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Specimens for morphological study

Collection ID

Taxon Family Age Institution
number
Maiacetus inuus Protocetidae Eocene (Lutetian) | 118197 (cast of g
Museum of

GSP-UM 3551)

Paleontology

UMMP 118210

University of

Aegicetus Protocetidae Eoceng (cast of CGM Michigan
gehennae (Priabonian) Museum of
60584)
Paleontology
University of
Dorudon atrox Basilosauridae Eocene UMMP VP Michigan
(Priabonian) 101222 Museum of
Paleontology
. Autonomous
Mysticeti indet. Mysticeti Ollgoc_ene UAB(.:S MNH University of Baja
(Chattian) SiMT e
California Sur
Zoological
Balgena Mysticeti Extant ZMUC 2x Museum of
mysticetus Copenhagen
University
National Museum
of Natural History
of the National
Cetotherium L . Academy of
riabinini Mysticeti Miocene NMNHU-P 668/1 Sciences of
Ukraine,
Department of
Paleontology
Otra_adnoce_tus Mysticeti Miocene GNM CO 1-90 Georgian National
virodovi Museum
Balaenoptera Karazin Kharkiv
acutorostrata Mysticeti Extant KhNU 6547 Na_ltlongl
University
Eschrichtius — n/a (specimen on Museo de la
robustus Mysticeti Extant the display) Ballena
. — n/a (specimen on Museo de la
Balaenoptera edeni Mysticeti Extant the display) Ballena
Zoological
Museum of
Balaenoptera — n/a (specimen on Odessa
musculus Mysticet Extant the display) I.I.Mechnikov
National
University
Mlcrozeu_glodon Odontoceti Ollgoc_ene GNM 48 Georgian National
caucasicum (Rupelian) Museum




Sulacocetus

Oligocene

Georgian National

dagestanicus Odontocetl (Rupelian) GNM 118 Museum
. . Oligocene Georgian National
Kelloggia barbarus Odontoceti (Chattian) GNM 2/26 Museum
Oligodelphis . Oligocene Georgian National
azerbajdzanicus Odontoceti (Chattian) GNM 2727 Museum
Ferecetothe_rlum Odontoceti Ollgoc_ene GNM 2/29 Georgian National
kelloggi (Rupelian) Museum
Autonomous
Kogia sima Odontoceti Extant UABCS MNH University of Baja
00/034 o 7
California Sur
Physeter Karazin Kharkiv
macrocephalus Odontoceti Extant KhNU 7353 Na}tlonql
University
Pachyacanthus . . Georgian National
SUeSSi Odontoceti Miocene n/a Museum
Hvperoodon Mechnikov Odesa
yper Odontoceti Extant ONU 26 National
planifrons . .
University
Zoological
Ziphius cavirostris Odontoceti Extant ZMUC 1x Museum of
Copenhagen
University
National Museum
of Nature and
Kentriodon fuchsii Odontoceti Miocene NMNERM 182 Ethnography,
Republic of
Moldova
i ) Zaporizhzhia
Kentio dontidae Odontoceti Miocene P-135 Regional Museum
indet
of Local Lore
Zoological
Phocoena . Museum of
phocoena Odontoceti Extant ZMUC CN 96 Copenhagen
University
Phocoena sinus Odontoceti Extant 0139 Museo de la
Ballena
Zoological
Monodon . ZMUC MCE Museum of
monoceros Odontoceti Extant 1358 Copenhagen
University
Zoological
Delphinapterus Odontoceti Extant ZMUC CN 4* Museum of
leucas Copenhagen
University
Mechnikov Odesa
Orcinus orca Odontoceti Extant ONU n/a National
University
Zoological
Leucopleurus . - Museum of
ACULUS Odontoceti Extant ZMUC CN 4 Copenhagen
University
Lagenorhynchus Odontoceti Extant ZMUC CN 898 Zoological
albirostris Museum of




Copenhagen
University

Globicephala
melas

Odontoceti

Extant

ZMUC CN 2*

Zoological

Museum of
Copenhagen
University

Orcaella
brevirostris

Odontoceti

Extant

ZMUC 310

Zoological

Museum of
Copenhagen
University
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Museum abbreviations

GNM, Georgian National Museum, Thilisi, Georgia

KhNU, Karazin Kharkiv National University, Kharkiv, Ukraine

MB, Museo de la Ballena, La Paz, Mexico

NMNERM, National Museum of Nature and Ethnography, Chisinau, Republic of Moldova

NMNHU-P, The National Museum of Natural History at the National Academy of Sciences
of Ukraine, Kyiv, Ukraine

ONU, Mechnikov Odesa National University, Odesa, Ukraine

UABCS, Natural History Museum at Autonomous University of Baja California Sur, La Paz,
Mexico

ZMUC, Zoological Museum, University of Copenhagen, Denmark

Landmarks

1: medial margin of tubercles complex; 2: posterior margin of tubercles; 3: anterior margin of
tubercles; 4: posterior margin of the suture between the humeral head and diaphysis; 5: lateral
margin of the suture between the humeral head and diaphysis; 6: anterior margin of the suture
between the humeral head and diaphysis; 7: medial margin of the suture between the humeral

head and diaphysis; 8: intersection between curves L4-L6 and L5-L7; 9: anterior margin of



the diaphysis at the level of L4; 10: posterior margin of the diaphysis at its proximal third of
length (measured from suture between humeral head and diaphysis to suture between
diaphysis and posterior end of the distal epiphysis); 11: anterior margin of the diaphysis at its
proximal third of length; 12: mid-point of the curve L10-L11 on the lateral side; 13: mid-
point of the curve L10-L11 on the medial side; 14: posterior margin of the diaphysis at its
distal third; 15: anterior margin of the diaphysis at its distal third; 16: mid-point of the curve
L14-L15 on the lateral side; 17: mid-point of the curve L14-L15 on the medial side; 18:
posterior margin of the diaphysis at the middle level of the last third of diaphysis length; 19:
anterior margin of the diaphysis at the middle level of the distal third of diaphysis length; 20:
mid-point of the curve L18-L19 on the lateral side; mid-point of the curve L18-L19 on the
medial side; 22: medial anterior margin of the distal epiphysis; 23: lateral anterior margin of
the distal epiphysis; 24: lateral margin of the crest between facets of the distal epiphysis; 25:
medial margin of the crest between facets of the distal epiphysis; 26: lateral posterior margin
of the distal epiphysis; 27: medial posterior margin of the distal epiphysis; 28: mid-point
between L22 and L23; 29: mid-point between L26 and L27; 30: mid-point between L18 and
L29; 31: mid-point of the curve L5-L8; 32: mid-point of the curve L4-L8; 33: a pit between

greater and lesser tubercles; 34: mid-point between L24 and L25.



Table S2. Angles (in degrees) between eigenvectors of the different component analyses.

Significance (p) is the probability that angle between two random vectors is equal or less than

the observed angle between components.

Testl vs Test2

PC1

PC2

PCA vs phyPCA 12.59, p < 0.001 59.80, p < 0.001
PCA vs PaCA 18.40, p < 0.001 20.17, p < 0.001
phyPCA vs PaCA 27.67,p <0.001 66.70, p < 0.001




Table S3. Contributions of the species (%) in principal component analyses.

pcal |pca2 |phy.pcal |phy.pca2 |PaCAl |PaCA2
Aegicetus_gehennae 11.35| 2.98 1.07 4.17 9.57| 10.84
Azu 7.71] 0.08 242 0.14 7.77 1.89
Balaena_mysticetus 0.80| 12.67 14.74 2.37 0.13| 11.01
Balaenoptera_acutorostrata 0.84| 13.36 7.89 0.01 0.14| 13.74
Balaenoptera_edeni 0.43| 7.16 1.15 0.96 0.07 7.70
Balaenoptera_musculus 1.97| 10.70 2.95 14.22 0.83| 12.23
Cetotherium_riabinini 0.01| 9.59 1.85 0.38 0.10 6.71
Delphinapterus_leucas 0.43| 0.45 7.51 0.51 0.74 0.05
Dorudon_atrox 8.01| 043 0.00 0.11 7.54 4,77
Eschrichtius_robustus 0.00f 193 0.65 0.06 0.04 1.36
Ferecetotherium_kelloggi 1.77| 3.01 0.75 6.45 2.28 0.19
Globicephala_melas 3.98| 229 7.78 2.49 4.86 0.00
Hyperoodon_planifrons 0.08| 0.34 0.50 1.25 0.13 0.10
Kelloggia_barbarus 0.15| 0.37 4.57 11.10 0.11 0.35
Kentriodon_fuchsii 0.74| 2.80 1.80 0.16 1.15 0.67
Kentriodontidae_indet 0.01| 181 0.72 0.09 0.01 1.32
Kogia_sima 0.00f 1.30 1.25 0.00 0.03 0.73
Leucopleurus_acutus 10.36| 2.96 9.85 044| 11.24 0.27
Lagenorhynchus_albirostris 8.19| 197 3.03 0.06 8.91 0.22
Maiacetus_inuus 19.42| 1.02 2.61 0.43| 17.87| 11.44
Microzeuglodon_caucasicum 2.69| 0.01 0.10 0.10 2.76 0.94




Monodon_monoceros 0.08| 5.02 1.58 15.72 0.43 2.07
Oligodelphis_azerbajdzanicus 1.38| 0.48 0.00 0.84 1.20 1.59
Orcaella_brevirostris 0.07| 5.08 12.61 0.00 0.39 241
Orcinus_orca 10.51| 2.66 6.70 0.06| 11.85 0.22
Otradnocetus_virodovi 0.03| 270 0.67 2.63 0.01 2.38
Pachyacanthus_suessii 0.06| 1.89 0.16 0.00 0.00 1.70
Phocoena_phocoena 2.89| 3.56 1.78 0.10 3.83 0.36
Phocoena_sinus 1.70| 0.26 0.04 34.99 2.00 0.04
Physeter_macrocephalus 0.13| 0.60 1.28 0.08 0.06 0.21
Sulakocetus_dagestanicus 4.13| 0.07 1.99 0.01 3.91 1.98
Ziphius_cavirostris 0.08| 0.46 0.00 0.10 0.03 0.50




Table S4. Sum of contributions of x, y, and z coordinates of the landmarks (%) in principal
component analyses.

phy.pca |phy.pca
Landmark |Module |pcal [pca2 |1 2 PaCAl |[PaCA2

prox.epi 14.8

1 .| 5.72 7 5.56 6.08 9.85 10.21
prox.epi 13.7

2 .| 5.16 6 3.53 8.90| 10.23 9.49
prox.epi

3 .| 4.00| 2.15 6.50| 15.93 1.63 3.55
prox.epi

4 .| 3.88| 2.80 4.20 2.28 2.15 4.10
prox.epi

5 .| 5.14| 0.78 5.02 0.29 4.46 2.03
prox.epi 12.8

6 | 3.79 9 2.04 0.97 8.79 9.60
prox.epi 14.2

7 .| 0.02 9 0.20 3.07 1.59 14.38
prox.epi

8 .| 1.32] 5.94 0.92 6.73 2.50 4.14

9| diaph.| 2.38| 6.20 4.62 0.94 0.95 6.64

10| diaph.| 2.20| 2.67 3.50 0.68 1.53 3.08

11| diaph.| 0.92] 1.12 2.68 3.14 0.38 0.80

12| diaph.| 1.97| 0.62 1.82 0.43 1.24 1.38

13| diaph.| 3.68| 1.48 3.39 2.50 3.57 2.37

14| diaph.| 1.59| 0.67 2.82 0.02 0.97 1.24

15| diaph.| 0.86| 0.44 1.75 1.72 0.82 0.36

16| diaph.| 0.80| 0.18 0.90 0.18 0.48 0.61




17| diaph.| 2.27| 1.66 1.80 151 2.16 2.08
18| diaph.| 2.74| 0.16 3.22 0.23 2.14 0.85
19| diaph.| 4.76| 0.94 4.57 171 5.17 0.36
20| diaph.| 1.62| 0.00 1.80 0.42 1.25 0.19
21| diaph.| 1.92| 1.90 1.49 1.33 1.73 1.96
22| dist.epi.| 5.51| 0.66 5.02 2.34 4.64 1.98
23| dist.epi.| 4.70| 1.42 4.62 6.03 3.51 221
24| dist.epi.| 1.27| 1.14 0.57 0.27 1.86 0.74
25| dist.epi.| 1.06| 0.34 1.19 0.57 0.86 0.76
26| dist.epi.| 4.21| 0.05 3.29 0.26 4.03 0.21
27| dist.epi.| 3.32| 0.22 3.83 5.54 2.37 0.53
28| dist.epi.| 6.87| 1.27 5.79 3.88 5.38 2.99
29| dist.epi.| 4.60| 0.94 3.35 2.72 3.78 1.68
30| diaph.| 4.09| 0.64 3.34 2.25 3.49 1.46
prox.epi
31 3.37] 1.83 2.84 1.57 3.13 1.92
prox.epi
32 2.01| 4.02 2.13 6.76 1.05 3.84
prox.epi
33 1.15| 0.62 0.70 5.81 0.76 1.55
34| dist.epi.| 1.09| 1.34 0.97 2.92 1.57 0.69




Table S5. Modularity analysis with CR index and phylogenetic correction

Pair of modules
proximal . .
Groups Statistic | epiphysis — pr 0x1mal 'dISta! Total .
distal epiphysis — | epiphysis — | modularity
epiphysis diaphysis diaphysis

CR 1.042 1.027 0.950 1.004

Mysticeti p 0.447 0.474 0.006 0.208

ES -0.07 -0.04 -2.74 -0.83

CR 0.934 1.006 0.960 0.966

Odontoceti p 0.002 0.087 0.001 0.001

ES -2.74 -1.45 -3.52 -3.61

CR 0.811 0.831 1.036 0.892

Paleogene Pelageceti p 0.002 0.001 0.326 0.001

ES -3.49 -3.83 -0.28 -3.74
Mysticeti -

Paleogene 0.029 0.013 0.040 0.062
Significance of Pelageceti
difference in effect Odontoceti -

sizes between groups Paleogene 0.214 0.015 0.020 0.202
(p-value) Pelageceti
Mysticeti -

Odontoceti 0.176 0.505 0.911 0.311




Table S6. Integration analysis with PLS method with phylogenetic correction

Pair of modules
proximal . .
Groups Statistic | epiphysis — | L. oximal distal Average
distal epiphysis — | epiphysis — | Integration
epiphysis diaphysis diaphysis

Feus 0.960 0.964 0.919 0.948

Mysticeti p 0.025 0.030 0.067 0.002

ES 1.97 1.89 1.51 2.54

FeLs 0.881 0.962 0.924 0.922

Odontoceti p 0.001 0.001 0.002 0.001

ES 2.71 3.56 2.98 4.05

Fpis 0.823 0.835 0.981 0.880

Paleogene Pelagiceti p 0.266 0.301 0.002 0.042

ES 0.60 0.45 2.45 1.72
Mysticeti -

Paleogene 0.630 0.541 0.244 0.481
Significance of Pelagiceti

difference in effect Odontoceti -

sizes between groups Paleogene 0.137 0.012 0.122 0.060
(p-value) Pelagiceti
Mysticeti -

Odontoceti 0.183 0.018 0.021 0.119
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Figure S1. Variation of landmarks on cetacean humerus, XY and XZ coordinates. Clouds represent
Procrustes aligned coordinates of different specimens of 32 species of Cetacea.




Figure S2. Distributions of 499 pseudolandmarks by taxa.
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Figure S3. Multivariate analysis (PCA) of the shape of the humerus for the geometry of 499
pseudolandmarks.
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Figure S6. SMA regression of variance and evolutionary rates of simulated (blue) and
observed (orange) data. Grey dots are all simulated variances under Brownian motion for the
given evolutionary rates; null hypothesis of equal slopes between the observed and simulated

data was supported in 65% of SMA regression tests, predicted for the Brownian motion.



