
Supplementary Information for 
 

Evolutionary analysis of swimming speed in early vertebrates challenges 
the ‘New Head Hypothesis’ 

 
Humberto G. Ferrón* and Philip C. J. Donoghue* 

 
*Corresponding authors. Email: humberto.ferron@bristol.ac.uk, phil.donoghue@bristol.ac.uk 

 
 
 

 
 
This PDF file includes: 
 

Figures S1 to S5 
Tables S1 to S4 

 
Other Supplementary Materials for this manuscript include the following:  

 
Data S1 (http://dx.doi.org/10.6084/m9.figshare.16774747)  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure S1. Observed and predicted cruising swimming speed values (in body lengths per 
second, BL/s) obtained from of the best fitted PGLS model.  
Points are coloured by swimming conditions, swimming mode and locomotion type (from top 
to bottom) and scaled proportional to the fish total body length (in cm). The line represents 1:1 
relationship. 



Figure S2. Observed and predicted cruising swimming speed values (in body lengths per 
second, BL/s) obtained from of the best fitted PGLS model following leave‐one‐out cross 
validation procedure.  

Points are coloured by swimming conditions, swimming mode and locomotion type (from top 
to bottom) and scaled proportional to the fish total body length (in cm). The line represents 1:1 
relationship. 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S3. Observed and predicted cruising swimming speed values (in body lengths per 
second, BL/s) for a selection of living lampreys obtained from of the best fitted PGLS 
model.  
Points are scaled proportional to the fish total body length (in cm). The line represents 1:1 
relationship. (see also Table S2). Taxa: Et, Entosphenus tridentatus; Lf, Lampetra fluviatilis; 
Pm, Petromyzon marinus.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
Figure S4. Ancestral character state reconstruction of size-normalized cruising 
swimming speed using phylogenetic trees representing the main hypotheses on the 
interrelationships of early vertebrates present in the literature 1–33. 
 



 
 
Figure S5. Landmark configuration considered in the geometric morphometrics 
analysis. 



 

 

Table S1. Dataset of living taxa considered in the phylogenetically informed regressions.  

Group: C, Chondrichthyes; O, Osteichthyes. Length: FL, fork length; SL, standard length; TL, total length. Swimming conditions: F, free 

swimming; NF, non-free swimming. Locomotion type: An, anguilliform; Cr, carangiform; MPF, median/paired fin propulsion; Th, thunniform. 

Swimming mode: B, burst; C, cruising. CF, caudal fin; CV, leave‐one‐out cross validation procedure. 
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34 O Alosa pseudoharengus SL 28 TL = 1.282 x SL 36 - Cr B 13.18 4.80 1.02 0.38 0.98 0.69 2.04 1.120 0.853 0.842 

35 O Alosa sapidissima FL 40 TL = 1.127 x FL 45 NF Cr C 1.14 0.52 1.13 0.39 0.86 0.70 2.35 0.057 0.121 0.120 

36 O Alosa sapidissima FL 42 TL = 1.127 x FL 47 NF Cr C 1.00 0.47 1.13 0.39 0.86 0.70 2.35 0.000 0.114 0.114 

35 O Alosa sapidissima  FL 43 TL = 1.127 x FL 48 NF Cr C 1.01 0.49 1.13 0.39 0.86 0.70 2.35 0.004 0.110 0.110 

37 O Auxis rochei FL 31 TL = 1.042 x FL 32 NF Th C 1.76 0.57 2.15 0.28 0.41 0.53 6.63 0.246 0.350 0.353 

38 C Carcharhinus amblyrhynchos FL 81 TL = 1.173 x FL 95 F Cr C 0.67 0.64 0.69 0.34 0.46 0.67 1.90 -0.174 -0.227 -0.228 

38 C Carcharhinus amblyrhynchos FL 81 TL = 1.173 x FL 95 F Cr B 3.42 3.25 0.69 0.34 0.46 0.67 1.90 0.534 0.529 0.532 

34 C Carcharhinus melanopterus SL 75 TL = 1.248x SL 94 NF Cr C 0.83 0.78 0.67 0.38 0.48 0.68 1.60 -0.081 -0.083 -0.080 

39 C Carcharhinus obscurus TL 65 - 65 F Cr C 0.34 0.22 0.84 0.32 0.37 0.65 2.80 -0.469 -0.137 -0.128 

38 C Carcharhinus obscurus FL 67 TL = 1.126 x FL 75 F Cr C 0.66 0.50 0.84 0.32 0.37 0.65 2.80 -0.180 -0.162 -0.162 

40 C Carcharhinus plumbeus TL 71 - 71 F Cr C 0.78 0.55 0.95 0.37 0.31 0.72 2.96 -0.108 -0.134 -0.135 

34 O Chromis punctipinnis SL 9 - 9 NF MPF C 6.00 0.51 1.04 0.47 0.95 0.78 1.87 0.778 0.386 0.353 

34 O Chromis punctipinnis SL 9 - 9 NF MPF B 11.06 0.94 1.04 0.47 0.95 0.78 1.87 1.044 1.142 1.151 

34 O Cymatogaster aggregata SL 9 TL = 1.18 x SL 11 NF MPF C 4.19 0.46 0.94 0.62 0.89 0.88 1.32 0.622 0.334 0.321 

34 O Cymatogaster aggregata SL 9 TL = 1.18 x SL 11 NF MPF B 9.84 1.08 0.94 0.62 0.89 0.88 1.32 0.993 1.090 1.098 

34 O Embiotoca jacksoni SL 15 TL = 1.146 x SL 17 NF MPF C 3.05 0.52 1.10 0.53 0.91 0.81 1.78 0.484 0.286 0.279 

34 O Embiotoca jacksoni SL 15 TL = 1.146 x SL 17 NF MPF B 6.56 1.12 1.10 0.53 0.91 0.81 1.78 0.817 1.042 1.057 

34 O Engraulis mordax SL 4 TL = 1.158 x SL 4 - Cr B 7.00 0.30 1.10 0.35 0.89 0.64 2.50 0.845 1.247  

34 O Esox lucius SL 20 TL = 1.1 x SL 22 - MPF B 6.71 1.48 1.00 0.53 0.91 0.84 1.66 0.827 0.935 0.940 



 

 

34 O Esox lucius SL 44 TL = 1.1 x SL 48 - MPF B 5.91 2.86 1.00 0.53 0.91 0.84 1.66 0.772 0.800 0.802 

34 O Esox lucius SL 16 TL = 1.1 x SL 18 - MPF B 11.85 2.10 1.00 0.53 0.91 0.84 1.66 1.074 0.970 0.966 

34 O Euthynnus affinis SL 40 TL = 1.098 x SL 44 NF Th B 9.11 4.00 1.86 0.26 0.43 0.46 5.94 0.960 1.003 1.005 

34 O Euthynnus affinis SL 40 TL = 1.098 x SL 44 NF Th B 11.39 5.00 1.86 0.26 0.43 0.46 5.94 1.057 1.003 1.000 

37 O Euthynnus affinis FL 36 TL = 1.068 x FL 38 NF Th C 1.98 0.76 1.86 0.26 0.43 0.46 5.94 0.297 0.273 0.271 

37 O Euthynnus affinis FL 38 TL = 1.068 x FL 41 NF Th C 1.28 0.52 1.86 0.26 0.43 0.46 5.94 0.107 0.259 0.263 

41 O Gadus morhua FL 47 TL = 1 x FL 47 NF MPF C 0.43 0.20 0.82 0.69 0.71 0.97 1.13 -0.367 0.063 0.069 

42 O Gadus morhua TL 40 - 40 F MPF C 0.73 0.29 0.82 0.69 0.71 0.97 1.13 -0.137 -0.056 -0.052 

34 O Gadus morhua SL 56 TL = 1.073 x SL 60 - MPF B 3.57 2.15 0.82 0.69 0.71 0.97 1.13 0.553 0.732 0.744 

43 O Gomphosus varius TL 12 - 12 NF MPF C 1.21 0.15 1.05 0.64 0.89 0.92 1.48 0.083 0.337 0.345 

38 C Hemitriakis falcata FL 71 - 71 F An C 0.86 0.61 0.39 0.34 0.27 0.76 0.81 -0.066 -0.228 -0.235 

38 C Hemitriakis falcata FL 71 - 71 F An B 2.99 2.12 0.39 0.34 0.27 0.76 0.81 0.476 0.528 0.533 

38 C Heterodontus portusjacksoni FL 58 - 58 F An C 0.59 0.34 0.67 0.50 0.51 0.85 1.17 -0.229 -0.146 -0.143 

34 O Hyperprosopon argenteum SL 14 TL = 1.179 x SL 16 NF MPF C 2.60 0.42 0.91 0.43 0.86 0.77 1.60 0.415 0.264 0.259 

44 C Isurus oxyrinchus FL 83 TL = (FL + 1.7101)/0.9286 91 F Th C 0.65 0.60 1.71 0.35 0.49 0.59 4.31 -0.187 -0.051 -0.045 

44 C Isurus oxyrinchus FL 80 TL = (FL + 1.7101)/0.9286 88 F Th C 0.51 0.44 1.71 0.35 0.49 0.59 4.31 -0.292 -0.045 -0.035 

37 O Katsuwonus pelamis FL 39 TL = FL 39 NF Th C 2.20 0.86 2.23 0.32 0.37 0.61 6.11 0.342 0.328 0.327 

37 O Katsuwonus pelamis FL 38 TL = FL 38 NF Th C 1.60 0.61 2.23 0.32 0.37 0.61 6.11 0.204 0.333 0.338 

37 O Katsuwonus pelamis FL 51 TL = FL 51 NF Th C 1.00 0.51 2.23 0.32 0.37 0.61 6.11 0.000 0.282 0.294 

34 O Katsuwonus pelamis SL 48 TL = 1.098 x SL 53 NF Th B 17.88 9.50 2.23 0.32 0.37 0.61 6.11 1.252 1.031 1.018 

34 O Katsuwonus pelamis SL 79 TL = 1.098 x SL 87 F Th B 7.33 6.36 2.23 0.32 0.37 0.61 6.11 0.865 0.799 0.795 

34 O Katsuwonus pelamis SL 64 TL = 1.098 x SL 70 F Th B 8.00 5.62 2.23 0.32 0.37 0.61 6.11 0.903 0.836 0.833 

34 O Katsuwonus pelamis SL 48 TL = 1.098 x SL 53 F Th B 13.05 6.88 2.23 0.32 0.37 0.61 6.11 1.116 0.884 0.872 

34 O Katsuwonus pelamis SL 57 TL = 1.098 x SL 63 F Th B 9.40 5.88 2.23 0.32 0.37 0.61 6.11 0.973 0.855 0.848 

34 O Katsuwonus pelamis SL 48 TL = 1.098 x SL 53 NF Th B 14.11 7.50 2.23 0.32 0.37 0.61 6.11 1.150 1.031 1.024 

34 O Leiostomus xanthurus SL 5 TL = 1.194 x SL 6 - MPF B 11.73 0.70 0.94 0.54 0.92 0.82 1.47 1.069 1.150 1.157 

45 O Mallotus villosus  TL 19 - 19 NF Cr C 1.00 0.19 0.99 0.51 0.90 0.79 1.85 0.000 0.248 0.252 

46 O Megalops cyprinoides FL 26 TL = 1.152 x FL 30 NF Cr C 0.65 0.20 1.04 0.29 0.89 0.56 2.65 -0.187 0.177 0.180 

34 O Melanogrammus aeglefinus SL 10 - 10 - Cr B 4.36 0.41 0.96 0.58 0.86 0.89 1.60 0.639 1.065 1.084 

34 O Melanogrammus aeglefinus SL 42 - 42 - Cr B 4.36 1.83 0.96 0.58 0.86 0.89 1.60 0.639 0.816 0.825 

47 O Menidia menidia SL 6 TL = 1.176 x SL 8 NF Cr C 0.87 0.07 0.97 0.44 0.95 0.72 1.86 -0.060 0.394 0.418 



 

 

34 O Merlangius merlangus SL 20 - 20 - Cr B 8.05 1.61 0.66 0.69 0.58 0.97 0.84 0.906 0.895 0.895 

34 O Merlangius merlangus SL 15 - 15 - Cr B 9.87 1.50 0.66 0.69 0.58 0.97 0.84 0.994 0.945 0.943 

36 O Morone saxatilis FL 52 TL = 1.130 x FL 58 NF Cr C 2.56 1.49 1.08 0.41 0.92 0.70 2.29 0.408 0.069 0.064 

34 O Morone saxatilis SL 23 - 23 NF Cr C 1.88 0.43 1.08 0.41 0.92 0.70 2.29 0.274 0.229 0.229 

34 O Mugil auratus SL 22 TL = 1.189 x SL 26 - Cr B 17.28 4.50 1.55 0.56 0.68 0.85 2.58 1.238 0.998 0.986 

34 O Mugil cephalus SL 4 TL = 0.701 + 1.149 x FL 5 - Cr C 14.82 0.70 1.17 0.50 0.88 0.80 2.09 1.171 0.463 0.358 

34 O Mugil saliens SL 18 - 18 - Cr B 22.35 4.00 0.91 0.41 0.90 0.71 1.77 1.349 0.956 0.938 

38 C Mustelus antarcticus FL 94 - 94 F An C 0.55 0.52 0.52 0.42 0.30 0.80 1.15 -0.260 -0.253 -0.253 

38 C Mustelus antarcticus FL 94 - 94 F An B 1.83 1.72 0.52 0.42 0.30 0.80 1.15 0.262 0.503 0.522 

48 C Mustelus antarcticus TL 88 - 88 F An C 0.37 0.33 0.52 0.42 0.30 0.80 1.15 -0.432 -0.242 -0.233 

49 C Mustelus henlei TL 85 - 85 F An C 0.11 0.09 0.51 0.46 0.33 0.83 1.07 -0.959 -0.239 -0.205 

50 C Negaprion brevirostris TL 70 - 70 NF Cr C 1.09 0.76 0.55 0.39 0.35 0.77 1.23 0.037 -0.052 -0.052 

34 O Oncorhynchus gorbuscha SL 64 TL = 1.115 x SL 71 F Cr C 0.87 0.62 1.40 0.55 0.79 0.86 2.36 -0.060 -0.059 -0.056 

51 O Oncorhynchus gorbuscha FL 52 - 52 F Cr C 2.19 1.14 1.40 0.55 0.79 0.86 2.36 0.340 -0.005 -0.013 

42 O Oncorhynchus keta FL 65 - 65 F Cr C 1.15 0.75 1.61 0.61 0.69 0.91 2.59 0.061 -0.009 -0.008 

34 O Oncorhynchus nerka SL 63 - 63 F Cr C 0.94 0.59 1.37 0.55 0.81 0.84 2.33 -0.027 -0.044 -0.041 

34 O Oncorhynchus nerka SL 9 - 9 F Cr C 3.65 0.31 1.37 0.55 0.81 0.84 2.33 0.562 0.292 0.261 

34 O Oncorhynchus nerka SL 68 - 68 F Cr C 0.68 0.46 1.37 0.55 0.81 0.84 2.33 -0.167 -0.058 -0.050 

52 O Oncorhynchus nerka FL 56 - 56 NF Cr C 1.79 1.00 1.37 0.55 0.81 0.84 2.33 0.253 0.123 0.121 

34 O Oncorhynchus tshawytscha SL 20 TL = 1.14 x SL 23 NF Cr B 2.65 0.60 1.21 0.48 0.87 0.77 2.26 0.423 1.007 1.033 

34 O Oncorhynchus tshawytscha SL 32 TL = 1.14 x SL 36 NF Cr B 1.97 0.71 1.21 0.48 0.87 0.77 2.26 0.294 0.929 0.956 

34 O Ophiocephalus striatus SL 4 TL = 1.194 x SL 5 NF An C 1.29 0.06 0.79 0.81 0.72 0.97 1.01 0.111 0.446 0.479 

34 O Perca fluviatilis SL 24 - 24 - Cr B 5.40 1.30 1.22 0.59 0.90 0.86 2.01 0.732 0.957 0.968 

34 O Phanerodon furcatus SL 16 TL = 1.2 x SL 19 NF MPF C 2.58 0.48 0.94 0.32 0.89 0.58 2.20 0.412 0.239 0.234 

53 O Pollachius virens TL 25 - 25 NF Cr C 3.72 0.93 1.24 0.52 0.85 0.82 2.22 0.571 0.241 0.235 

34 O Pollachius virens SL 38 - 38 NF Cr C 3.40 1.28 1.24 0.52 0.85 0.82 2.22 0.531 0.168 0.164 

34 O Pollachius virens SL 21 - 21 - Cr B 9.58 2.01 1.24 0.52 0.85 0.82 2.22 0.981 0.983 0.983 

34 O Pollachius virens SL 43 - 43 - Cr B 6.96 3.00 1.24 0.52 0.85 0.82 2.22 0.843 0.858 0.860 

34 O Pomatomus saltatrix SL 23 - 23 NF Cr C 1.84 0.41 1.06 0.44 0.88 0.70 2.09 0.265 0.227 0.225 

34 O Salmo irideus SL 13 - 13 - Cr B 17.46 2.20 1.45 0.59 0.74 0.87 2.28 1.242 1.101 1.095 

34 O Salmo irideus SL 29 - 29 - Cr B 9.95 2.91 1.45 0.59 0.74 0.87 2.28 0.998 0.962 0.961 



 

 

34 O Salmo irideus SL 20 - 20 - Cr B 8.50 1.70 1.45 0.59 0.74 0.87 2.28 0.929 1.026 1.031 

34 O Salmo trutta SL 38 TL = 1.161 x SL 44 - Cr B 7.40 3.26 1.56 0.57 0.70 0.87 2.55 0.869 0.908 0.911 

34 O Salmo trutta SL 24 TL = 1.161 x SL 28 - Cr B 8.50 2.37 1.56 0.57 0.70 0.87 2.55 0.929 0.987 0.989 

36 O Sander vitreus FL 32 TL = 1.153 x FL 37 NF Cr C 2.44 0.90 0.96 0.61 0.92 0.90 1.42 0.387 0.127 0.124 

34 O Sarda chilensis SL 57 - 57 NF Th B 6.49 3.70 1.51 0.36 0.54 0.58 3.92 0.812 0.899 0.902 

34 O Sarda chiliensis SL 57 - 57 NF Th C 1.54 0.88 1.51 0.36 0.54 0.58 3.92 0.188 0.143 0.142 

34 O Sarda sarda SL 16 - 16 NF Th C 2.19 0.35 1.14 0.29 0.73 0.52 3.19 0.340 0.301 0.300 

34 O Sarda sarda SL 15 - 15 NF Th B 8.59 1.28 1.14 0.29 0.73 0.52 3.19 0.934 1.069 1.074 

34 O Scomber japonicus SL 34 TL = 1.193 x SL + 0.088 41 NF Cr C 2.27 0.93 1.29 0.32 0.69 0.56 3.59 0.356 0.165 0.162 

34 O Scomber japonicus SL 27 TL = 0.088 + 1.193 x FL 32 - Cr B 6.99 2.26 1.29 0.32 0.69 0.56 3.59 0.844 0.919 0.923 

34 O Scomber scombrus SL 32 - 32 NF Cr C 0.88 0.28 1.11 0.35 0.82 0.63 2.59 -0.056 0.177 0.180 

34 O Scomber scombrus SL 31 - 31 NF Cr C 3.28 1.00 1.11 0.35 0.82 0.63 2.59 0.516 0.183 0.179 

34 O Scomber scombrus SL 32 - 32 NF Cr C 6.33 2.02 1.11 0.35 0.82 0.63 2.59 0.801 0.177 0.170 

34 O Scomber scombrus SL 19 - 19 NF Cr C 1.16 0.22 1.11 0.35 0.82 0.63 2.59 0.064 0.268 0.271 

34 O Scomber scombrus SL 33 - 33 NF Cr B 8.98 3.00 1.11 0.35 0.82 0.63 2.59 0.953 0.928 0.927 

34 O Scomber scombrus SL 38 - 38 NF Cr B 8.00 3.04 1.11 0.35 0.82 0.63 2.59 0.903 0.904 0.904 

34 O Scomber scombrus SL 31 - 31 NF Cr B 18.03 5.50 1.11 0.35 0.82 0.63 2.59 1.256 0.939 0.924 

34 O Sebastes mystinus SL 15 TL = 1.126 x SL 17 NF MPF C 3.23 0.55 1.32 0.63 0.86 0.91 2.00 0.509 0.321 0.315 

34 O Sebastes mystinus SL 15 TL = 1.126 x SL 17 NF MPF B 6.23 1.06 1.32 0.63 0.86 0.91 2.00 0.794 1.077 1.090 

34 O Sebastes serranoides SL 20 TL = 1.195 x SL 24 NF MPF C 2.24 0.53 1.03 0.63 0.88 0.92 1.56 0.350 0.214 0.212 

54 C Sphyrna lewini TL 52 - 52 NF Cr C 0.91 0.47 0.79 0.32 0.33 0.65 2.61 -0.041 0.040 0.041 

54 C Sphyrna lewini TL 59 - 59 NF Cr C 0.95 0.56 0.79 0.32 0.33 0.65 2.61 -0.022 0.018 0.019 

54 C Sphyrna lewini TL 52 - 52 NF Cr C 1.09 0.57 0.79 0.32 0.33 0.65 2.61 0.037 0.040 0.040 

54 C Sphyrna lewini TL 53 - 53 NF Cr C 1.26 0.67 0.79 0.32 0.33 0.65 2.61 0.100 0.037 0.036 

54 C Sphyrna lewini TL 60 - 60 NF Cr C 1.38 0.83 0.79 0.32 0.33 0.65 2.61 0.140 0.015 0.013 

54 C Sphyrna lewini TL 54 - 54 NF Cr C 1.16 0.63 0.79 0.32 0.33 0.65 2.61 0.064 0.034 0.033 

54 C Sphyrna lewini TL 56 - 56 NF Cr C 1.31 0.73 0.79 0.32 0.33 0.65 2.61 0.117 0.027 0.026 

54 C Sphyrna lewini TL 58 - 58 NF Cr C 0.99 0.57 0.79 0.32 0.33 0.65 2.61 -0.004 0.021 0.021 

54 C Sphyrna lewini TL 58 - 58 NF Cr C 0.98 0.57 0.79 0.32 0.33 0.65 2.61 -0.009 0.021 0.022 

54 C Sphyrna lewini TL 54 - 54 NF Cr C 1.42 0.77 0.79 0.32 0.33 0.65 2.61 0.152 0.034 0.031 

54 C Sphyrna lewini TL 52 - 52 NF Cr C 1.55 0.81 0.79 0.32 0.33 0.65 2.61 0.190 0.040 0.038 



 

 

55 C Sphyrna lewini FL 41 TL = 1.28 + 1.3 x FL 54 NF Cr C 0.33 0.18 0.79 0.32 0.33 0.65 2.61 -0.481 0.034 0.042 

42 C Sphyrna lewini TL 57 - 57 F Cr C 0.81 0.46 0.79 0.32 0.33 0.65 2.61 -0.092 -0.123 -0.123 

34 C Sphyrna tiburo SL 71 - 71 NF Cr C 1.11 0.78 0.67 0.34 0.28 0.71 2.03 0.045 -0.033 -0.034 

34 O Spinachia spinachia SL 10 - 10 - MPF B 7.15 0.72 1.10 0.81 0.95 0.94 1.74 0.854 1.089 1.107 

56 O Thunnus alalunga TL 84 - 84 F Th C 0.77 0.65 2.04 0.29 0.41 0.53 6.13 -0.114 0.018 0.025 

56 O Thunnus alalunga TL 85 - 85 F Th C 0.76 0.65 2.04 0.29 0.41 0.53 6.13 -0.119 0.015 0.023 

56 O Thunnus alalunga TL 87 - 87 F Th C 0.57 0.50 2.04 0.29 0.41 0.53 6.13 -0.244 0.011 0.026 

37 O Thunnus albacares FL 28 TL = 1.108 x FL 31 NF Th C 1.68 0.52 1.86 0.26 0.47 0.47 6.15 0.225 0.307 0.309 

37 O Thunnus albacares FL 28 TL = 1.108 x FL 31 NF Th C 1.64 0.51 1.86 0.26 0.47 0.47 6.15 0.215 0.307 0.309 

37 O Thunnus albacares FL 28 TL = 1.108 x FL 31 NF Th C 1.84 0.57 1.86 0.26 0.47 0.47 6.15 0.265 0.307 0.308 

37 O Thunnus albacares FL 31 TL = 1.108 x FL 34 NF Th C 1.75 0.60 1.86 0.26 0.47 0.47 6.15 0.243 0.291 0.292 

37 O Thunnus albacares FL 31 TL = 1.108 x FL 34 NF Th C 1.78 0.61 1.86 0.26 0.47 0.47 6.15 0.250 0.291 0.292 

37 O Thunnus albacares FL 35 TL = 1.108 x FL 39 NF Th C 1.73 0.67 1.86 0.26 0.47 0.47 6.15 0.238 0.267 0.268 

37 O Thunnus albacares FL 35 TL = 1.108 x FL 39 NF Th C 1.19 0.46 1.86 0.26 0.47 0.47 6.15 0.076 0.267 0.273 

37 O Thunnus albacares FL 56 TL = 1.108 x FL 62 NF Th C 0.84 0.52 1.86 0.26 0.47 0.47 6.15 -0.076 0.187 0.196 

37 O Thunnus albacares FL 56 TL = 1.108 x FL 62 NF Th C 0.92 0.57 1.86 0.26 0.47 0.47 6.15 -0.036 0.187 0.195 

37 O Thunnus albacares FL 42 TL = 1.108 x FL 47 NF Th C 1.01 0.47 1.86 0.26 0.47 0.47 6.15 0.004 0.235 0.242 

37 O Thunnus albacares FL 48 TL = 1.108 x FL 53 NF Th C 1.73 0.92 1.86 0.26 0.47 0.47 6.15 0.238 0.214 0.213 

57 O Thunnus albacares TL 80 - 80 F Th C 1.55 1.24 1.86 0.26 0.47 0.47 6.15 0.190 -0.004 -0.013 

34 O Thunnus albacares SL 67 TL = 1.147 x SL 76 F Th B 27.10 20.67 1.86 0.26 0.47 0.47 6.15 1.433 0.761 0.724 

34 O Thunnus albacares SL 62 TL = 1.147 x SL 71 F Th B 13.95 9.93 1.86 0.26 0.47 0.47 6.15 1.145 0.772 0.752 

34 O Thunnus albacares SL 62 TL = 1.147 x SL 71 F Th B 7.33 5.22 1.86 0.26 0.47 0.47 6.15 0.865 0.772 0.767 

34 O Thunnus albacares SL 67 TL = 1.147 x SL 76 F Th B 16.44 12.54 1.86 0.26 0.47 0.47 6.15 1.216 0.761 0.736 

34 O Thunnus albacares SL 52 TL = 1.147 x SL 60 F Th B 9.14 5.45 1.86 0.26 0.47 0.47 6.15 0.961 0.802 0.793 

34 O Thunnus albacares SL 62 TL = 1.147 x SL 71 F Th B 9.66 6.88 1.86 0.26 0.47 0.47 6.15 0.985 0.772 0.761 

37 O Thunnus obesus  FL 48 TL = 1.1 x FL 53 NF Th C 1.36 0.72 1.91 0.27 0.43 0.49 6.06 0.134 0.222 0.225 

37 O Thunnus obesus  FL 36 TL = 1.1 x FL 40 NF Th C 1.24 0.49 1.91 0.27 0.43 0.49 6.06 0.093 0.271 0.276 

37 O Thunnus obesus  FL 55 TL = 1.1 x FL 61 NF Th C 0.99 0.60 1.91 0.27 0.43 0.49 6.06 -0.004 0.198 0.205 

34 O Trachurus mediterraneus SL 16 - 16 - Cr B 17.50 2.80 1.24 0.29 0.75 0.54 3.77 1.243 1.031 1.022 

34 O Trachurus symmetricus SL 7 TL = 1.138 x SL 8 - Cr B 12.46 0.95 1.46 0.34 0.66 0.60 3.72 1.096 1.186 1.192 

38 C Triaendon obesus FL 86 TL = 1.216 x FL 105 F Cr C 0.48 0.50 0.74 0.40 0.43 0.73 1.82 -0.319 -0.237 -0.229 



 

 

34 C Triakis semifasciata SL 79 - 79 NF An C 0.72 0.57 0.43 0.48 0.35 0.83 0.75 -0.143 -0.092 -0.090 

50 C Triakis semifasciata TL 35 - 35 NF An C 1.86 0.65 0.43 0.48 0.35 0.83 0.75 0.270 0.049 0.043 

50 C Triakis semifasciata TL 36 - 36 NF An C 1.56 0.56 0.43 0.48 0.35 0.83 0.75 0.193 0.044 0.040 

50 C Triakis semifasciata TL 36 - 36 NF An C 1.30 0.47 0.43 0.48 0.35 0.83 0.75 0.114 0.044 0.042 

50 C Triakis semifasciata TL 38 - 38 NF An C 1.14 0.43 0.43 0.48 0.35 0.83 0.75 0.057 0.034 0.034 

50 C Triakis semifasciata TL 38 - 38 NF An C 1.52 0.58 0.43 0.48 0.35 0.83 0.75 0.182 0.034 0.031 

50 C Triakis semifasciata TL 39 - 39 NF An C 1.24 0.48 0.43 0.48 0.35 0.83 0.75 0.093 0.030 0.028 

50 C Triakis semifasciata TL 47 - 47 NF An C 1.06 0.50 0.43 0.48 0.35 0.83 0.75 0.025 -0.002 -0.003 

50 C Triakis semifasciata TL 52 - 52 NF An C 1.74 0.90 0.43 0.48 0.35 0.83 0.75 0.241 -0.020 -0.027 

50 C Triakis semifasciata TL 56 - 56 NF An C 1.61 0.90 0.43 0.48 0.35 0.83 0.75 0.207 -0.033 -0.039 

50 C Triakis semifasciata TL 58 - 58 NF An C 1.67 0.97 0.43 0.48 0.35 0.83 0.75 0.223 -0.039 -0.046 

50 C Triakis semifasciata TL 68 - 68 NF An C 1.42 0.97 0.43 0.48 0.35 0.83 0.75 0.152 -0.066 -0.073 

50 C Triakis semifasciata TL 71 - 71 NF An C 0.70 0.50 0.43 0.48 0.35 0.83 0.75 -0.155 -0.074 -0.071 

50 C Triakis semifasciata TL 71 - 71 NF An C 0.98 0.70 0.43 0.48 0.35 0.83 0.75 -0.009 -0.074 -0.076 

50 C Triakis semifasciata TL 71 - 71 NF An C 1.26 0.89 0.43 0.48 0.35 0.83 0.75 0.100 -0.074 -0.080 

50 C Triakis semifasciata TL 77 - 77 NF An C 1.16 0.89 0.43 0.48 0.35 0.83 0.75 0.064 -0.088 -0.093 

58 C Triakis semifasciata TL 91 - 91 F An C 0.11 0.10 0.43 0.48 0.35 0.83 0.75 -0.959 -0.264 -0.221 

 

 

 

 

 



 

 

Table S2. Compilation of swimming speed records of living lampreys. 
 

 

Cruising swimming  
speed (BL/s) 

Body length  
(cm) Source 

Entosphenus tridentatus 0.490 59.0 59 

Entosphenus tridentatus 1.690 13.6 60 

Petromyzon marinus 0.445 91.5 61 

Petromyzon marinus 0.730 41.0 62 

Petromyzon marinus 0.940 38.0 63 

Lampetra fluviatilis  0.750 40.0 64 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Table S3. Dataset of extinct taxa considered in the present study and predicted cruising swimming speed values (in body lengths per 

second, BL/s).  

CF, caudal fin; TL, total body length. 
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CF Height to  
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Africanaspis 25 0.41 Famennian Famennian 65 65 65 0.90 1.30 

Anglaspis 5 0.45 Pridoli Lochkovian 66 67 22 1.75 1.33 

Arctictenaspis 8 1.33 Lochkovian Lochkovian 68 68 22 2.03 1.85 

Asterolepis 70 0.83 Givetian Givetian 66 69 69 0.71 1.53 

Ateleaspis 18 0.40 Sheinwoodian  Homerian 70 25 71 1.03 1.30 

Athenaegis 6 1.26 Sheinwoodian Homerian 66 72 22 2.21 1.80 

Birkenia 10 0.81 Rhuddanian Homerian 66 73 1 1.52 1.52 

Bothriolepis 50 0.30 Famennian Famennian 66 74 75 0.66 1.25 

Cephalaspis 20 0.30 Lochkovian Lochkovian 66 25 71 0.95 1.25 

Ctenurella 18 0.49 Givetian Frasnian 66 76 76 1.06 1.35 

Clydagnathus windsorensis 4 0.35 Mississippian Mississippian 77 77 78 1.84 1.28 

Coccosteus 60 0.33 Eifelian Eifelian 66 79 75 0.62 1.27 

Cometicercus 10 0.57 Lochkovian Lochkovian 80 81 82 1.38 1.38 

Cowralepis 35 0.28 Givetian Frasnian 83 83 75 0.75 1.24 

Dinaspidella 12 0.49 Lochkovian Lochkovian 84 85 22 1.25 1.34 

Doryaspis 20 0.74 Pragian Pragian 66 86 22 1.12 1.48 

Drepanaspis 53 0.92 Emsian Emsian 66 87 22 0.82 1.59 

Errivaspis 19 0.47 Lochkovian Lochkovian 88 89 22 1.03 1.33 

Euphanerops 10 1.23 Frasnian Frasnian 66 90 90 1.78 1.78 

Furcacauda_fredholmae 12 0.70 Lochkovian Lochkovian 80 91 82 1.35 1.46 

Furcacauda_heintzae 6 0.67 Lochkovian Lochkovian 80 81 82 1.77 1.44 

Hardistiella_montanensis 8 0.37 Mississippian Mississippian 14 14 14 1.41 1.29 



 

 

Hemicyclaspis 18 0.36 Pridoli Pridoli 66 25 71 1.01 1.28 

Lanarkia_horrida 7 0.68 Sheinwoodian Gorstian 80 92 82 1.67 1.45 

Lasanius 8 1.47 Rhuddanian Telychian 66 93 1 2.14 1.96 

Lepidaspis 25 1.02 Lochkovian Lochkovian 66 22 94 1.14 1.65 

Loganellia_scotica 11 1.03 Rhuddanian Telychian 80 92 82 1.59 1.65 

Lunaspis 30 0.32 Emsian Emsian 66 95 95 0.81 1.26 

Myxinikela_siroka 9 0.47 Pennsilvanian Pennsilvanian 14 14 14 1.39 1.34 

Nahanniaspis 7 0.41 Lochkovian Lochkovian 85 85 22 1.50 1.30 

Parayunnanolepis 6 0.41 Lochkovian Lochkovian 31 31 31 1.60 1.30 

Pezopallichthys 5 0.82 Homerian Homerian 80 81 82 2.01 1.53 

Pharyngolepis 20 0.78 Sheinwoodian  Homerian 66 73 1 1.14 1.50 

Phlebolepis_elegans 9 1.03 Gorstian Ludfordian 66 96 82 1.72 1.65 

Pteraspis 20 0.45 Lochkovian Pragian 66 89 22 1.01 1.33 

Pterichthyodes 30 0.46 Eifelian Eifelian 66 97 75 0.86 1.33 

Pterygolepis 10 0.77 Sheinwoodian  Homerian 66 73 1 1.49 1.49 

Remigolepis 40 0.77 Lochkovian Lochkovian 66 98 98 0.86 1.49 

Rhyncholepis 7 0.92 Sheinwoodian  Ludfordian 66 73 1 1.83 1.59 

Saaremaaspis 30 0.48 Sheinwoodian  Homerian 99 25 71 0.87 1.34 

Sacabambaspis 35 0.73 Darriwillian Sandbian 66 100 101 0.90 1.47 

Shielia_taiti 10 1.14 Sheinwoodian Homerian 80 92 82 1.72 1.72 

Sphenonectris 8 0.82 Lochkovian Lochkovian 80 81 82 1.67 1.52 

Torpedaspis 25 0.96 Pridoli Lochkovian 66 102 22 1.12 1.61 

Tremataspis 8 0.39 Sheinwoodian  Ludfordian 99 25 71 1.41 1.29 

Zenaspis 25 0.44 Lochkovian Pragian 66 25 71 0.92 1.32 

 

 

 

 

 

 



  

 

Table S4. Multicollinearity test on the independent variables in the model with the highest 

support. 

 GVIF Df GVIF(1/(2*Df)) 

Length 1.537173 1 1.239828 

Mode 1.719056 1 1.311128 

HeWiCF 1.092388 1 1.045174 

Cond 2.408581 2 1.245777 

 

Data S1. (separate file) 

R code and associated files. 
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