
HAL Id: hal-03799200
https://hal.science/hal-03799200

Submitted on 5 Oct 2022

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Hypersalinity drives convergent bone mass increases in
Miocene marine mammals from the Paratethys

Leonard Dewaele, Pavel Gol’din, Felix Marx, Olivier Lambert, Michel Laurin,
Theodor Obadă, Vivian de Buffrénil

To cite this version:
Leonard Dewaele, Pavel Gol’din, Felix Marx, Olivier Lambert, Michel Laurin, et al.. Hypersalinity
drives convergent bone mass increases in Miocene marine mammals from the Paratethys. Current
Biology - CB, 2022, 32 (1), pp.248-255.e2. �10.1016/j.cub.2021.10.065�. �hal-03799200�

https://hal.science/hal-03799200
https://hal.archives-ouvertes.fr


1 
 

Hypersalinity drives convergent bone mass increases in Miocene marine mammals 1 

 2 

Authors: Leonard Dewaele
1,2,*

, Pavel Gol’din
3,4

, Felix G. Marx
5,6

, Olivier Lambert
2
, Michel 3 

Laurin
7
, Theodor Obadă

8
, and Vivian de Buffrénil

7
 4 

 5 

1
EDDy Lab, Department of Geology, Liège University, Quartier Agora, 14 Allée du six Août, 6 

Liège 4000, Belgium. 7 

2
Directorate Earth and History of Life, Royal Belgian Institute of Natural Sciences, 29 Rue 8 

Vautier, Brussels 1000, Belgium. 9 

3
Schmalhausen Institute of Zoology, National Academy of Sciences of Ukraine, vul. Bogdana 10 

Khmelnytskogo 15, Kyiv 01030, Ukraine 11 

4
Ukrainian Scientific Centre of Ecology of the Sea, Frantsuzsky Blvrd. 89, Odessa 65009, 12 

Ukraine. 13 

5
Museum of New Zealand Te Papa Tongarewa, 169 Tory Street, Wellington 6011, New 14 

Zealand. 15 

6
Department of Geology, University of Otago, 360 Leith Walk, Dunedin 9054, New Zealand. 16 

7
UMR 7207 (CNRS ⁄ MNHN ⁄ UPMC, Sorbonne Universités), «Centre de Recherches de 17 

Paléontologie – Paris», Muséum National d’Histoire Naturelle, Paris 75005, France. 18 

8
Institute of Zoology, Academy of Sciences of Moldova, str. Academiei, 1 MD-2028, 19 

Chișinău, Moldova. 20 

 21 

*Corresponding author and lead contact 22 



2 
 

Author contact: LD: ldewaele@uliege.be; PG: pavelgoldin412@gmail.com; FGM: 23 

felix.marx@tepapa.govt.nz; OL: olambert@naturalsciences.be; ML: michel.laurin@mnhn.fr;  24 

TO: theodorobada@gmail.com; VB: vivian.de-buffrenil@mnhn.fr. 25 

 26 

mailto:ldewaele@uliege.be
mailto:pavelgoldin412@gmail.com
mailto:felix.marx@tepapa.govt.nz
mailto:olambert@naturalsciences.be
mailto:michel.laurin@mnhn.fr
mailto:theodorobada@gmail.com
mailto:vivian.de-buffrenil@mnhn.fr


3 
 

SUMMARY 27 

 28 

Pachyosteosclerosis – dense, bulky bones – often characterizes the early evolution of 29 

secondarily aquatic tetrapods like whales and dolphins [1-3], but then usually fades away as 30 

swimming efficiency increases [4]. Here, we document a remarkable reversal of this pattern, 31 

namely, the convergent re-emergence of bone densification in Miocene seals, dolphins and 32 

whales from the epicontinental Paratethys Sea of Eastern Europe and Central Asia. This 33 

phenomenon was driven by imbalanced remodeling and inhibited resorption of primary 34 

trabeculae, and coincided with hypersaline conditions the Badenian Salinity Crisis that 35 

affected the Central Paratethys between 13.8 and 13.4 Ma [5]. Dense bones acting as ballast 36 

would have facilitated efficient swimming in the denser and more buoyant water, and hence 37 

were likely adaptive in this setting. From the Central Paratethys, pachyosteosclerosis 38 

subsequently spread eastward, where it became a defining feature of the endemic late 39 

Miocene whale assemblage [6,7]. 40 

 41 

Keywords: Cetacea, Phocidae, Paratethys, Miocene, Osteohistology, Microanatomy, 42 

Hypersalinity, Paleoceanography 43 
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RESULTS 45 

Relative bone dimensions and compactness in seven true seals (phocids), two baleen whales 46 

(mysticetes), and two toothed whales (odontocetes) from the Miocene of the Paratethys 47 

(Figures 1, S1; Table S1) show that osteosclerosis was pervasive, while pachyostosis 48 

characterized the cetaceans only. 49 

Pachyostosis 50 

Pronounced pachyostosis, i.e. thickening of the bones, occurs in both the putative platanistid 51 

dolphin Pachyacanthus from the Central Paratethys and the two cetotheriine mysticetes from 52 

the Eastern Paratethys (Figure 2A-E). By contrast, the limb bones of Paratethyan true seals 53 

(Figure 2F, G) resemble, or are more gracile than, those of their living cousins, as judged by 54 

their overall ‘Bulkiness Index’ [10] (Tables S2, S3). The lack of pachyostosis in seals is not 55 

due to crushing, as none of the specimens we examined showed notable volumes of 56 

cancellous bone. In addition, bulkiness does not appear to be correlated with individual size; it 57 

may hence be diagnostic of particular species. Owing to a lack of data, we cannot rule out 58 

gender as a biasing variable. 59 

 60 

Microanatomy 61 

We prepared thin sections to quantify the relative area (in %) occupied by bone tissue (global 62 

compactness, Cg), as well as the relative width of the transition zone between the medulla and 63 

the cortex (S); the distance of this transition zone from the center of the sections (P); and the 64 

minimum (Min) and maximum (Max) values of bone compactness [11]. 65 

In general, the limb bones of Paratethyan seals are highly compact (Cg = 97–100%), with no 66 

medullary cavity or extensive cancellous core (Figures 2H-N, S2, Table S4). They typically 67 
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show low values of S, and small differences between Min and Max. Transverse and sagittal 68 

sections reveal extreme osteosclerosis affecting the entire bone (Figures 2, S2; Table S4), 69 

including regions (i.e. metaphyses and epiphyses) normally occupied by relatively loose 70 

cancellous formations [12]. Other phocids, including extant species, have a broad and well-71 

differentiated medullary cavity and compactness indices <70% (Table S4). 72 

Like their pinniped contemporaries, Paratethyan cetaceans possess highly compact, 73 

amedullary bones (Figure 2B-E). The latter are notably more osteosclerotic than those of both 74 

extant whales and dolphins and, surprisingly, Eocene stem cetaceans like Rodhocetus and 75 

Dorudon (Table S4). Even in the least compact specimens (Cg = 99.4–99.8%), inner bone 76 

porosity is limited to small, scattered cavities less than 500 µm in diameter. 77 

 78 

Osteohistology 79 

The medullary region in all of our Paratethyan seals consists of an extremely remodeled, 80 

compacted spongiosa (Figure 3A, B). Under polarized light, the local bone structure is 81 

complex and irregular, with remnants of endosteal trabeculae, thick endosteal layers of 82 

lamellar tissue filling former intertrabecular spaces, and variably oriented secondary osteons. 83 

There are no traces of calcified cartilage matrix. Haversian remodeling remains local and 84 

broad areas of primary periosteal tissue, consisting of a woven-parallel complex with 85 

longitudinal, oblique, circular or radial primary osteons, persist in the cortex (Figure 3C-F). 86 

Laminar organization is the most frequent and best characterized, especially in deep cortices 87 

(Figure 3C, F), but a single section may display a combination of several vascular patterns 88 

(e.g., Figure 3C, D, F), including (generally longitudinal) secondary osteons. 89 

In Sarmatonectes, Praepusa and Pachyphoca, the laminar tissue in the deep cortex is abruptly 90 

replaced by thick layers with a mostly radial vascular pattern (Figure 3C, D, F). Towards the 91 



6 
 

periphery, primary osteons become sparser and oriented longitudinally before ultimately 92 

disappearing in the outermost layers. Where preserved, the latter often consist of parallel-93 

fibered or lamellar tissues, which suggests the end of local skeletal growth (Figure 3B, E, H). 94 

However, the periphery of the Pachyphoca humerus (Figure 3F) consists of reticular tissue, 95 

which shows that the individual was still actively growing shortly before it died.  96 

Most specimens display sharp (Figure 3C, D) or diffuse (Figure 3E-G) annuli made of 97 

parallel-fibered tissue, along with lines of arrested growth (Figure 3 H). Sharpey’s fibres, 98 

generally located within the annuli, are also common. The growth in diameter of both the 99 

humeri and the femora was strongly asymmetrical, with active accretion occurring on the 100 

lateral face of the shaft, while the medial face either grew slowly or was under resorption. 101 

Among our sample of cetaceans, all species share a similar structure of the cortex, but the 102 

delphinidan humerus differs from the ribs of the cetotheriines and Pachyacanthus in the 103 

characteristics of the medullary region. 104 

In the ribs, the medulla is extremely remodeled and completely filled with thick endosteal 105 

lamellar tissue (Figure 4A). Secondary osteons are mostly longitudinal, and spread to the 106 

detriment of the endosteal deposits and neighboring strata of the cortex (Figure 4B). The 107 

primary cortex consists of a plexiform woven-parallel complex that may locally turn into the 108 

laminar type (Figure 4C, D). Longitudinal primary osteons often occur alongside circular 109 

ones. In the outer cortex, periosteal deposits tend to turn into parallel-fibered tissue 110 

vascularized by few simple, longitudinal canals. Secondary osteons are scarce at this level. 111 

Lines of arrested growth (LAGs) and wide, strongly birefringent annuli occur throughout the 112 

cortex (Figure 4C, F). 113 

The peripheral cortex of the indeterminate cetotheriine rib displays three to four strata 114 

separated by annuli and LAGs (Figure 4C), with the lowest stratum consisting of laminar 115 
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tissue, the central one of woven-parallel bone containing mostly longitudinal osteons and a 116 

reversal line (Figure 4E), and the outer one of plexiform bone. This situation suggests 117 

differences in sub-periosteal apposition rate during the three growth cycles [13,14]. By 118 

contrast, the medial side of the rib displays only longitudinal primary and secondary osteons 119 

(Figure 4B). 120 

In Pachyacanthus and the cetotheriine Brandtocetus (Figure 4F), tightening of the LAGs in 121 

the outermost cortex gives rise to an external fundamental system (EFS). In Brandtocetus, the 122 

outermost layer is a thick formation of parallel-fibered tissue with sharp LAGs that is 123 

separated from the subjacent woven-parallel tissue by a reversal line (Figure 4F). Both here 124 

and in the second, indeterminate cetotheriine, this line could reflect either superficial 125 

remodeling related to bone growth [15], or an episode of skeletal resorption related to 126 

weaning or starvation. 127 

Unlike in the ribs, the medulla of the delphinidan humerus is partly occluded by remnants of 128 

calcified cartilage matrix taking the form of amorphous, vitreous tissue covered with thick 129 

deposits of endosteal lamellar bone (Figure 4G). Globuli ossei – roundish excrescences 130 

protruding from the endosteal deposits into the cartilage matrix, from which they are 131 

separated by a sharp, crenellated line – occur throughout the medullary region (Figure 4G 132 

insert). 133 

Globuli ossei normally occur just below the growth plates, at a level where the conjunctivo-134 

vascular invasion front resorbs the calcified cartilage [16]. During growth, their fate is to be 135 

resorbed, remodeled, and ultimately replaced by secondary trabeculae made of endosteal 136 

lamellar tissue. Their persistence in the delphinidan humerus means that the normal trajectory 137 

of endochondral ossification was shortened: the resorption of the calcified cartilage matrix 138 

stopped at an early stage and was locally replaced by protracted endosteal deposition, which 139 
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led to the quasi-complete occlusion of the erosion bays initially excavated in the cartilage. 140 

Subsequent Haversian re-modeling was weak, but present. 141 

The cortex of the humerus (Figure 4H, insert) is made of a woven-parallel complex in which 142 

primary osteons display different orientations depending on the sectional level: in the middle 143 

of the shaft, canals are predominantly longitudinal and, to a lesser extent, reticular; towards 144 

the distal epiphysis, vascular orientation becomes oblique or radial. 145 

 146 

DISCUSSION AND CONCLUSIONS 147 

Prevalence and development of pachyosteosclerosis 148 

Paratethyan baleen whales, dolphins and seals show marked osteosclerosis in the form of 149 

compact bones lacking a medullary cavity. Outside the Paratethys, similar patterns only occur 150 

in some stem cetaceans (e.g., Basilosaurus, Cg ≤ 95.2% [3]) and the – likely benthic – 151 

phocids Nanophoca vitulinoides (Cg = 99.4%) and Phocanella pumila (Cg = 99.7%) from the 152 

late middle Miocene to early Pliocene of the North Sea (Table S4) [10, 17]. However, in these 153 

environments, many contemporaneous relatives have no pachyosteosclerotic long bones, 154 

suggesting against an environmental impact on the development of pachyosteosclerosis in 155 

Basilosaurus, Nanophoca and Phocanella. Comparisons with Nanophoca show that 156 

osteosclerosis can affect almost the entire postcranial skeleton [10], and thus was plausibly 157 

more pronounced in Paratethyan seals than revealed by our limited dataset. 158 

Strongly swollen bones occur throughout the skeleton of both Pachyacanthus and cetotheriine 159 

baleen whales [18,19] (Figure 2). The extent of pachyostosis in these species is remarkable, 160 

with similar levels having only been reported from ‘limbed snakes’ like Pachyophis 161 

woodwardioi from the Cenomanian of Europe and North Africa [20]. 162 
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The development of osteosclerosis in Paratethyan marine mammals was driven by two 163 

distinct mechanisms: imbalanced remodeling and inhibited resorption of primary trabeculae. 164 

During imbalanced remodeling, the amount of secondarily deposited bone surpasses the 165 

quantity of resorbed primary tissue. This process is widespread among aquatic amniotes [21-166 

23] and evident in all of our seals, Pachyacanthus and the two cetotheriines, as well as 167 

Nanophoca from the Neogene of the North Sea Basin [10]. 168 

Inhibited resorption of primary trabeculae combined with an increase in intertrabecular 169 

deposits occurs in the delphinidan humerus, as well as sirenians [24], basilosaurid stem 170 

cetaceans [2], and several aquatic reptiles [25-27]. The two mechanisms are not mutually 171 

exclusive. As shown by the delphinidan humerus, typical Haversian remodeling can 172 

contribute to a compaction process initiated through inhibited resorption. 173 

 174 

Evolutionary drivers 175 

Pachyosteosclerosis in stem cetaceans likely assisted with passive buoyancy control and trim 176 

regulation [28-30], but this hydrostatic solution was ultimately supplanted by more 177 

sophisticated hydrodynamic structures and behaviors [28, 30-32] including, among others, a 178 

global decrease in skeletal mass and volume [33]. The presence of (pachy)osteosclerosis in 179 

Paratethyan marine mammals is thus both convergent, given its widespread taxonomic 180 

distribution and disparate underlying developmental mechanisms, and seemingly a reversal 181 

towards an ancient adaptation. 182 

Osteosclerosis is absent in extant marine mammals, except in juvenile bowhead whales 183 

(Balaena mysticetus). Ribs in this species are initially amedullary and highly compact, but 184 

then assume a more normal tubular architecture as calcium and phosphates are remobilized 185 

for the preferential growth of the massive head [34]. Similar growth patterns are common 186 
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among mammals, but cannot explain our Paratethyan fossils for several reasons. First, 187 

osteosclerosis in their case clearly persists into adulthood [18,20,35]. Secondly, none of our 188 

specimens show significant porosity that could indicate episodes of sustained bone resorption. 189 

Finally, the sheer degree of osteosclerosis would likely have demanded attendant behavioral 190 

adaptations (e.g., with regards to buoyancy, swimming speed and maneuverability), and as 191 

such was likely not just a transitory feature. 192 

Besides mineral recycling, dense bones may also serve as ballast to counteract the effects of 193 

hypersalinity, which increases sea water density and thus, buoyancy [36]. Indeed, 194 

(pachy)osteosclerosis only became prominent in the Central Paratethys after falling sea levels 195 

around 13.8 Ma turned most of its basins hypersaline (Figure S1) [5,37]. This ‘Badenian 196 

Salinity Crisis’ (BSC) ceased with the opening of a strong connection with the brackish 197 

Eastern Paratethys (Figures 1, S1)[9,37], and was followed by an eastward dispersal of 198 

whales, dolphins and seals around 12.65 Ma (Figure 1)[7]. 199 

Given its largely coeval, convergent and geographically restricted emergence among three 200 

marine mammal clades, (pachy)osteosclerosis could plausibly have evolved as a regional 201 

adaptation to hypersalinity before spreading east across the entire Paratethys. Why 202 

pachyosteosclerosis persisted in the normal salinity or even brackish conditions that followed 203 

the BSC remains unclear, but could perhaps be explained by dense bones acting as an 204 

exaptation for benthic foraging, as has been proposed for cetotheriids in particular [38].  205 

The Paratethys was an inland sea whose hydrological, chemical and physical characteristics 206 

were profoundly affected by even minor tectonic and climatic changes [8,9,37]. Future sea 207 

level rises may form shallow seas or connect currently isolated water masses. Similar to the 208 

Miocene Paratethys, minor geographic changes will have a profound impact on these 209 

environments and may create ecological niches for marine mammals not unlike those of the 210 

ancient Paratethys. 211 
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 346 

MAIN-TEXT FIGURE LEGENDS 347 

Figure 1. Paleogeographic, paleoceanographic and temporal overview. (A) Simplified 348 

paleogeographic map of the Central and Eastern Paratethys during the middle Serravallian, 349 

(ca. 13 Ma), with specimen localities indicated (see Figure S1 and Table S1 for details). Map 350 

adapted from Palcu et al. (2015)[8]. (B) Simplified paleogeographic and paleoceanographic 351 

map of the Paratethys during the early Serravallian Badenian Salinity Crisis (BSC) (ca. 13.8-352 

13.4 Ma), showing the endorheic conditions that created the hypersaline conditions in the 353 

Central Paratethys. Arrows indicate flow direction. Map adapted from Palcu et al. (2017)[9] 354 

(see Figure S1 for more details). (C) Temporal ranges of the specimens for the different taxa 355 

in this study, showing that all specimens post-date the BSC. After the BSC, these clades 356 

dispersed throughout the Central and Eastern Paratethys: specimens are geologically younger 357 

towards the East (A, C). The independent development of pachyosteosclerosis in seals, 358 

toothed whales and baleen whales (inferred from the fact that their closest known relatives, 359 

not shown here, lack pachyosteosclerosis) originated in hypersaline conditions in the Central 360 

Paratethys, during the BSC. 361 

 362 

Figure 2. Osteosclerosis affecting the ribs and limb bones of Miocene marine mammals 363 

from the Paratethys. (A) Lumbar vertebra of cf. Platanistidae Pachyacanthus suessii, from 364 

the late Serravallian of the Vienna Basin, Austria, in posterior (left) and left lateral (right) 365 

views, showing the marked swelling of the neural spine and, to a lesser extent, transverse 366 

processes. (B) Rib of the cetotheriine mysticete Brandtocetus chongulek. (C) Rib of the 367 

platanistid dolphin Pachyacanthus suessi. (D) Rib of an indeterminate cetotheriine. (E) cross 368 

sections through the diaphysis (E1) and distal metaphysis (E2) of the humerus of an 369 
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indeterminate delphinidan. (F, G) Location of the reference (“mid diaphyseal”) cross sections 370 

sampled in the limb bones of the Paratethyan seals. The humerus of Monachopsis pontica (F) 371 

and the femur of Praepusa sp. (G), both in frontal and lateral views are taken as examples. 372 

(H) Section in the humerus of Pachyphoca chapskii. (I) Humerus of Monachopsis pontica. (J) 373 

Humerus of Cryptophoca maeotica. (K) Humerus of “Phoca” bessarabica. (L) Femur of 374 

Pontophoca sarmatica. (M) Femur of Praepusa sp. (N) Humerus of Sarmatonectes sintsovi. 375 

Thin sections in ordinary transmitted light. 376 

 377 

Figure 3. Histological features of Miocene seal limb bones from the Paratethys. (A) 378 

Remodeled compacted spongiosa in the medullary region of the humerus of Monachopsis 379 

pontica (polarized light). (B) Dense Haversian remodeling in the deep humeral cortex of M. 380 

pontica (polarized light). (C) Woven-parallel complexes in the primary periosteal cortex of 381 

the humerus of Sarmatonectes sintsovi. The deep cortex is made of laminar to plexiform 382 

tissue, but the primary osteons become longitudinal in more peripheral layers. Asterisks 383 

denote conspicuous birefringent annuli (right, ordinary transmitted light; left, polarized light). 384 

(D) Periosteal cortex of the femur of Praepusa sp. (E) Femoral cortex of Pontophoca 385 

sarmatica. (F) Humeral cortex of Pachyphoca chapskii with diffuse annuli. The features of 386 

the specimens (D-F) resemble those of S. sintsovi. (G) Conspicuous annuli of birefringent 387 

parallel-fibered tissue in the peripheral cortex of Cryptophoca maeotica. (H) Conspicuous 388 

lines of arrested growth on a background of parallel-fibered tissue in the peripheral cortex of 389 

the Monachopsis humerus. 390 

 391 

Figure 4. Histology of Miocene cetacean bones from the Paratethys. (A) Densely 392 

remodeled tissue in the rib of the cetotheriine mysticete Brandtocetus. (B) Woven-parallel 393 
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complex with longitudinal primary osteons and sustained Haversian remodeling in the medial 394 

cortex of an indeterminate cetotheriine rib. (C) Variation of the tissue types in the periosteal 395 

cortex of the cetotheriine rib. (D) Laminar bone tissue in the peripheral cortex of the 396 

platanistid dolphin Pachyacanthus. (E) Characteristic resorption line (asterisk) in the middle 397 

of the cortex of the cetotheriine rib. (F) Annuli and lines of arrested growth in the peripheral 398 

cortex of the Brandtocetus rib. The outer cortex is limited to the depth by a reversion line 399 

(asterisk). (G) Remnants of calcified cartilage matrix (cc) and globuli ossei in the medulla of 400 

the delphinidan humerus. (H) Woven-parallel complex with longitudinal primary osteons in 401 

the deep primary cortex of the delphinidan humerus. There are signs of mild Haversian 402 

remodeling (polarized light). Insert shows a more peripheral region of the cortex with almost 403 

no evidence of Haversian remodeling. The primary bone deposit is of a loose reticular type. 404 

 405 

STAR METHODS 406 

 407 

CONTACT FOR REAGENT AND RESOURCE SHARING 408 

 409 

Further information and requests for resources and reagents should be directed to and will be 410 

fulfilled by the Lead Contact, Leonard Dewaele (ldewaele@uliege.be). 411 

 412 

KEY RESOURCE TABLE 413 

 414 

Reagent or resource Source Identifier 

Deposited data   
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Osteohistological slides This paper Histothèque of the Muséum national 

d’Histoire naturelle (Paris, France) 

Software and algorithms   

Bone Profiler Version 

4.5.8. 

[11] This version of the software is no 

longer available online, but a more 

recent version can be downloaded at: 

http://134.158.74.46/BoneProfileR/ 

Prism Graphpad https://www.graphpad.com/scientific-

software/prism/ 

 415 

METHOD DETAILS 416 

 417 

Taxonomic sample 418 

We studied bone dimensions, compactness and osteohistology in seven true seals (phocids), 419 

two baleen whales (mysticetes), and two toothed whales (odontocetes) from the middle to late 420 

Miocene of the Paratethys (Tables S1–S5). 421 

The evolutionary affinities of the sampled seals remain controversial, but they include one 422 

putative monachine (Pontophoca sarmatica), four possible phocines (Cryptophoca maeotica, 423 

Monachopsis pontica, Praepusa sp., and Sarmatonectes sintsovi), and two species of 424 

uncertain subfamilial affinities (‘Phoca’ bessarabica and Pachyphoca chapskii) [39-41]. Both 425 

of the mysticetes (Brandtocetus chongulek and one indeterminate specimen) represent 426 

cetotheriines, a diverse clade of relatively small baleen whales that appear endemic to the 427 

Paratethys and generally date to the latest Serravallian or early Tortonian [6]. Finally, the 428 

odontocetes (toothed whales) include one undetermined delphinidan and the putative 429 

platanistid Pachyacanthus suessi [18,42]. 430 

http://134.158.74.46/BoneProfileR/
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Samples were taken from well-preserved humeri, femora or partial ribs with no obvious signs 431 

of crushing or epigenisation. For context, we also collected comparative data on a variety of 432 

other extant and extinct marine mammals based on first-hand observations and the literature 433 

(Tables S1–S5). 434 

 435 

Sampling and measurement protocols 436 

We assessed the presence and underlying mechanisms of pachyosteosclerosis in our samples 437 

via a combination of gross anatomy, microanatomy, and histology. 438 

 439 

Gross anatomy 440 

Pachyostosis (i.e. cortical thickening) of the seal long bones was quantified via the ‘bulkiness 441 

index’ (BI) of Dewaele et al. (2018)[10], which considers the maximum proximodistal length 442 

(BL); transverse width at mid-shaft (TW); and anteroposterior width (APW), measured 443 

perpendicular to and at the same level as TW (Figure S3). 444 

 445 

For the humerus: 446 

BI = TW/BL 447 

Whereas for the femur: 448 

BI = [0.5*(TW+APW)]/BL. 449 

 450 

In both cases, high values indicate a relatively thick (i.e. pachyostotic) shaft. 451 
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 452 

Microanatomy 453 

Microanatomical studies were conducted with Bone Profiler Version 4.5.8., which models the 454 

distribution of osseous tissue from the center towards the periphery of a section through a 455 

sigmoid curve with four parameters: S, P, Min, and Max [11]. 456 

S = reciprocal of the slope at the curve inflection point; it is proportional to the relative width 457 

of the transition zone between the medulla and the cortical regions; 458 

P = position of the curve inflection point on the x axis and represents the position of the 459 

transition area between the medulla and the cortical region; 460 

Min and Max = minimum and maximum asymptotes, respectively, representing the minimum 461 

and maximum values of bone compactness in a section, typically in the central medulla and 462 

peripheral cortex, respectively. 463 

 464 

In addition, Bone Profiler calculates global compactness (Cg), which is the area of a section 465 

(in %) occupied by bone tissue. Statistical calculations were made with the software Prism 466 

(GraphPad ed.). Microanatomical and histological terminology follows Francillon-Vieillot et 467 

al. (1990) and Prondvai et al. (2014) [43,44]. 468 

 469 

Osteohistology 470 

Thin sections of all bones were produced following Lamm (2013)[45], and have been 471 

accessioned into the Histothèque of the Muséum national d’Histoire naturelle (Paris, France) 472 

(Table S5). Ground sections were 80–100 µm thick and examined at low (x 10) and medium 473 



23 
 

(x 400) magnification in transmitted ordinary and polarized light. Because of their 474 

incompleteness, we sectioned the cetacean bones orthogonal to their long axis in 2–3 mm 475 

intervals. By contrast, the seal bones were sectioned thrice, at a level approximately two 476 

thirds the length of the bone measured from the proximal epiphysis (or the humeri), or the 477 

distal epiphysis (for the femora). In both cases, the sections aim to coincide with the ‘neutral 478 

plane’, which includes the spot from which ossification of the bone proceeded [12]. 479 

Additional sections were made through the proximal two thirds of the humerus of 480 

Cryptophoca maeotica, Pachyphoca chapskii, and ‘Phoca’ bessarabica (cross sections, 481 

spaced 1 cm apart), and the proximal third of each femur, in a longitudinal plane passing 482 

through the great trochanter and the middle of the condyle (Figure S2). 483 

 484 

Institutional abbreviations 485 

IRSNB, Royal Belgian Institute of Natural Sciences, Brussels, Belgium; MAB, Museum “de 486 

Groene Poort”, Boxtel, Netherlands; NMNHU, National Museum of Natural History, 487 

National Academy of Sciences of Ukraine, Kiev, Ukraine; PIN, Paleontological Institute of 488 

the Academy of Sciences of Russia, Moscow, Russia; USNM, Smithsonian National Museum 489 

of Natural History, Washington, D.C., U.S. 490 

 491 

 492 

 493 

 494 

 495 

 496 
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SUPPLEMENTAL ITEM TITLES 497 

 498 

Figure 1. Paleogeographic, paleoceanographic and temporal overview. (A) Simplified 499 
paleogeographic map of the Central and Eastern Paratethys during the middle Serravallian, 500 
(ca. 13 Ma), with specimen localities indicated (see Figure S1 and Table S1 for details). Map 501 
adapted from Palcu et al. (2015)[8]. (B) Simplified paleogeographic and paleoceanographic 502 
map of the Paratethys during the early Serravallian Badenian Salinity Crisis (BSC) (ca. 13.8-503 
13.4 Ma), showing the endorheic conditions that created the hypersaline conditions in the 504 
Central Paratethys. Arrows indicate flow direction. Map adapted from Palcu et al. (2017)[9] 505 
(see Figure S1 for more details). (C) Temporal ranges of the specimens for the different taxa 506 
in this study, showing that all specimens post-date the BSC. After the BSC, these clades 507 
dispersed throughout the Central and Eastern Paratethys: specimens are geologically younger 508 
towards the East (A, C). The independent development of pachyosteosclerosis in seals, 509 
toothed whales and baleen whales (inferred from the fact that their closest known relatives, 510 
not shown here, lack pachyosteosclerosis) originated in hypersaline conditions in the Central 511 
Paratethys, during the BSC. 512 

 513 
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 514 

Figure 2. Osteosclerosis affecting the ribs and limb bones of Miocene marine mammals 515 
from the Paratethys. (A) Lumbar vertebra of cf. Platanistidae Pachyacanthus suessii, from 516 
the late Serravallian of the Vienna Basin, Austria, in posterior (left) and left lateral (right) 517 
views, showing the marked swelling of the neural spine and, to a lesser extent, transverse 518 
processes. (B) Rib of the cetotheriine mysticete Brandtocetus chongulek. (C) Rib of the 519 
platanistid dolphin Pachyacanthus suessi. (D) Rib of an indeterminate cetotheriine. (E) cross 520 
sections through the diaphysis (E1) and distal metaphysis (E2) of the humerus of an 521 
indeterminate delphinidan. (F, G) Location of the reference (“mid diaphyseal”) cross sections 522 
sampled in the limb bones of the Paratethyan seals. The humerus of Monachopsis pontica (F) 523 
and the femur of Praepusa sp. (G), both in frontal and lateral views are taken as examples. 524 
(H) Section in the humerus of Pachyphoca chapskii. (I) Humerus of Monachopsis pontica. (J) 525 
Humerus of Cryptophoca maeotica. (K) Humerus of “Phoca” bessarabica. (L) Femur of 526 
Pontophoca sarmatica. (M) Femur of Praepusa sp. (N) Humerus of Sarmatonectes sintsovi. 527 
Thin sections in ordinary transmitted light. 528 

 529 
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 530 

Figure 3. Histological features of Miocene seal limb bones from the Paratethys. (A) 531 
Remodeled compacted spongiosa in the medullary region of the humerus of Monachopsis 532 
pontica (polarized light). (B) Dense Haversian remodeling in the deep humeral cortex of M. 533 
pontica (polarized light). (C) Woven-parallel complexes in the primary periosteal cortex of 534 
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the humerus of Sarmatonectes sintsovi. The deep cortex is made of laminar to plexiform 535 
tissue, but the primary osteons become longitudinal in more peripheral layers. Asterisks 536 
denote conspicuous birefringent annuli (right, ordinary transmitted light; left, polarized light). 537 
(D) Periosteal cortex of the femur of Praepusa sp. (E) Femoral cortex of Pontophoca 538 
sarmatica. (F) Humeral cortex of Pachyphoca chapskii with diffuse annuli. The features of 539 
the specimens (D-F) resemble those of S. sintsovi. (G) Conspicuous annuli of birefringent 540 
parallel-fibered tissue in the peripheral cortex of Cryptophoca maeotica. (H) Conspicuous 541 
lines of arrested growth on a background of parallel-fibered tissue in the peripheral cortex of 542 
the Monachopsis humerus. 543 
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 544 

Figure 4. Histology of Miocene cetacean bones from the Paratethys. (A) Densely 545 
remodeled tissue in the rib of the cetotheriine mysticete Brandtocetus. (B) Woven-parallel 546 
complex with longitudinal primary osteons and sustained Haversian remodeling in the medial 547 
cortex of an indeterminate cetotheriine rib. (C) Variation of the tissue types in the periosteal 548 
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cortex of the cetotheriine rib. (D) Laminar bone tissue in the peripheral cortex of the 549 
platanistid dolphin Pachyacanthus. (E) Characteristic resorption line (asterisk) in the middle 550 
of the cortex of the cetotheriine rib. (F) Annuli and lines of arrested growth in the peripheral 551 
cortex of the Brandtocetus rib. The outer cortex is limited to the depth by a reversion line 552 
(asterisk). (G) Remnants of calcified cartilage matrix (cc) and globuli ossei in the medulla of 553 
the delphinidan humerus. (H) Woven-parallel complex with longitudinal primary osteons in 554 
the deep primary cortex of the delphinidan humerus. There are signs of mild Haversian 555 
remodeling (polarized light). Insert shows a more peripheral region of the cortex with almost 556 
no evidence of Haversian remodeling. The primary bone deposit is of a loose reticular type. 557 

 558 

SUPPLEMENTARY FIGURES AND TABLES 559 

 560 

Figure S1. Paleogeography of the Central and Eastern Paratethys during the Neogene. 561 
(A) Extent of the Paratethys during the middle Serravallian, around the Badenian-Sarmatian 562 
boundary (ca. 13 Ma), following the Badenian Salinity Crisis (BSC). Map adapted from Palcu 563 
et al. (2015)[S1]. Specimen localities are indicated (see Table S1 for details). Locality data: 1) 564 
Hulbocica (Chisinau, Moldova); middle to upper Bessarabian (Tortonian, late Miocene [S2]. 565 
2) Khroni Cape north of Osovini, Kerch peninsula (Crimea, Ukraine); uppermost Chersonian 566 
(Tortonian, late Miocene) [S3-5]. 3) South coast of Tobechick Lake, Kerch Peninsula 567 
(Crimea, Ukraine); Chersonian (Tortonian, late Miocene). 4) Nussdorf-Heiligenstadt/ Hernals, 568 
(Vienna, Austria); Sarmatian (Serravallian, late middle Miocene) [S6,7]. 5) Bruckneudorf 569 
(Burgenland, Austria); Sarmatian (Serravallian, late middle Miocene) [S8]. Arrows indicate 570 
sea water flows through important straits, i.e., B, Barlad Strait, C, Carasu Strait, and S, 571 
Slovenian Strait. (B) Paratethys during the early Serravallian BSC (ca. 13.8-13.4 Ma), 572 
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showing the endorheic conditions that led to the hypersaline conditions in the Central 573 
Paratethys. Map adapted from Palcu et al. (2017)[S9]. 574 

 575 

 576 

 577 
Figure S2. Bone compactness in metaphyses and epiphyses. Additional cross sections 578 
made in the metaphyseal and epiphyseal regions of the seal bones. (A) Cross-sections of the 579 
humerus of Pachyphoca chapskii. All sections in this bone, whatever their level show an 580 
extremely high compactness and the absence of any important cavities. (B) Coronal section in 581 
the proximal head of the femur in Sarmatonectes sintsovi. (C) Coronal section in the femur of 582 
Pachyphoca ukrainica. 583 

 584 
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 585 

Figure S3. Measurements of the length and width of the bones for computing BI index. 586 
(A) Measurements on the humerus, left humerus in posterior view; (B1) and (B2) 587 
measurements on the femur, right femur in medial (B1), and posterior (B2) view. 588 

 589 
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Table S1. Taxon list. List presenting all the taxa presented in the present study, showing the provenance of the specimen(s) used in the present 

study for each taxon. For each locality and specimen(s), the associated age and depositional environment is listed too. 

 

Taxon Locality Age 

Cetacea (whales) 

Mysticeti (baleen whales) 

Cetotheriidae 

Brandtocetus sp. Eastern Paratethys: South coast of Tobechik 

Lake, Kerch Peninsula, Crimea, Ukraine 

Chersonian (= late Sarmatian s.l.), early Late Miocene 

(Tortonian) 

Cetotheriinae indet. Eastern Paratethys: South coast of Tobechik 

Lake, Kerch Peninsula, Crimea, Ukraine 

Chersonian (= late Sarmatian s.l.), early Late Miocene 

(Tortonian) 

Odontoceti (toothed whales) 

Cf. Platanistidae 

Pachyacanthus suessii Central Paratethys: Nussdorf-Heiligenstadt, 

Vienna, Austria, and other localities from 

Vienna Basin; Leitha Mountains; Baranya and 

Nógrád counties, Hungary 

Sarmatian s.s., late middle Miocene (late Serravallian) 

Delphinida indet. Central Paratethys: Bruckneudorf, Burgenland, 

Austria 

Sarmatian s.s., late middle Miocene (late Serravallian) 

Pinnipedia 

Phocidae (true seals) 

Cryptophoca maeotica Central Paratethys: Hulbocica, Chisinau, 

Moldova  

Middle to upper Bessarabian (= middle Sarmatian s.l.), 

earliest late Miocene, earliest Tortonian  

Monachopsis pontica Eastern Paratethys: Khroni Cape, north to 

Osoviny, Kerch peninsula, Crimea, Ukraine  

Uppermost Chersonian (= late Sarmatian s.l.), just below the 

Sarmatian-Maeotian boundary. The consensus date for this 

boundary [S3] is between 7.4 and 7.5 Ma but Radionova et 

al. (2012) [S4] dates it as 8.69 Ma. => early late Miocene 

(late Tortonian) 

Pachyphoca chapskii Central Paratethys: Hulbocica, Chisinau, 

Moldova  

Middle to upper Bessarabian (= middle Sarmatian s.l.), 

earliest late Miocene, earliest Tortonian 

“Phoca” bessarabica Central Paratethys: Hulbocica, Chisinau, 

Moldova  

Middle to upper Bessarabian (= middle Sarmatian s.l.), 

earliest late Miocene, earliest Tortonian 
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Pontophoca sarmatica Central Paratethys: Hulbocica, Chisinau, 

Moldova  

Middle to upper Bessarabian (= middle Sarmatian s.l.), 

earliest late Miocene, earliest Tortonian 

Praepusa sp. Central Paratethys: Hulbocica, Chisinau, 

Moldova  

Middle to upper Bessarabian (= middle Sarmatian s.l.), 

earliest late Miocene, earliest Tortonian 

Sarmatonectes sintsovi Central Paratethys: Hulbocica, Chisinau, 

Moldova  

Middle to upper Bessarabian (= middle Sarmatian s.l.), 

earliest late Miocene, earliest Tortonian 
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Table S2. Morphometric data of phocid humeri. Measurements of the humeri of different extant and extinct Phocidae, used to quantify the 

presence or absence of pachyostosis at the level of the humerus. A high ratio (orange, red) points towards a higher thicker diaphysis and, hence, 

possibly pachyostosis compared to closely-related taxa. A lower ratio (green), the absence of pachyostosis. Note that, although a high ratio may 

suggest pachyostosis to be present in a given taxon, but does not guarantee it. Taxa of studied in the present study are indicated in bold. When 

subfamily identification has been inadequate in previous studies, it is indicated by a question mark. When subfamily identification is contested, it 

is considered uncertain. Abbreviation: subf., subfamily. 

 

Taxon Specimen number 

Humerus 

Total length (BL) 

(in mm) 

Least transverse width diaphysis 

(TW) (in mm) 

Ratio 

TW/BL 

Extant Phocidae 

Cystophora cristata 

(subf. Phocinae) 
USNM 188962 143,76 30,16 0,210 

USNM 504888 142,01 26,31 0,185 

USNM 504889 142,08 33,09 0,233 

USNM 504890 131,77 29,08 0,221 

USNM 572578 143,86 28,17 0,196 

USNM 572579 164,52 34,24 0,208 

Erignathus barbatus 

(subf. Phocinae) 
USNM 16116 155,24 23,43 0,151 

USNM 500250 153,47 24,24 0,158 

USNM 500251 152,01 25,08 0,165 

Halichoerus grypus 

(subf. Phocinae) 
USNM 197848 142,0 24,2 0,170 

USNM 446405 168,72 27,19 0,161 

USNM 446406 150,96 26,13 0,173 

USNM 504481 167,9 28,11 0,167 

Hydrurga leptonyx 

(subf. Monachinae) 
USNM 275208 172,45 36,57 0,212 

USNM 396931 171,38 38,56 0,225 

USNM 571676 185,93 38,02 0,204 

Leptonychotes weddellii USNM 550118 146,86 28,2 0,192 
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(subf. Monachinae) USNM 550359 162,68 35,56 0,219 

Monachus monachus 

(subf. Monachinae) 
USNM 219059 146,54 24,58 0,168 

Monachus schauinslandi 

(subf. Monachinae) 
USNM 243839 135,85 27,5 0,202 

USNM 334577 123,31 26,15 0,212 

Pagophilus groenlandicus 

(subf. Phocinae) 
USNM 504476 119,32 22,82 0,191 

USNM 572634 109,15 19,07 0,175 

USNM 593976 135,96 22,82 0,168 

Phoca vitulina 

(subf. Phocinae) 
IRSNB 1157C 111 16,8 0,151 

IRSNB 1165S 109,6 16,2 0,148 

IRSNB 7605 110,4 18,0 0,163 

IRSNB 35247 110 15,2 0,138 

IRSNB 36548 122,9 18,8 0,153 

Pusa sibirica 

(subf. Phocinae) 
IRSNB 14210 75,7 10,0 0,132 

IRSNB 15264 79,4 11,8 0,149 

IRSNB 21170 74,7 10,9 0,146 

IRSNB 21171 91,4 12,6 0,138 

USNM 504941 85,5 11,6 0,136 

Extinct Phocidae 

Batavipusa neerlandica 

(subf. Phocinae) 
MAB 3798 64,9 11,8 0,182 

Callophoca obscura 

(subf. Monachinae) 
USNM 186944 150,6 27,8 0,185 

USNM 244047 153,13 27,1 0,177 

USNM 254327 152,1 29,7 0,195 

USNM 305263 146,4 25,3 0,173 

USNM 329031 144,9 26,8 0,185 

USNM 412266 163,87 29,99 0,183 

USNM 412296 138,3 24,1 0,174 



36 
 

USNM 425705 154,43 22,4 0,145 

USNM 467713 147,75 24,8 0,168 

Cryptophoca maeotica 

(subf. Phocinae?) 
Average from [S10] 107,1 14,5 0,135 

Leptophoca proxima 

(subf. Phocinae) 
USNM 5359 124,5 14,9 0,120 

USNM 23450 113,4 13,5 0,119 

USNM 284721 126,2 15,0 0,119 

USNM 412115 131,7 14,4 0,109 

Monachopsis pontica 

(subf. Phocinae?) 
Average from [S11] 80,5 13,6 0,169 

Nanophoca vitulinoides 

(subf. Phocinae) 
IRSNB 1063-M242 78,2 9,5 0,121 

IRSNB M2276c 72,4 9,8 0,135 

Pachyphoca ukrainica 

(subf. uncertain) 
Average from [S12] 87,0 18,3 0,210 

Phocanella pumilla 

(subf. Phocinae?) 
USNM 171151 128,8 15,8 0,123 

USNM 305304 131,9 15,4 0,117 

USNM 329059 127,8 15,8 0,124 

USNM 421544 124,6 16,6 0,133 

USNM 437762 125,1 13,9 0,111 

Praepusa boeska 

(subf. Phocinae?) 
MAB 4686 (holotype) 81,1 11,3 0,139 

Praepusa vindobonensis 

(subf. Phocinae) 
Average from [S10] 86,3 10,6 0,123 

Sarmatonectes sintsovi 

(subf. Phocinae?) 
USNM unspecified plaster cast 90,4 13,9 0,154 
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Table S3. Morphometric data of phocid femora. Measurements of the femora of different extant and extinct Phocidae, used to quantify the 

presence or absence of pachyostosis at the level of the femur. A high ratio (orange, red) points towards a higher thicker diaphysis and, hence, 

possibly pachyostosis compared to closely-related taxa. A lower ratio (green), the absence of pachyostosis. Note that, although a high ratio may 

suggest pachyostosis to be present in a given taxon, but does not guarantee it. Taxa of studied in the present study are indicated in bold. When 

subfamily identification has been inadequate in previous studies, it is indicated by a question mark. When subfamily identification is contested, it 

is considered uncertain. Abbreviation: subf., subfamily. 

 

Taxon Specimen number 

Femur 

Total 

length (BL) 

(in mm) 

Least transverse 

width diaphysis 

(TW) (in mm) 

Anteroposterior 

thickness diaphysis 

(APW) (in mm) 

Ratio 

[0.5*(TW+APW)]/BL 

Extant Phocidae 

Cystophora cristata 

(subf. Phocinae) 
USNM 188962 128,18 39,78 22,92 0,245 

USNM 572579 151,26 43,51 28,25 0,237 

Erignathus barbatus 

(subf. Phocinae) 
USNM 16116 149,14 34,14 20,09 0,182 

USNM 500250 151,37 35,48 20,95 0,186 

USNM 500251 136,65 36,33 19,47 0,204 

Halichoerus grypus 

(subf. Phocinae) 
USNM 197848 120,4 30,7 14,4 0,187 

USNM 446405 144,35 36,03 18,15 0,188 

USNM 446406 128,77 33,23 15,51 0,189 

USNM 504481 139,78 36,18 19,33 0,199 

Hydrurga leptonyx 

(subf. Monachinae) 
USNM 396931 141,4 39,9 26,1 0,233 

USNM 571676 150,8 41,2 24,1 0,216 

Leptonychotes weddellii 

(subf. Monachinae) 
USNM 550118 133,29 38,87 21,6 0,227 

USNM 550359 134,44 38,51 20,17 0,218 

Monachus monachus 

(subf. Monachinae) 
USNM 219059 123,56 33,98 22,94 0,23 

Monachus schauinslandi 

(subf. Monachinae) 
USNM 243839 103,26 30,28 17,43 0,231 

USNM 334577 91,01 28,03 19,77 0,263 



38 
 

Pagophilus groenlandicus 

(subf. Phocinae) 
USNM 504476 112,06 29,69 17,1 0,209 

USNM 572634 97,04 27,38 15,2 0,219 

USNM 593976 115,12 32,76 15,23 0,208 

Phoca vitulina 

(subf. Phocinae) 
IRSNB 1157C 99,4 22,6 13,9 0,184 

IRSNB 7605 106,4 21,8 14 0,168 

IRSNB 35247 98,4 18,7 13,7 0,165 

IRSNB 36548 109,3 21,5 15,2 0,168 

Pusa sibirica 

(subf. Phocinae) 
IRSNB 14210 68,5 14,7 7,0 0,158 

IRSNB 15264 72,4 15,1 8,2 0,161 

IRSNB 21170 67,8 15,6 6,7 0,164 

IRSNB 21171 86,1 17,1 9,9 0,157 

USNM 504941 76,7 16,1 8,2 0,158 

Extinct Phocidae 

Callophoca obscura 

(subf. Monachinae) 
USNM 412294 130,22 40,31 24,32 0,24816 

USNM 412300 131,67 36,27 21,93 0,22101 

USNM 437849 124,26 37,12 22 0,23789 

Cryptophoca maeotica 

(subf. Phocinae?) 
Average from [S10] 106 27,6 12,4 0,189 

Leptophoca proxima 

(subf. Phocinae) 
USNM 263648 107,8 27 15,1 0,195 

USNM 347348 118,9 28,9 17,2 0,194 

USNM 559330 115,8 27,6 17 0,193 

Monachopsis pontica 

(subf. Phocinae?) 
Average from [S10] 68,3 18,1 9,7 0,204 

Nanophoca vitulinoides 

(subf. Phocinae) 
IRSNB1049-M246 73,6 19,8 9,7 0,200 

IRSNB M2271 71,5 20,3 9,5 0,208 

IRSNB M2276d 69,4 19,6 9,1 0,207 

Pachyphoca chapskii 

(subf. uncertain) 
NMNHU-P 64-706 120 33,5 21,5 0,229 
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Pachyphoca ukrainica 

(subf. uncertain) 
Average from [S12] 80,3 24,3 14,3 0,240 

Phocanella pumilla 

(subf. Phocinae?) 
USNM 181649 124,1 29,5 15,9 0,183 

USNM 481569 115 27,4 12,3 0,173 

Pontophoca sarmatica 

(subf. Monachinae?) 
Average from [S11] 82,5 26,0 11,7 0,228 

Praepusa vindobonensis 

(subf. Phocinae) 
Average from [S10] 72,8 18,4 10,4 0,198 

Sarmatonectes sintsovi 

(subf. Phocinae?) 
PIN 1713/1352 89,5 21 13 0,190 

PIN 1713/140 94,5 22,5 13 0,188 
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Table S4. Compactness results. 

Compactness of 2D cross sections of humeri, femora and ribs of extinct phocids and 

cetaceans from the Paratethys, compared with extant and extinct phocids and cetaceans in the 

literature. Compactness in the preset study calculated using Bone Profiler Version 4.5.8 [S13] 

and represented as a percentage of the overall surface area of the cross section. Data in bold 

represent the novel results in the present study. Daggers indicate extinct taxa. 

 

Taxon Source Humerus 

% 

Femur 

% 

Rib 

% 

Phocidae: main sample 

Cryptophoca maeotica
†
 This study ca. 100 - - 

Monachopsis pontica
†
 This study 98.7 - - 

Pachyphoca chapskii
†
 This study 99.9 - - 

“Phoca” bessarabica
†
 This study 99.4 - - 

Pontophoca sarmatica
†
 This study - 99.7 - 

Praepusa
†
 sp. This study - 98.5 - 

Sarmatonectes sintsovi
†
 This study 99.3 - - 

Phocidae: comparative sample 

Callophoca obscura
†
 [S14] - 59.1 - 

Halichoerus grypus [S14] - 63.6 - 

Leptophoca proxima
†
 [S14] - 70.0 - 

Mirunga leonina [S15] 35.0 - - 

Nanophoca vitulinoides
†
 [S14] - 99.4 - 

Phoca vitulina [S14] - 52.0 - 

Phocanella pumila
†
 [S14] - 99.7 - 

Cetacea: main sample 

Brandtocetus chongulek
†
 This study - - ca. 100 

Cetotheriidae
†
 indet. This study - - 99.8 

Delphinida indet. This study 99.4 - - 

Pachyacanthus suessii
†
 This study - - 99.9 

Cetacea: comparative sample 

Basilosaurus
†
 sp.  [S16] - 98.9 84.9 - 

95.2 

Delphinapterus leucas [S17] - - 85.8 

Delphinus delphis (adult) [S18,S19] 20.2 – 48.3 - 74.8 
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Dorudon atrox
†
 [S16] - 98.8 61.3 – 

96.1 

Globicephala melas [S17] - - 41.6 

Inia goeffrensis [S17] - - 36.5 

Lissodelphis borealis [S17] - - 74.3 

Mesoplodon densirostris [S17] - - 26.4 

Monodon monoceros [S18] - - 70.2 

Orcinus orca [S17] - - 87.9 

Phocoena phocoena [S18] - - 65.8 

Qaisracetus
†
 [S16] up to 92.5 - - 

Rodhocetus
†
 [S16] - 87.4 73.9 – 

91.6 
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Table S5. Osteohistological specimen list. Taxa and bones comprised in the main 1 
Paratethyan biological sample for the osteohistological part of the study. First hand 2 
observations and measurements were made on these specimens. Spot numbers refer to the 3 
map of Figures 1A and S1A and its caption. ‘X’ indicates that a thin section has been studied 4 
of a particular bone for a particular taxon. ‘-‘ indicates that it’s not. 5 
 6 

Taxon Bone (use) Spot 

 Humerus Femur Rib  

PINNIPEDIA 

Phocinae (true seals) 

Cryptophoca maeotica X X - 1 

Monachopsis pontica X - - 2 

Pachyphoca chapskii X - - 1 

Pachyphoca ukrainica - X - 1 

“Phoca” bessarabica X - - 1 

Pontophoca sarmatica - X - 1 

Praepusa sp. - X - 1 

Sarmatonectes sintsovi X X - 1 

Sarmatonectes sintsovi - X - 1 

Sarmatonectes sintsovi - X - 1 

CETACEA 

MYSTICETI 

Cetotheriidae 

Brandtocetus chongulek - - X 3 

Cetotheriinae indet. - - X 3 

ODONTOCETI 

Delphinida 

Pachyacanthus suessii - - X 4 

Delphinida sp.  X - - 5 

 7 

 8 

 9 

 10 
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