the life history of this taxon. 

Thus, a very recent study by Cerda et al.S18 examined the humeri, femora and fibulae from 13 

Mussaurus individuals of different sizes. Growth rates and the incidence of growth marks are 

variable amongst the specimens such that there is little correlation between ontogeny and 

body size. Some individuals exhibit WPC through to mid-ontogeny, others exhibit a 

predominance of parallel-fibered bone. The authors provided several reasons for this 

variability including sexual dimorphism, developmental plasticity and incorrect taxon 

identification, with the most likely being developmental plasticityS18. Mussaurus is slightly 

more basal than Aardonyx and Sefapanosaurus. It is possible that Mussaurus had begun to 

develop inconsistent high growth rates, but this rapid growth had yet to become fixed in this 

Wa[RQ¶V life hiVWRU\. 

The Argentinian lessemsaurids Lessemsaurus sauropoides (PVL 6580, PVL 4822/64) 

and Ingentia prima (PVSJ 1086) both contain a highly vascularized fibrolamellar complex in 

the inner most cortices, becoming a WPC in the mid- and outer corticesS9,S10. Despite the 

Lessemsaurus specimens containing four to five LAGs and the Ingentia individual eight 

LAGs, none of the individuals were fully grown (i.e. an EFS is absent). The zones between 

the LAGs are wide and growth marks are present throughout the cortex in both taxaS9. The 

osteohistology from a giant South African lessemsaurid, Ledumahadi mafube (BP/1/7120) 

shows that the mid-cortex comprises WPC and the outer cortex transitions into parallel-



fibered bone with an EFSS19. The growth marks are present in at least the outer third of the 

cortex. However, the individual represents an almost fully grown adult and the inner cortex is 

completely remodeledS19. Thus, we cannot confirm the presence of growth marks throughout 

the entire cortex as is seen in Lessemsaurus and Ingentia. Additionally, comparing this 

individual with the other lessemsaurids is difficult because Lessemsaurus and Ingentia 

represent relatively ontogenetically young individuals (with Lessemsaurus PVL 6580 

possibly representing a juvenile, seeS9).  

Cerda et al.S10 also examined the basal eusauropods, Patagosaurus and Volkheimeria. 

The Patagosaurus specimen, PVL 4075, did QRW cRQWaiQ aQ EFS aQd e[hibiWed ³UegXlaUl\ 

VSaced aQQXli´ ZiWh QR cleaU UedXcWiRQ iQ gURZWh PaUk VSaciQg WRZaUdV Whe RXWeU cRUWe[, 

although from the images the annuli are relatively closely spaced towards the outer cortex. 

This suggests a late subadult stage for this specimen. Growth marks are present only in the 

outer cortex. Woven bone is more prominent compared to the more basal sauropodomorphs.  

The specimen representing Volkheimeria is relatively small, growth marks are rare (an 

exact number is not given, but at least two are shown in the images) and restricted to the 

outer cortex and the bone lacks an EFS. The specimen used, PVL 4077, may represent a 

relatively young individual as shown by the presence of highly vascularized woven bone at 

the subperiosteal surface, showing that the individual was still actively growing at the time of 

death. Thus, it is possible that growth marks appeared during mid-ontogeny, but this cannot 

be confirmed until further material is examined.  

Sander et al.S12 described the osteohistology of Isanosaurus from Thailand. Originally 

considered to be the oldest sauropod, its age is now uncertain and may be anything from Late 

Triassic to Late Jurassic in ageS6. The bone tissues of the specimen studied consist of the 

highly vascularized woven-parallel complex, which Sander et al.S12 described as laminar 

fibrolamellar bone tissue. Growth marks and polish lines are absent suggesting uninterrupted 



growth until late ontogeny similar to Neosauropoda. However, this characteristic coupled 

with the lack of Haversian remodeling in the cortex indicates that a relatively young status for 

this specimen cannot be ruled outS12 and thus, its life history remains uncertain. 

 

Supplemental References 

S1. Buffrénil, V. de, Ricqlès, A.J. de, Zylberberg, L., Padian, K. (Eds). 2021. Skeletal 

histology and paleohistology, CRC Press, New York. 

 

S2. Prondvai, E., Stein, K.H., Ricqlès, A. de., Cubo, J. 2014. Development-based revision of 

bone tissue classification: the importance of semantics for science. Biological Journal of the 

Linnean Society, 112, 799±816. 

 

S3. Hutton, J.M. 1986. Age determination of living Nile crocodiles from the cortical 

stratification of bone. Copeia 332±341. 

 

S4. Stein, K. and Prondvai, E. 2014. Rethinking the nature of fibrolamellar bone: an 

integrative biological revision of sauropod plexiform bone formation. Biological Reviews of 

the Cambridge Philosophical Society 89, 24±47. https://doi.org/10.1111/brv/12041 

 

S5. Yates, A.M., Bonnan, M.F., Neveling, J., Chinsamy, A., Blackbeard, M.G. 2010. A new 

transitional sauropodomorph dinosaur from the Early Jurassic of South Africa and the 

evolution of sauropod feeding and quadrupedalism. Proceedings of the Royal Society B 277, 

787±794. https://doi.org/10.1098/rspb.2009.1440 

 

https://doi.org/10.1111/brv/12041
https://doi.org/10.1098/rspb.2009.1440


S6. Stein, K.H.W. 2010. Long bone histology of basalmost and derived Sauropodomorpha: 

the convergence of fibrolamellar bone and the evolution of gigantism and nanism. PhD 

dissertation, University of Bonn, Germany, 213pp. 

 

S7. Sander, P.M. and Klein, N. 2005. Developmental plasticity in the life history of a 

prosauropod dinosaur. Science 310, 1800±1802. 

 

S8. Klein, N. and Sander, P.M. 2007. Bone histology and growth of the prosauropod dinosaur 

Plateosaurus engelhardti von Meyer, 1837 from the Norian bonebeds of Trossingen 

(Germany) and Frick (Switzerland). Special Papers in Palaeontology 77, 169±206. 

 

S9. Apaldetii, C., Martínez, R.N., Cerda, I.A., Pol, D., Alcober, O. 2018. An early trend 

towards gigantism in Triassic sauropodomorph dinosaurs. Nature Ecology and Evolution 

2(8), 1227±1232. https://doi.org/10.1038/s41559-018-0599-y 

 

S10. Cerda, I.A., Chinsamy, A., Pol, D., Apaldetti, C., Otero, A., Powell, J.E., Martínez, R.N. 

2017. Novel insight into the origin of the growth dynamics of sauropod dinosaurs. PLoS 

ONE 12(6), e0179707. https://doi.org/10.1371/journal.pone.017907 

 

S11. Chapelle, K.E.J., Barrett, P.M., Botha, J., Choiniere J.N. 2019. Ngwevu intloko: a new 

early sauropodomorph dinosaur from the Lower Jurassic Elliot Formation of South Africa 

and comments on cranial ontogeny in Massospondylus carinatus. PeerJ. 

https://doi.org/10.7717/peerj.7240 

https://doi.org/10.1038/s41559-018-0599-y
https://doi.org/10.1371/journal.pone.017907
https://doi.org/10.7717/peerj.7240


S12. Sander, P.M., Klein, N., Buffetaut, E., Cuny, G., Suteethorn, V., Le Loeuff, J. 2004. 

Adaptive radiation in sauropod dinosaurs: Bone histology indicates rapid evolution of giant 

body size through acceleration. Organisms Diversity and Evolution 4, 165±173. 

 

S13. Krupandan, E., Chinsamy-Turan, A., Pol, D. 2018. The long bone histology of the 

sauropodomorph, Antetonitrus ingenipes. The Anatomical Record 301, 1506±1518. 

 

S14. Fabrègues de, C.P., Allain, R. 2020. Kholumolumo ellenbergerorum, gen. et sp. nov., a 

new early sauropodomorph from the lower Elliot Formation (Upper Triassic) of Maphutseng, 

Lesotho. Journal of Vertebrate Paleontology 39(6), e1732996. 

https://doi.org/10.1080/02724634.2019.1732996 

 

S15. Chapelle, K.E.J., Botha, J., Choiniere, J.N. 2021. Extreme growth plasticity in the early 

branching sauropodomorph Massospondylus carinatus. Biology Letters 17, 20200843. 

https://doi.org/10.1098/rsbl.2020.0843. 

 

S16. Cerda, I.A., Pol, D., Chinsamy, A. 2014. Osteohistological insight into the early stages 

of growth in Mussaurus patagonicus (Dinosauria, Sauropodomorpha). Historical Biology 

26(1), 110±121. http://dx.doi.org/10.1080/08912963.2012.763119 

 

S17. Pol, D., Mancuso, A.C., Smith, R.M.H., Marsicano, C.A., Ramezani, J., Cerda, I.A., 

Otero, A., Fernandez, V. 2021. Earliest evidence of herd-living and age segregation amongst 

dinosaurs. Scientific Reports 11, 20023. https://doi.org/10.1038/s41598-021-99176-1 

https://doi.org/10.1080/02724634.2019.1732996
https://doi.org/10.1098/rsbl.2020.0843
http://dx.doi.org/10.1080/08912963.2012.763119
https://doi.org/10.1038/s41598-021-99176-1


S18. Cerda, I. A., Pol, D., Otero, A., Chinsamy, A. 2022. Palaeobiology of the early 

sauropodomorph Mussaurus patagonicus inferred from its long bone histology. 

Palaeontology e12614. 

 

S19. McPhee, B., Benson, R, Botha-Brink, J., Bordy, E., Choiniere, J. 2018. A giant dinosaur 

from the earliest Jurassic of South Africa and the transition to quadrupedality in early 

sauropodomorphs. Current Biology 28, 3143±3153. 

https://doi.org/10.1016/j.cub.2018.07.063 

 

S20. Langer, M. C., Ramezani, J., Da Rosa, A. A. S. 2018. U-Pb age constraints on dinosaur 

rise from south Brazil. Gondwana Research 57, 133±140. 

 

S21. Lallensack, J. N., Teschner, E. M., Pabst, B., Sander, P. M. 2021. New skulls of the 

basal sauropodomorph Plateosaurus trossingensis from Frick, Switzerland: Is there more 

than one species? Acta Palaeontologica Polonica 66(1), 1±28.  

 

S22. Martínez, R. N., Apaldetti, C., Correa, G., Colombi, C. E., Fernández, E., Santi Malnis, 

P., Praderio, A., Abelín, D., Benegas, L. G., Aguilar-Cameo, A., Alcober, O. A. 2015. A New 

Late Triassic Vertebrate Assemblage from Northwestern Argentina. Ameghiniana 52(4), 

379±390. 

 

S23. Apaldetti, C., Martinez, R. N., Alcober, O. A., Pol, D. 2011. A New Basal 

Sauropodomorph (Dinosauria: Saurischia) from Quebrada del Barro Formation (Marayes-El 

Carrizal Basin), Northwestern Argentina. PLoS ONE 6(11), e26964. 

https://doi.org/10.1016/j.cub.2018.07.063


 

S24. Martínez, R. N. 2009. Adeopapposaurus mognai, gen. et sp. nov. (Dinosauria: 

Sauropodomorpha), with comments on adaptations of basal Sauropodomorpha. Journal of 

Vertebrate Paleontology 29(1), 142±164. 

 

S25. Bordy, E. M., Abrahams, M., Sharman, G. R., Viglietti, P. A., Benson, R. B. J., 

McPhee, B. W., Barrett, P. M., Sciscio, L., Condon, D., Mundil, R., Rademan, Z., Jinnah, Z., 

Clark, J. M., Suarez, C. A., Chapelle, K. E. J., Choiniere, J. N. 2020. A chronostratigraphic 

framework for the upper Stormberg Group: Implications for the Triassic-Jurassic boundary in 

southern Africa. Earth-Science Reviews 103120. 

 

S26. Apaldetti, C., Martinez, R. N., Pol, D., Souter, T. 2014. Redescription of the skull of 

Coloradisaurus brevis (Dinosauria, Sauropodomorpha) from the Late Triassic Los Colorados 

Formation of the Ischigualasto-Villa Union Basin, northwestern Argentina. Journal of 

Vertebrate Paleontology 34(5), 1113±1132. 

 

S27. Kent, D. V., Santi Malnis, P., Colombi, C. E., Martínez, R. N. 2014. Age constraints on 

the dispersal of dinosaurs in the Late Triassic from magnetochronology of the Los Colorados 

Formation (Argentina). Proceedings of the National Academy of Sciences 111(22), 7958±

7963. 

 



S28. Pol, D., Garrido, A., Cerda, I. A. 2011. A new sauropodomorph dinosaur from the Early 

Jurassic of Patagonia and the origin and evolution of the sauropod-type sacrum. PLoS ONE 

6(1), e14572. 

 

S29. Cúneo R., Ramezani, J., Scasso, R., Pol, D., Escapa, I., Zavattieri, A. M., Bowring, S. A. 

2013. High-precision U±Pb geochronology and a new chronostratigraphy for the Cañadón 

Asfalto Basin, Chubut, central Patagonia: Implications for terrestrial faunal and floral 

evolution in Jurassic. Gondwana Research 24, 1267±1275. 

 

S30. Racey, A., Goodall, J. G. S. 2009. Palynology and stratigraphy of the Mesozoic Khorat 

Group red bed sequences from Thailand. In: Buffetaut, E. Curry, G. le Loeuff, J., Suteethorn, 

V. (Eds.), Late Palaeozoic and Mesozoic ecosystems in SE Asia. Geological Society, 

London, Special Publications, 69±83. 

 

S31. BeQVRQ, B.J., HXQW, G., CaUUaQR, M.T., CaPSiRQe, N. 2018. CRSe¶V RXle aQd Whe 

adaptive landscape of dinosaur body size evolution. Palaeontology 61(1), 13±48. 

 

S32. Apaldetti, C., Pol, D., Ezcurra, M.D., Martínez, R.N. 2021. Sauropodomorph evolution 

across the Triassic-Jurassic boundary: body size, locomotion, and their influence on 

morphological disparity. Scientific Reports 11, 22534. 

 

 



S33. Campione, N.E., Evans, D.C., Brown, C.M., Carrano, M.T. 2014. Body mass estimation 

in non-avian bipeds using a theoretical conversion to quadruped stylopodial proportions. 

Methods in Ecology and Evolution, 5(9), 913±923. 



Supplemental Figures 

 

SXSSlemenWal DaWa



 

Supplementary Figure 1. Osteohistology of Sefapanosaurus elements. A, overall transverse 

section of humerus BP/1/7434. B, high magnification of the fibrolamellar complex in the 

humerus. C, overall transverse section of radius BP/1/7436. D, overall transverse section of 

radius BP/1/7435. E, BP/1/7435 showing a plexiform vascular arrangement. F, BP/1/7435 

showing numerous growth marks in the woven-parallel complex. G, BP/1/7435 showing a 

high magnification of a fibrolamellar complex. H, ulna BP/1/7437 showing the overall 

transverse section. I, high magnification of BP/1/7437 showing a rapidly forming woven-

parallel complex interrupted by growth marks. Arrowheads indicate growth marks. Scale bars 

A 1000 µm, C, D 5000 µm, B, G 100 µm, E, F, I 500 µm, H 1000 µm. Abbreviations: A, 

anterior; L, lateral; MC, medullary cavity; FLC fibrolamellar complex; PFB, parallel-fibered 

bone; WB, woven bone. Related to STAR Methods. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 



Supplementary Figure 2. Osteohistology of Sefapanosaurus elements. A, femur BP/1/7444 

showing the overall transverse section. B, BP/1/7444 showing a highly vascularized woven-

parallel complex interrupted by growth marks. C, high magnification of BP/1/7444 showing a 

mixture of woven and parallel-fibered bone to form the woven-parallel complex and a 

laminar vascular network. D, tibia BP/1/7445 showing the overall transverse section. E, 

BP/1/7445 high magnification showing a woven parallel complex interrupted by growth 

marks. F, high magnification of BP/1/7445 showing a highly vascularized fibrolamellar 

complex. G, fibula BP/1/7446 showing the overall transverse section. H, high magnification 

of BP/1/7446 showing highly vascularized primary tissues dominated by woven bone. 

Arrowheads indicate growth marks. Scale bars A, G 1000 µm, D 5000 µm, B, E 500 µm, C, 

F, H 100 µm. Abbreviations: A, anterior; L, lateral; MC, medullary cavity; PFB, parallel-

fibered bone; WB, woven bone. Related to STAR Methods. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 



Supplementary Figure 3. Osteohistology of the Aardonyx elements. A, Radius BP/1/5379a 

showing the overall transverse section. B, radius BP/1/6321 showing the overall transverse 

section. C, BP/1/6321 showing a woven-parallel complex interrupted by numerous growth 

marks. D, BP/1/6321 high magnification showing the proportions of woven and parallel-

fibered bone. E, ulna BP/1/5379b showing the overall transverse section. F, fibula BP/1/6316 

showing the overall transverse section. G, BP/1/6316 woven-parallel complex showing sub-

laminar and longitudinally-oriented primary osteons. The woven-parallel complex is 

interrupted by growth marks. H, high magnification of BP/1/6316 showing the dominance of 

woven bone. Arrowheads indicate growth marks. Scale bars A, B, E, F 5000 µm, C, G 500 

µm, D, H 100 µm. Abbreviations: A, anterior; L, lateral; MC, medullary cavity; PFB, 

parallel-fibered bone; WB, woven bone. Related to STAR Methods. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 



Supplementary Figure 4. High magnification images of the mid-cortical osteohistology of 

Massospondylus (A–F), Ngwevu (G–I), Sefapanosaurus (J–P) and Aardonyx (Q–T) showing 

regions of woven-fibered bone. A, tibia BP/1/4376b; B, femur BP/1/5253; C, tibia 

BP/1/5108b; D, humerus BP/1/4751a; E,F, femur BP/1/4934; G, H, femur BP/1/4779b; I, 

humerus BP/1/4779a; J, humerus BP/1/7434; K, radius BP/1/7436; L, radius BP/1/7435; M, 

ulna BP/1/7437; N, femur BP/1/7444; O, tibia BP/1/7445; P, fibula BP/1/7446; Q, radius 

BP/1/5379; R, ulna BP/1/5379; S, radius BP/1/6321; T, fibula BP/1/6316. A, B, represent 

juvenile specimens of Massospondylus, whereas E, F (outer cortex), represent the adult 

Massospondylus BP/1/4934 shown in1. Large portions of woven bone are present during the 

early ontogenetic stages, which are replaced by parallel-fibered bone in the ontogenetically 

older individuals. G–I, Ngwevu contains a mixture of woven and parallel-fibered bone. J–T 

show examples of woven bone in Sefapanosaurus and Aardonyx. Scale bars A–I, R 100 µm, 

J–T 50 µm. Abbreviations: PFB, parallel-fibered bone; WB, woven bone; WPC, woven-

parallel complex. Related to STAR Methods. 
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