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Terminology. The ability to maintain slow-twitch, aerobic RM
warmer than ambient water in tunas and some sharks is called RM
endothermy in this paper, following the frequent use of the term
endothermy for these fishes in previous studies (1–3). However,
we are aware that the term endothermy may refer exclusively to
birds and mammals (where relatively high and more or less
constant internal body temperatures are maintained, with high
resting metabolic rates as the main source of heat; ref. 4), and
that the thermal strategy of tunas and some sharks may be called
heterothermy (4) or mesothermy (5). Some teleosts, including bill-
fishes (Xiphiidae and Istiophoridae), the opah Lampris guttatus,
and possibly the butterfly mackerel Gasterochisma melampus, do
not have warmed RM but have warmed eyes and brain, a ther-
mal strategy called cranial endothermy (2, 6).

Swim Speed from Acoustic Tracking Studies. A difficulty associated
with extracting swim speed data from acoustic tracking studies
was that the authors often reported only the horizontal speed of
the fish (as “rate of movements”) calculated from the horizontal
track. Horizontal speed can be an underestimate of the true
speed in the water column because fishes generally move verti-
cally as well. To attain the best balance between the quantity and
quality of the data collection, we grouped the acoustic tracking
studies into those made in coastal or inland waters, and those
made in pelagic waters. For the studies made in coastal or inland
waters, horizontal speed of the fish was accepted as its true speed
(“Acoustic tracking 2D” in the method column of Table S1),
assuming that vertical movement is sufficiently small compared
with horizontal movement in those shallow environments. In the
pelagic waters, in contrast, many fishes show large, frequent
vertical movement (7), and, thus, horizontal speed was not ac-
cepted as the true speed of the fish. Instead, we only accepted
studies that estimated the speed of the pelagic fish in the 3D
coordinates by combining the horizontal track and depth record
of the fish (“Acoustic tracking 3D” in Table S1).

Body Mass and Body Temperature. In our comparative analyses of
swim speed, body mass was used as a measure of body size of the
animals (Table S1), although body length was normally easier to
measure in fishes and, thus, more frequently reported. This choice
is because fishes in our dataset vary greatly in body shape
(e.g., ocean sunfish, flounder, and eel), presumably making body
length a poor predictor of swim speed. Body mass is likely a better
predictor of the amount of locomotory muscle and, hence,
swimming performance. Moreover, the collection of body mass
data for the fishes in our datasets allowed the direct comparison
of allometric relationships of swim speed between fishes (this
study) and nonfish vertebrate swimmers reported (8). When body
mass was not reported in the data source for swim speed (9–22),
it was estimated from body length by using published length–
mass relationships for the species or a closely related species.
Length–mass relationships have not been published for the
whale shark, the largest fish species in the world. The mass for
this species was set on the basis of catch records for an individual
of a similar length (2.2 tons for a 5.7-m individual; ref. 23).
Body temperature was also estimated for each species in the

swim speed dataset (Table S1). For fishes with RM endothermy,
it was set at the value reported for the species (24–29). For fishes
without RM endothermy, body temperature was set as the mean
water temperature experienced by the fish at their swimming
depth. When such data were unavailable (9, 10, 15, 19, 20, 22,
30–32), it was estimated by using global water temperature maps
available for each month at various depths, provided by the
National Oceanic and Atmospheric Administration (33).
In our comparative analyses of migration range, body mass was

used as a measure of body size (Table S2). When only body length
was reported in the data source (34–46), body mass was estimated
by using the length-mass relationships for the species or a closely
related species. When neither body mass nor length was reported
(47–54), an average body mass for the species was used.
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broadnose sevengill shark Notorynchus cepedianus
Greenland shark Somniosus microcephalus
salmon shark Lamna ditropis
white shark Carcharodon carcharias
shortfin mako shark Isurus oxyrinchus
basking shark Cetorhinus maximus
whale shark Rhincodon typus
leopard shark Triakis semifasciata
gummy shark Mustelus antarcticus
tiger shark Galeocerdo cuvier
scalloped hammerhead shark Sphyrna lewini
blacktip reef shark Carcharhinus melanopterus
gray reef shark Carcharhinus amblyrhynchos
lemon shark Negaprion brevirostris
sandbar shark Carcharhinus plumbeus
oceanic whitetip shark Carcharhinus longimanus
blue shark Prionace glauca
Chinese sturgeon Acipenser sinensis
European eel Anguilla anguilla
European catfish Silurus glanis
stealhead trout Oncorhynchus mykiss
cutthroat trout Oncorhynchus clarkii
chum salmon Oncorhynchus keta
sockeye salmon Oncorhynchus nerka
Chinook salmon Oncorhynchus tshawytscha
lake trout Salvelinus namaycush
sea trout Salmo trutta
Altantic salmon Salmo salar
ling Molva molva
Atlantic cod Gadus morhua
yellowfin tuna Thunnus albacares
Altantic bluefin tuna Thunnus thynnus
Pacific bluefin tuna Thunnus orientalis
sailfish Istiophorus platypterus
blue marlin Makaira nigricans
Japanese flounder Paralichthys olivaceus
plaice Pleuronectes platessa
red roman Chrysoblephus laticeps
ocean sunfish Mola mola
gray snapper Lutjanus griseus
largemouth bass Micropterus salmoides
gag Mycteroperca microlepis
Nassau grouper Epinephelus striatus
perch Perca fluviatilis
black rockfish Sebastes cheni
lumpsucker Cyclopterus lumpus

Relative length

Fig. S1. Phylogenetic tree used in the comparative analysis of swim speed and the cost of transport. Pink and light blue circles represent fishes with and
without RM endothermy, respectively.
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broadnose sevengill shark Notorynchus cepedianus
salmon shark Lamna ditropis
porbeagle shark Lamna nasus
white shark Carcharodon carcharias
shortfin mako shark Isurus oxyrinchus
tiger shark Galeocerdo cuvier
oceanic whitetip shark Carcharhinus longimanus
blue shark Prionace glauca
Atlantic cod Gadus morhua
yellowfin tuna Thunnus albacares
southern bluefin tuna Thunnus maccoyii
Atlantic bluefin tuna Thunnus thynnus
Pacific bluefin tuna Thunnus orientalis
albacore Thunnus alalunga
swordfish Xiphias gladius
striped marlin Kajikia audax
blue marlin Makaira nigricans
yellowtail Seriola quinqueradiata
Pacific halibut Hippoglossus stenolepis
plaice Pleuronectes platessa

Relative length

Fig. S2. Phylogenetic tree used in the comparative analysis of migration range. Pink and light blue circles represent fishes with and without RM endothermy,
respectively.
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Fig. S3. The maximum annual migration ranges of various vertebrate swimmers as a function of body mass. Fishes with and without RM endothermy (pink
and light blue, respectively) are shown with their phylogenetically informed regression lines (see main text for equations). For comparison, marine mammals,
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Table S2. Maximum annual migration range of vertebrate swimmers

Group Species

Elevated
body core

temperature
Body

mass, kg

Maximum
migration
range, km

Distal positions on
migration path Method Source

Shark Broadnose sevengill shark No 54 1,000 S44°00’ E147°30’ Pop-up tag 1
Notorynchus cepedianus S35°00’ E151°00’
Salmon shark Yes 117 4,300 N58°00’ W152°00’ Argos tag 2
Lamna ditropis N26°00’ W120°00’
Porbeagle shark Yes 105 2,700 N44°00’ W69°00’ Pop-up tag 3
Lamna nasus N20°00’ W62°00’
White shark Yes 315 9,300 S37°00’ E15°00’ Pop-up tag 4
Carcharodon carcharias S22°00’ E113°50’
Shortfin mako shark Yes 56 4,000 N46°00’ W44°00’ Argos tag 5
Isurus oxyrinchus N10°00’ W48°00’
Tiger shark No 210 2,600 S11°00’ E132°00’ Argos tag 5
Galeocerdo cuvier S24°00’ E111°00’
Oceanic whitetip shark No 82 2,300 N30°00’ W76°00’ Pop-up tag 6
Carcharhinus longimanus N18°00’ W58°00’
Blue shark No 23 2,600 N34°00’ W46°00’ Argos tag 7
Prionace glauca N49°00’ W22°00’

Bony fish Atlantic cod No 1.7 900 N58°00’ E11°20’ Archival tag 8
Gadus morhua N52°00’ E02°00’
Yellowfin tuna Yes 17 2,500 N33°00’ W119°00’ Archival tag 9
Thunnus albacares N17°00’ W137°00’
Southern bluefin tuna Yes 20 5,900 S38°00’ E140°00’ Archival tag 10
Thunnus maccoyii S31°00’ E75°00’
Atlantic bluefin tuna Yes 244 5,500 N24°00’ W73°00’ Pop-up tag 11
Thunnus thynnus N47°00’ W16°00’
Pacific bluefin tuna Yes 23 3,900 N25°00’ W113°00’ Archival tag 9
Thunnus orientalis N37°00’ W152°00’
Albacore Yes 10 5,000 N30°00’ W180°00’ Archival tag 12
Thunnus alalunga N45°00’ W126°00’
Swordfish No* 150 3,200 N41°50’ W65°40’ Pop-up tag 13
Xiphias gladius N14°00’ W75°00’
Striped marlin No* 75 2,600 S34°10’ E172°20’ Pop-up tag 14
Kajikia audax S14°00’ E158°00’
Blue marlin No* 105 1,000 N27°50’ W95°30’ Pop-up tag 15
Makaira nigricans N19°30’ W92°60’
Yellowtail No 9.5 2,500 N28°40’ E124°10’ Archival tag 16
Seriola quinqueradiata N46°30’ E141°00’
Pacific halibut No 23 1,200 N59°00’ W141°00’ Pop-up tag 17
Hippoglossus stenolepis N54°50’ W158°30’
Plaice No 0.6 300 N57°30’ E03°50’ Tidal location 18
Pleuronectes platessa N54°40’ E04°00’

Marine mammal Humpback whale Yes 34,000 8,400 S65°21’ W64°58’ Photo ID 19
Megaptera novaeangliae N08°39’ W83°43’
Blue whale Yes 90,000 5,100 N19°00’ W106°00’ Argos tag 20
Balaenoptera musculus N52°00’ W147°00’
Gray whale Yes 17,000 5,200 N26°40’ W113°20’ Radio tag 21
Eschrichtius robustus N54°20’ W164°50’
North Atlantic right whale Yes 58,000 2,200 N31°10’ W80°50’ Argos tag 22
Eubalaena glacialis N44°30’ W62°50’
Bowhead whale Yes 28,000 3,100 N62°00’ W178°00’ Argos tag 23
Balaena mysticetus N74°00’ W105°00’
Northern fur seal Yes 40 4,600 N60°00’ W171°00’ Argos tag 24
Callorhinus ursinus N33°00’ W122°00’
Antarctic fur seal Yes 37 2,000 S54°00’ W38°00’ Argos tag 25
Arctocephalus gazella S43°30’ W60°00’
Northern elephant seal Yes 410 5,400 N37°06’ W122°20’ Argos tag 26
Mirounga angustirostris N41°00’ E174°00’
Southern elephant seal Yes 380 4,800 S54°40’ E158°60’ Argos tag 27
Mirounga leonina S57°00’ W120°00’
Hooded seal Yes 122 3,300 N75°00’ W13°00’ Argos tag 28
Cystophora cristata N51°00’ W55°00’
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Table S2. Cont.

Group Species

Elevated
body core

temperature
Body

mass, kg

Maximum
migration
range, km

Distal positions on
migration path Method Source

Penguin Macaroni penguin Yes 4.2 3,600 S49°30’ E70°30’ Archival tag 29
Eudyptes chrysolophus S51°00’ E122°00’
Northern rockhopper penguin Yes 3.1 2,800 S37°50’ E77°36’ Archival tag 29
Eudyptes moseleyi S44°00’ E110°00’
Eastern rockhopper penguin Yes 2.4 3,600 S49°30’ E70°30’ Archival tag 29
Eudyptes filholi S49°00’ E121°00’

Sea turtle Leatherback turtle Yes 330 4,900 N47°00’ W55°00’ Argos tag 30
Dermochelys coriacea N3°00’ W47°00’
Green turtle No 130 1,700 N35°22’ E33°40’ Argos tag 31
Chelonia mydas N31°26’ E16°00’
Hawksbill turtle No 87 1,400 N18°10’ W68°30’ Argos tag 32
Eretmochelys imbricata N15°00’ W81°00’
Loggerhead turtle No 70 2,100 N35°22’ E33°40’ Argos tag 31
Caretta caretta N34°30’ E10°40’

*These species have cranial endothermy, in which eye and brain temperatures are elevated. See the terminology section in SI Materials and Methods for details.
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Table S3. Fitting of nonphylogenetic regression models

Model R2 AIC ΔAIC wAIC

Swim speed ∼ Body mass + Body temp + Endothermy 0.70 −6.3 0 0.78
Swim speed ∼ Body mass + Endothermy 0.67 −3.7 2.6 0.21
Swim speed ∼ Body mass + Body temp 0.61 4.6 10.8 <0.01
Swim speed ∼ Body mass 0.54 9.7 16.0 <0.01
Swim speed ∼1 0 43.6 49.9 <0.01
COT ∼ Body mass + Body temp + Endothermy 0.90 −48.1 0 0.89
COT ∼ Body mass + Body temp 0.88 −43.8 4.3 0.10
COT ∼ Body mass + Endothermy 0.85 −32.3 15.8 <0.01
COT ∼ Body mass 0.82 −25.4 22.7 <0.01
COT ∼1 0 50.4 98.5 <0.01
Migration range ∼ Body mass + Endothermy 0.68 −1.7 0 >0.99
Migration range ∼ Body mass 0.37 10.3 12.0 <0.01
Migration range ∼1 0 17.4 19.1 <0.01

The best models are shown in bold. wAIC, Akaike weight.
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