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Despite long evolutionary separations, several sharks and tunas
share the ability to maintain slow-twitch, aerobic red muscle (RM)
warmer than ambient water. Proximate causes of RM endothermy
are well understood, but ultimate causes are unclear. Two advan-
tages often proposed are thermal niche expansion and elevated
cruising speeds. The thermal niche hypothesis is generally supported,
because fishes with RM endothermy often exhibit greater tolerance
to broad temperature ranges. In contrast, whether fishes with RM
endothermy cruise faster, and achieve any ecological benefits from
doing so, remains unclear. Here, we compiled data recorded by
modern animal-tracking tools for a variety of free-swimming marine
vertebrates. Using phylogenetically informed allometry, we show
that both cruising speeds and maximum annual migration ranges of
fishes with RM endothermy are 2-3 times greater than fishes with-
out it, and comparable to nonfish endotherms (i.e., penguins and
marine mammals). The estimated cost of transport of fishes with
RM endothermy is twice that of fishes without it. We suggest that
the high energetic cost of RM endothermy in fishes is offset by the
benefit of elevated cruising speeds, which not only increase prey
encounter rates, but also enable larger-scale annual migrations and
potentially greater access to seasonally available resources.

marine predator | swim speed | migration | body temperature

In 1835, the British physician John Davy reported that skipjack
tuna have body temperatures 10 °C higher than ambient waters
and considered this fish an exception to the general rule that
fishes are cold-blooded (1). It is currently known that at least 14
species of tuna (family Scombridae) and five species of shark
(four species in the family Lamnidae and one species in the
family Alopiidae) have the ability to retain metabolic heat via
vascular countercurrent heat exchangers, and to maintain the
temperature of slow-twitch, aerobic red muscle (hereafter de-
noted RM) significantly above that of the ambient water (2-7).
This “RM endothermy” (see SI Materials and Methods for ter-
minology) in fishes represents a remarkable example of conver-
gent evolution, because bony fishes and cartilaginous fishes
diverged as long as 450 million years ago (8). In addition to el-
evated RM temperature, tunas and endothermic sharks share a
number of morphological (e.g., medially located RM), physio-
logical (e.g., high metabolic rates), and ecological (e.g., highly
mobile and predatory lifestyle) characteristics (9).

RM endothermy is an energetically expensive thermal strategy
(9), and its convergent evolution indicates that the extra ener-
getic costs incurred by RM endothermy can be outweighed by
some ecological advantages. This topic has been discussed in-
tensively, and two primary, nonmutually exclusive hypotheses
have been proposed: expansion of the thermal niche and ele-
vated cruising speeds (2). The thermal niche hypothesis states
that fishes with RM endothermy can tolerate a broader range of
water temperatures and, thus, can expand their geographic
niche. An increasing suite of evidence supports this hypothesis;
tunas and endothermic sharks often range widely and dive well
beneath the thermocline and, consequently, experience a broad
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temperature range (e.g., more than 20 °C in some species; refs.
10 and 11). However, some ectothermic species (e.g., blue shark)
experience similar temperature ranges by diving deep (11, 12),
suggesting that other factors may also affect the thermal pref-
erence and tolerance of pelagic fishes.

The elevated cruising speed hypothesis states that elevated
RM temperature enhances the power output of RM and,
thereby, increases cruising speed of the fishes (2). This hypoth-
esis is reasonable, because the contraction speed and power
output of the isolated RM (13) and the sustained swim speed of
ectothermic fishes in captivity (14) all increase with temperature
within a species, at least within their normal temperature range.
Surprisingly, however, a previous laboratory study found no
differences in the sustained swim speeds between two Scom-
bridae species with and without RM endothermy (15). As a re-
sult, evidence for the hypothesis is still lacking.

If fishes with RM endothermy are shown to cruise faster in
nature, what ecological benefits could they achieve from doing
so? Fishes can increase prey encounter rates and, thus, potential
energy gains by cruising faster (16); however, this benefit may be
counteracted if energetic costs incurred by cruising faster and
being endothermic are high. It is therefore important to examine
whether the cost of transport (i.e., the energy needed to move a
unit body mass over a unit distance) at their cruising speeds is
higher for fishes with RM endothermy.

In addition to the benefit of increased prey encounter rates,
fishes with RM endothermy may be able to move greater dis-
tances in a given time period, such as a year, because of their fast
cruising speed. Annual migrations are common in fishes, often

Significance

Most fishes are cold-blooded, but tunas and some sharks (e.g.,
white sharks) maintain their exercising muscles warmer than
ambient waters. This ability is a remarkable example of con-
vergent evolution because bony and cartilaginous fishes di-
verged as long as 450 million years ago. What are the ecological
benefits driving the evolution of warm muscles in fishes? De-
spite extensive discussion, no previous studies have tested a
simple possibility that fishes with warm muscles may swim
faster in nature. We demonstrate that fishes with warm muscles
swim faster and perform larger-scale annual migrations than
similar-sized cold-blooded fishes. Our results suggest that warm
muscles enhance power output and, thus, cruising speeds, which
may enable longer-distance migrations and potentially greater
access to seasonally available resources.
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Table 1. Fitting of phylogenetic regression models

Model R? AIC AAIC WAIC
Swim speed ~ Body mass + Body temp + Endothermy 0.66 -4.5 0 0.73
Swim speed ~ Body mass + Endothermy 0.60 -2.4 2.1 0.26
Swim speed ~ Body mass + Body temp 0.51 3.4 7.9 0.01
Swim speed ~ Body mass 0.44 6.5 1.1 <0.01
Swim speed ~1 0 29.8 34.4 <0.01
COT ~ Body mass + Body temp + Endothermy 0.90 -53.3 0 0.88
COT ~ Body mass + Body temp 0.88 -49.2 41 0.12
COT ~ Body mass + Endothermy 0.84 -34.4 18.9 <0.01
COT ~ Body mass 0.8 -25.5 27.8 <0.01
COT ~1 0 459 99.2 <0.01
Migration range ~ Body mass + Endothermy 0.67 0.3 0 0.99
Migration range ~ Body mass 0.35 9.7 9.4 <0.01
Migration range ~1 0 16.2 15.9 <0.01

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

between foraging grounds and reproductive habitats (10, 11, 17);
therefore, it is hypothesized that fishes with RM endothermy
exhibit annual migrations over larger spatial scales than fishes
without it. If such difference is observed, large-scale migration
could be an ecological advantage, because it allows the fishes
with RM endothermy to better exploit seasonal peaks of re-
source abundance and avoid seasonal resource depression (18).

Because of the rapid development and improvement of vari-
ous data-recording or transmitting tags, information on fish
movements in the wild is increasingly available, both from fine-
scale (e.g., recording swim speed; ref. 19) and long-term (e.g.,
recording migration path; ref. 11) animal-tracking studies. Such
information has provided much insight into the ecology of many
species; however, no previous studies have examined the possible
differences in the movement patterns or swimming energetics in
nature between fishes with and without RM endothermy. In this
study, therefore, we compiled data on cruising swim speed and
migration range of fishes, recorded by various animal-tracking
tools, both from the literature and our own fieldwork. We also
estimated the cost of transport for each species swimming at
each cruising speed. Using phylogenetically informed allometry,
we examined whether fishes with RM endothermy (i) swim
faster, (if) have higher cost of transport, and (iii) exhibit larger-
scale annual migrations.

Results

Cruising Speed. We compiled cruising speed data for 46 fish
species with body masses ranging from 0.025 to 2,200 kg, in-
cluding six species with RM endothermy (three sharks and three
tunas) (Table S1). Phylogenetically informed regressions (20)
(see Fig. S1 for the phylogenetic tree), coupled with model se-
lection analysis based on Akaike information criterion (AIC),
showed that cruising speed is best explained by body mass, body
temperature, and whether the fish has RM endothermy (R* =
0.66, Akaike weight = 0.73) (Table 1). Body temperature was set
at specific values based on previous measurements for fishes with
RM endothermy, and at ambient temperature of the swimming
depths for fishes without RM endothermy. For a given body
mass, cruising speed was 2.7 times faster for fishes with RM
endothermy (speed = 0.70 x mass”?*’) than fishes without it
(speed = 0.26 x mass”*") (Fig. 14). For a given body mass and
body temperature, cruising speed was 2.4 times faster for fishes
with RM endothermy (speed = 0.29 x mass”?’ x temp”*®) than
fishes without it (speed = 0.12 x mass”?’ x temp®>).

The cruising speeds of fishes were compared with those of
other vertebrate swimmers (seabirds, marine mammals, and sea
turtles) compiled previously (21) (Fig. 14). There was consid-
erable variation in swim speed for a given body mass in each

20f 6 | www.pnas.org/cgi/doi/10.1073/pnas.1500316112

group, and the slopes of the phylogenetic regression lines were
steeper for fishes (exponent, 0.20) than seabirds (0.04) and
marine mammals (0.10). Nevertheless, cruising speeds of fishes
with RM endothermy were closer to those of nonfish endo-
therms (seabirds and marine mammals) than to fishes without
RM endothermy. The speeds of sea turtles (ectotherms, except
for the leatherback turtle; ref. 22) were close to those of fishes
without RM endothermy.

Cost of Transport. Cost of transport (COT) estimated for each
species with each cruising speed (Table S1) was also best
explained by body mass, body temperature, and whether the fish
has RM endothermy (R* = 0.90, Akaike weight = 0.88) (Table 1).
For a given body mass, COT was 1.9 times higher for fishes with
RM endothermy (COT = 2.92 x mass™’*°) than fishes without it
(COT = 1.54 x mass %) (Fig. 1B). For a given body mass and
body temperature, COT was 1.5 times higher for fishes with RM
endothermy (COT = 0.78 x mass - x temp®*’) than fishes
without it (COT = 0.53 x mass™*® x body®*).

Migration Range. Annual migration patterns vary greatly among
individuals, ages, and populations in some species (11, 23), and
the “average” migration pattern might not be informative. There-
fore, the maximum, rather than average, annual migration range
was compiled for 20 fish species with body masses ranging from
0.6 to 315 kg, including nine species with RM endothermy (four
sharks and five tunas), and 17 species of nonfish vertebrate
swimmers (Fig. 2 and Table S2). The migration range of fishes
was best explained by body mass and whether the fish has RM
endothermy (R? = 0.67, Akaike weight = 0.99) (Table 1; see also
Fig. S2 for the phylogenetic tree). For a given body mass, max-
imum migration range was 2.5 times larger for fishes with RM
endothermy (range = 1,754 x mass”??) than fishes without it
(range = 707 x mass">’) (Fig. S3). In 13 species for which both
maximum migration ranges and cruising speeds were available,
the two parameters were linearly related (R* = 0.77) (Fig. 3).

Maximum migration ranges of fishes with RM endothermy
were closer to those of marine mammals, penguins, and leath-
erback turtles than to fishes without RM endothermy (Fig. 2).

Finally, we repeated the regression analyses of cruising speed,
COT, and migration range by using ordinary least-squares (i.e.,
nonphylogenetic) method and found a similar amount of support
(R? value and Akaike weight) for each candidate model (Table
S3). Thus, our results are not specific to our choice of evolu-
tionary process models (Materials and Methods).

Watanabe et al.
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Discussion

Fast Cruising Speed. We show that fishes with RM endothermy
cruise at faster speeds than fishes without it. Our result is in-
consistent with a previous laboratory experiment (15) that swam
two Scombridae species with and without RM endothermy and
found no support for the elevated cruising speed hypothesis.
However, because of the size limitation of the water tunnel, the
fishes swum in that study were small juveniles (<300 g). RM
endothermy develops gradually with body size (24), and potential
differences in the swimming performance might not have been
detected in that study. In contrast, we took a phylogenetic
comparative approach by using data for a range of wild fishes,
including adult tunas (up to 240 kg) and endothermic sharks (up
to 428 kg), and provided a statistically robust result.

Our result indicates that convergent evolution of RM endo-
thermy in fishes has not only allowed the expansion of thermal
niche, as shown in previous studies (10, 11), but also enhanced
cruising speeds, as shown here for the first time to our knowl-
edge. Fishes with RM endothermy are faster even after the effect
of body temperature is controlled for, suggesting that their ele-
vated cruising speeds are not simply a result of thermal effects on
RM, but are enhanced by other characteristics shared by these
fishes. Such characteristics include high metabolic rates (higher
than what would be predicted for their body temperature based
on the Qg effect from the metabolic rates of ectothermic fishes;
ref. 2) and thunniform swimming mode (where lateral move-
ments are largely confined to the caudal region) associated with
a unique force-transmission system from RM to the caudal re-
gion (25).

Interestingly, the cruising speeds of fishes with RM endo-
thermy are close to those of nonfish endotherms (seabirds and
marine mammals), whereas speeds of fishes without RM endo-
thermy are comparable to sea turtles. We suggest that thermal
strategy (endothermy or ectothermy) is a major determinant of
cruising speed not only in fishes, but also in marine vertebrates in
general, presumably through its strong effect on metabolic rates
and muscle contractile properties.

High Energetic Cost. Elevated cruising speed of fishes with RM
endothermy should enable increased prey encounter rates and,
thus, increased potential energy gains, as shown by a predator—
prey interaction model in 3D space (16). However, we also show
that COT of fishes with RM endothermy is approximately twice
that of fishes without it. The high COT can be attributed to their
high standard metabolic rates (9) and the exponential increase in
energy requirements with swim speed (26). A previous compar-
ison of swimming energetics of fishes studied in water tunnels
provided a similar result, but with a smaller dataset including
only bony fishes (27). Although our estimates for COT are in-
evitably based on many assumptions (e.g., a universal Q, value
among fishes, and the extrapolation of scaling relationship of
basal metabolic rate in large species; Materials and Methods), our
analyses indicate that any energetic benefit of increased prey
encounter rates is, at least partly, counteracted by the higher
energetic costs incurred by swimming faster and being endo-
thermic. High energetic costs may also be linked to fast somatic
and gonadal growth and elevated digestion rates in tunas (28),
although the link is less clear in endothermic sharks (29).

Large-Scale Migration. In addition to the benefit of increased prey
encounter rates, we find that the maximum annual migration range
of a species is larger for fishes with RM endothermy than fishes
without it, even after controlling for the effect of body size. No-
tably, all sharks with RM endothermy in our dataset (salmon,
porbeagle, white, and shortfin mako sharks) are capable of larger
scale migrations than any ectothermic sharks (broadnose sev-
engill, tiger, oceanic whitetip, and blue sharks), despite their

Watanabe et al.
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Fig. 1. Cruising speed and the cost of transport as a function of body mass.
(A) Cruising speed of fishes with RM endothermy (pink) and fishes without it
(light blue) recorded in the wild, with other vertebrates swimmers [seabirds,
marine mammals (gray), and sea turtles (black)] for comparison. (B) Cost of
transport (i.e., the energy needed to move a unit body mass over a unit
distance) estimated for each fish species with each cruising speed. See main
text for the equations of phylogenetically informed regression lines shown
in the figure, except for seabirds (speed = 1.60 x mass®®?) and marine
mammals (speed = 0.78 x mass®'%) (21) in A.

similar ecological niches as upper trophic-level predators and
relatively large numbers of tracking records available.

Our result can partly be explained by greater tolerance to
broad temperature ranges in species with RM endothermy, be-
cause long, latitudinal migrations involve significant changes in
water temperature. However, the migration range of fishes with
RM endothermy is 2.5 times larger than similar-sized fishes
without RM endothermy, a similar value to what we find for
cruising speeds (2.7 times). Moreover, the relationship between
maximum migration ranges and cruising speeds across fishes is
linear. Together, these results indicate that the spatial scale of an-
nual migration of fishes is strongly affected by their cruising speed.

Intriguingly, the maximum migration ranges of fishes with RM
endothermy are closer to those of nonfish, endothermic swim-
mers than to fishes without RM endothermy. For example, the
Atlantic bluefin tuna (30), salmon shark (11), blue whale (31),
northern fur seal (32), and leatherback turtle (a turtle with
warmed body core) (33) migrate between temperate and tropical
(or subpolar and subtropical) habitats, and no fishes without RM
endothermy perform migrations over similar spatial scales. An-
other notable example is the swordfish, which migrates between
temperate and tropical habitats (34), a spatial scale that is the
largest among fishes without RM endothermy (Fig. 2). RM of
this species is not significantly warmer than surrounding waters
(35), but located medially in the body (similarly to fishes with
RM endothermy) with a simple form of heat exchangers present,
a morphology that suggests the ability to reduce heat loss from
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Fig. 2. The maximum annual migration ranges for various vertebrate swimmers. The range for a species is measured from long-term animal-tracking studies
as the maximum value (among individuals) of linear distances along the Earth’s surface between the two furthest points on an individual’s annual migration loop.

RM during steady swimming (36). Overall, our finding suggests
that, in marine vertebrates in general, thermal strategy (endo-
thermy or ectothermy) is a major determinant of the spatial scales
of annual migrations through its effect on cruising speeds and tol-
erance to broad temperature ranges.

In conclusion, our comparative analyses indicate that a po-
tential ecological advantage of RM endothermy in fishes is the
ability to cruise faster, which not only increases prey encounter
rates, but also enables larger-scale annual migrations and greater
access to seasonally available resources. We suggest that this
advantage, coupled with the previously recognized benefit of
thermal niche expansion, could outweigh high energetic costs
incurred by RM endothermy and, thus, has facilitated the radi-
ation and diversification of tunas and endothermic sharks. Our
analyses also indicate that fishes with RM endothermy are sim-
ilar to birds and mammals in many respects, including not only
high metabolic rates (2) and temperature dependence of muscle
function (37), but also fast cruising speeds and the capabilities of
large-scale migrations.

Materials and Methods

Cruising Speed. Mean speeds of fishes swimming freely in the wild were
compiled from the literature and our own field experiments (Table S1). For
the published sources, the main methods of recording swim speed were (i)
attaching a speed sensor (a propeller in most cases) directly to the fish
(“Speed sensor” in the method column of Table S1); and (ii) tracking the fish
with an acoustic transmitter attached and recording its movement path over
a time period (“Acoustic tracking 2D" or “Acoustic tracking 3D"; see S/
Materials and Methods for details). In addition, we accepted swim speed
data from (iii) flow-speed measurements taken on the boat that was driven
alongside the surface-swimming fish (“Boat"), (iv) vertical speed detected by
depth sensors and divided by the sine of the pitch angle estimated from
acceleration records (“Pitch”), and (v) the tail-beat frequency of the fish in
the wild detected by attached magnetic sensors, coupled with the linear
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relationship between swim speed and tail-beat frequency examined in
captivity (“Tailbeat”).

Our field experiments recorded swim speeds for the salmon shark Lamna
ditropis (July 2012, in Prince Williams Sound in Alaska), oceanic whitetip
shark Carcharhinus longimanus (May 2013 and April-May 2014, off Cat
Island, The Bahamas), blacktip reef shark Carcharhinus melanopterus and
gray reef shark Carcharhinus amblyrhynchos (July 2013, at Palmyra Atoll).
Sharks were hooked and restrained alongside a boat, except for the salmon
shark that was hooked and then lifted in a stretcher up on the deck of a
boat. A PD3GT logger (21-mm diameter, 115-mm length, and 60 g; Little
Leonardo) was incorporated into a package for the instrument recovery (38),
which was composed of a time-scheduled release mechanism (Little Leonardo),
float, very high frequency (VHF) radio transmitter (Advanced Telemetry Systems),
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Fig. 3. The relationship between cruising speed and maximum annual mi-
gration range in fishes. Among the species shown in Figs. 1A (cruising speed)
and 2 (maximum annual migration range), only 13 species for which both
parameters are available are used in this figure. The least-squares regression
line is as follows: range = 3,095 x speed — 117.
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and Argos transmitter (Wildlife Computers). The package was attached to
the dorsal fin of the sharks, before the sharks were released. Once the
package detached from the animals after a 1-4 d free-swimming period, it
was located by using VHF and Argos signals and recovered by a boat. The
logger recorded relative swim speed as the number of rotations of a pro-
peller at 1-s interval, as well as depth, temperature (at 1-s interval), and
three-axis accelerations (at 1/16-s interval). The propeller rotation values
were converted to the actual swim speeds (m-s~') by using the equation
from a previous calibration experiment (39).

For comparative analyses of swim speeds, body mass and body temper-
ature were estimated for each species in the dataset. See S/ Materials and
Methods for details.

COT. COT (i.e., the energy required to move a unit body mass over a unit
distance) (J-kg‘1-m") was computed for each species in our dataset by es-
timating its routine metabolic rate (W) and dividing it by its cruising speed
(m-s~") and body mass (kilograms) (Table S1). Routine metabolic rate was
assumed to be composed of basal (or standard) metabolic rate (BMR) and
the net locomotion cost at the cruising speed.

BMR of ectothermic fishes was estimated from body mass and body
temperature, using the scaling relationship (BMR = 0.224 x mass®®’° at 38 °C,
where BMR is in mL of O,-h™' and mass is in grams) and Qo value (1.65)
reported in fishes (40). Because the maximum body mass is only 2 kg in the
published source (40), we had to extrapolate the scaling relationship of BMR
for the species with larger body mass. Fishes with RM endothermy have
higher BMR (2) and were considered separately. BMR reported for yellowfin
tuna (91 mg of O,-kg™"-h~" for 5.4 kg of body mass in 20 °C water) (41) was
adjusted for body mass and water temperature [using the slope of the
scaling relationship (0.879) and Qo value (1.65); ref. 40] to estimate BMR of
this species in our dataset. Similarly, BMR reported for Pacific bluefin tuna
(120 mg of O,-kg™"-h~" for 8.3 kg of body mass in 20 °C water) (41) and
shortfin mako shark (124 mg of 0,-kg™"-h~" for 6.1 kg of body mass in 18 °C
water) (42) were used to estimate BMR of two bluefin tuna species (Pacific
and Atlantic) and three lamnid shark species (salmon, white, and shortfin
mako) in our dataset, respectively. BMR expressed in the volume of oxygen
consumed per unit time was converted to the physical unit (W), by assuming
that 1 mol oxygen occupies 22.4 L and equates to the utilization of 434 kJ.

The net locomotion cost (i.e., the elevation of metabolic cost above BMR
during steady swimming) has been measured in water tunnels for many fish
species. When oxygen consumption rate (in log scale) is plotted against swim
speed (in linear scale, in body length-s"), the relationships are linear, and the
slopes are similar among different species with different body sizes (26).
That is, for a unit increase in swim speed (in body Iength-s”), there is ap-
proximately a corresponding 2.3-fold elevation in metabolic rates for many
species. Therefore, we used this value and the relative cruising speed of
each species in our dataset [cruising speed (m-s™") divided by body length
(meters); Table S1] to estimate its net locomotion cost.

Migration Range. The maximum annual migration range for a species was
examined from the literature that tracked marine vertebrates (fishes, pen-
guins, seals, whales, and sea turtles) for a long period (Table S2). Among
seabirds, only penguins (which migrate by swimming) were considered,
because we focused on swimming behavior rather than flight. The main
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methods of recording migration paths in the collected literature were
(i) satellite tracking by using Argos transmitting tags (“Argos tag” in the
method column of Table S2), (ii) light-level-based geolocation by using ar-
chival tags (“Archival tag”), and (iii) the combination of Argos satellite
tracking and light-level-based geolocation, using pop-up archival trans-
mitting tags (“Pop-up tag”). In addition, the data from (iv) the tidal location
method (based on the time of high water and tidal range measured by
depth sensors attached to benthic fish) (“Tidal location”), (v) the photo
identification (“Photo ID"”), and (vi) the conventional radio tracking (“Radio
tag”) used for some whales were also included.

Any migration paths making a complete loop in a year were accepted as a
candidate. For species known to return to the same area every year, paths
representing an incomplete loop (i.e., in the case that tracking ended long
before a year) were also accepted. For each species, the maximum value
(among individuals) of the linear distances along the Earth’s surface between
two furthest points on an individual’s migration loop was measured by using
Google Earth. Incomplete loops only available for some species, and the
photo identification and radio tracking methods used for some whales (in
which individual animals are located only limited times), precluded us from
estimating the distance traveled along the migration loops.

For comparative analyses of migration ranges, body mass was estimated
for each species in the dataset. See S/ Materials and Methods for details.

Data Analyses. Phylogenetic trees for the species in our dataset were created
by using the software Mesquite (43), with the published sources for the
phylogenetic relationships among species (44-47) and an arbitrary branch
length (48) (Figs. S1 and S2). The trees were transferred to the software
Matlab (MathWorks), where further regression analyses were conducted by
using the Regressionv2.m program (20).

All continuous variables (i.e., swim speed, cost of transport, migration
range, body mass, and body temperature) were log;o transformed to im-
prove linearity of relationships among the variables, and whether the fish
have RM endothermy was input as a categorical value (Table 1). The re-
gression equation, the coefficient of determination (R? value), and AIC for
each model was computed under the Ornstein-Uhlenbeck evolutionary
process model, and the model with best support was determined based on
Akaike weights. To examine the robustness to our choice of evolutionary
process model, the procedure was repeated by using ordinary least-squares
(i.e., nonphylogenetic) regression method.
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S| Materials and Methods

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).

. Block BA, Finnerty JR, Stewart AFR, Kidd J (1993) Evolution of endothermy in fish:
Mapping physiological traits on a molecular phylogeny. Science 260(5105):210-214.
2. Dickson KA, Graham JB (2004) Evolution and consequences of endothermy in fishes.

Physiol Biochem Zool 77(6):998-1018.

3. Carlson JK, Goldman KJ, Lowe CG (2004) Metabolism, energetic demand, and endo-
thermy. Biology of Sharks and Their Relatives, eds Carrier JC, Musick JA, Heithaus MR
(CRC, Boca Raton, FL), pp 203-224.

4. Clarke A, Portner H-O (2010) Temperature, metabolic power and the evolution of

endothermy. Biol Rev Camb Philos Soc 85(4):703-727.

. Grady JM, Enquist BJ, Dettweiler-Robinson E, Wright NA, Smith FA (2014) Dinosaur

physiology. Evidence for mesothermy in dinosaurs. Science 344(6189):1268-1272.

6. Runcie RM, Dewar H, Hawn DR, Frank LR, Dickson KA (2009) Evidence for cranial
endothermy in the opah (Lampris guttatus). J Exp Biol 212(Pt 4):461-470.

7. Humphries NE, et al. (2010) Environmental context explains Lévy and Brownian
movement patterns of marine predators. Nature 465(7301):1066—1069.

8. Watanabe YY, et al. (2011) Scaling of swim speed in breath-hold divers. J Anim Ecol
80(1):57-68.

9. Barnett A, Abrantes KG, Stevens JD, Bruce BD, Semmens JM (2010) Fine-scale move-
ments of the broadnose sevengill shark and its main prey, the gummy shark. PLoS
ONE 5(12):e15464.

10. Sims DW (2000) Filter-feeding and cruising swimming speeds of basking sharks
compared with optimal models: They filter-feed slower than predicted for their size.
J Exp Mar Biol Ecol 249(1):65-76.

11. Carlisle AB, Starr RM (2010) Tidal movements of female leopard sharks (Triakis
semifasciata) in Elkhorn Slough, California. Environ Biol Fishes 89(1):31-45.

12. Ruggerone GT, Quinn TP, McGregor IA, Wilkinson TD (1990) Horizontal and vertical
movements of adult steelhead trout, oncorhynchus mykiss, in the Dean and Fisher
channels, British Columbia. Can J Fish Aquat Sci 47(10):1963-1969.

13. Quinn TP, Terhart BA, Groot C (1989) Migratory orientation and vertical movements

of homing adult sockeye salmon, oncorhynchus nerka, in coastal waters. Anim Behav

37:587-599.

[

Watanabe et al. www.pnas.org/cgi/content/short/1500316112

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.

14. Olson AF, Quinn TP (1993) Vertical and horizontal movements of adult Chinook
salmon oncorhynchus tshawytscha in the Columbia River estuary. Fish Bull 91(1):
171-178.

15. Lokkeborg S, Skajaa K, Fernoé A (2000) Food-search strategy in ling (Molva molva L.):
Crepuscular activity and use of space. J Exp Mar Biol Ecol 247(2):195-208.

16. Ferno A, Jorgensen T, Lokkeborg S, Winger PD (2011) Variable swimming speeds in
individual Atlantic cod (Gadus morhua L.) determined by high-resolution acoustic
tracking. Mar Biol Res 7(3):310-313.

17. Marsac F, Cayre P (1998) Telemetry applied to behaviour analysis of yellowfin tuna
(Thunnus albacares, Bonnaterre, 1788) movements in a network of fish aggregating
devices. Hydrobiologia 372:155-171.

18. Metcalfe JD, Arnold GP, Webb PW (1990) The energetics of migration by selective
tidal stream transport: An analysis for plaice tracked in the southern North Sea. J Mar
Biol Assoc U K 70(1):149-162.

19. Kerwath SE, Goetz A, Attwood CG, Sauer WHH, Wilke CG (2007) Area utilisation and
activity patterns of roman Chrysoblephus laticeps (Sparidae) in a small marine pro-
tected area. Afr J Mar Sci 29(2):259-270.

20. Luo J, Serafy JE, Sponaugle S, Teare PB, Kieckbusch D (2009) Movement of gray
snapper Lutjanus griseus among subtropical seagrass, mangrove, and coral reef
habitats. Mar Ecol Prog Ser 380:255-269.

21. Hanson KC, et al. (2007) Assessment of largemouth bass (Micropterus salmoides)
behaviour and activity at multiple spatial and temporal scales utilizing a whole-lake
telemetry array. Hydrobiologia 582:243-256.

22. Starr RM, Sala E, Ballesteros E, Zabala M (2007) Spatial dynamics of the Nassau
grouper Epinephelus striatus in a Caribbean atoll. Mar Ecol Prog Ser 343:239-249.

23. Doiphode P (1986) On the landing of a whale shark Rhincodon typus Smith at Anjuna,
Goa. Mar Fish Inf Serv Tech Ext Ser 66:29.

24. Goldman KJ (1997) Regulation of body temperature in the white shark, Carcharodon
carcharias. J Comp Physiol B Biochem. Syst Environ Physiol 167(6):423-429.

25. Goldman KJ, Anderson SD, Latour RJ, Musick JA (2004) Homeothermy in adult salmon
sharks, Lamna ditropis. Environ Biol Fishes 71(4):403-411.

10f9


www.pnas.org/cgi/content/short/1500316112

L T

/

D\

v
ar

26.

27.
28.
29.
30.
31.
32.
33.

34.

35.
36.
37.

38.

39.

40.

Fig. S1.

Sepulveda CA, Kohin S, Chan C, Vetter R, Graham JB (2004) Movement patterns,
depth preferences, and stomach temperatures of free-swimming juvenile mako
sharks, Isurus oxyrinchus, in the Southern California Bight. Mar Biol 145(1):191-199.
Marcinek DJ, et al. (2001) Depth and muscle temperature of Pacific bluefin tuna ex-
amined with acoustic and pop-up satellite archival tags. Mar Biol 138(4):869-885.
Block BA, et al. (2001) Migratory movements, depth preferences, and thermal biology
of Atlantic bluefin tuna. Science 293(5533):1310-1314.

Carey FG, Teal JM, Kanwishe JW, Lawson KD, Beckett JS (1971) Warm-bodied fish. Am
Zool 11(1):137-145.

Gleiss AC, Norman B, Wilson RP (2011) Moved by that sinking feeling: Variable diving
geometry underlies movement strategies in whale sharks. Funct Ecol 25(3):595-607.
Mitamura H, et al. (2012) Short-range homing in a site-specific fish: Search and di-
rected movements. J Exp Biol 215(Pt 16):2751-2759.

Mitamura H, et al. (2012) Movements of lumpsucker females in a northern Norwegian
fjord during the spawning season. Environ Biol Fishes 93(4):475-481.

NOAA National Oceanographic Data Center. Available at www.nodc.noaa.gov. Ac-
cessed Jan. 1, 2015.

Stehfest KM, Patterson TA, Barnett A, Semmens JM (2014) Intraspecific differences in
movement, dive behavior and vertical habitat preferences of a key marine apex
predator. Mar Ecol Prog Ser 495:249-262.

Weng KC, et al. (2008) Migration of an upper trophic level predator, the salmon shark
Lamna ditropis, between distant ecoregions. Mar Ecol Prog Ser 372:253-264.
Campana SE, Joyce W, Fowler M (2010) Subtropical pupping ground for a cold-water
shark. Can J Fish Aquat Sci 67(5):769-773.

Bonfil R, et al. (2005) Transoceanic migration, spatial dynamics, and population
linkages of white sharks. Science 310(5745):100-103.

Howey-Jordan LA, et al. (2013) Complex movements, philopatry and expanded depth
range of a severely threatened pelagic shark, the oceanic whitetip (Carcharhinus
longimanus) in the western North Atlantic. PLoS ONE 8(2):e56588.

Svedang H, Righton D, Jonsson P (2007) Migratory behaviour of Atlantic cod Gadus mo-
rhua: Natal homing is the prime stock-separating mechanism. Mar Ecol Prog Ser 345:1-12.
Childers J, Snyder S, Kohin S (2011) Migration and behavior of juvenile North Pacific
albacore (Thunnus alalunga). Fish Oceanogr 20(3):157-173.

41.

42.

43.

a4,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Loher T, Seitz A (2006) Seasonal migration and environmental conditions of Pacific
halibut Hippoglossus stenolepis, elucidated from pop-up archival transmitting (PAT)
tags. Mar Ecol Prog Ser 317:259-271.

Hunter E, Metcalfe JD, Reynolds JD (2003) Migration route and spawning area fidelity
by North Sea plaice. Proc Biol Sci 270(1529):2097-2103.

Hawkes LA, et al. (2012) Migratory patterns in hawksbill turtles described by satellite
tracking. Mar Ecol Prog Ser 461:223-232.

The Guy Harvey Research Institute www.nova.edu/ocean/ghri/tracking/. Accessed
Jan. 1, 2015.

Vandeperre F, et al. (2014) Movements of blue sharks (Prionace glauca) across their
life history. PLoS ONE 9(8):e103538.

Block BA, et al. (2011) Tracking apex marine predator movements in a dynamic ocean.
Nature 475(7354):86-90.

James MC, Ottensmeyer CA, Myers RA (2005) Identification of high-use habitat and
threats to leatherback sea turtles in northern waters: New directions for conservation.
Ecol Lett 8(2):195-201.

Broderick AC, Coyne MS, Fuller WJ, Glen F, Godley BJ (2007) Fidelity and over-win-
tering of sea turtles. Proc Biol Sci 274(1617):1533-1538.

Thiebot J-B, et al. (2013) A space oddity: Geographic and specific modulation of mi-
gration in Eudyptes penguins. PLoS ONE 8(8):e71429.

Rasmussen K, et al. (2007) Southern Hemisphere humpback whales wintering off
Central America: Insights from water temperature into the longest mammalian mi-
gration. Biol Lett 3(3):302-305.

Ream RR, Sterling JT, Loughlin TR (2005) Oceanographic features related to northern fur
seal migratory movements. Deep Sea Res Part Il Top Stud Oceanogr 52(5-6):823-843.
Urban-Ramirez J, et al. (2003) A review of gray whales (Eschrichtius robustus) on their
wintering grounds in Mexican waters. J Cetacean Res Manag 5(3):281-295.

Mate B, Mesecar R, Lagerquist B (2007) The evolution of satellite-monitored radio
tags for large whales: One laboratory’s experience. Deep Sea Res Part Il Top Stud
Oceanogr 54(3-4):224-247.

Quakenbush L, et al. (2012) Seasonal movements of the Bering-Chukchi-Beaufort
stock of bowhead whales: 2006-2011 satellite telemetry results. Report to the Sci-
entific Committee of the International Whaling Commission, SC/64/BRG61.

J=m @ broadnose sevengill shark Notorynchus cepedianus

I @ 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

|
Iy ﬁhfﬂ I

® 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

I @ Atlantic cod Gadus morhua
@ ycllowfin tuna Thunnus albacares

Relative length

without RM endothermy, respectively.

Watanabe et al. www.pnas.org/cgi/content/short/1500316112

{ @ Altantic bluefin tuna Thunnus thynnus
@ Pacific bluefin tuna Thunnus orientalis

@ red roman Chrysoblephus laticeps

® ocean sunfish Mola mola

® gray snapper Lutjanus griseus
pem——— @ |argemouth bass Micropterus salmoides
— ® gag Mycteroperca microlepis
@ Nassau grouper Epinephelus striatus
® perch Perca fluviatilis
® black rockfish Sebastes cheni
® lumpsucker Cyclopterus lumpus

@ sailfish Istiophorus platypterus

@ blue marlin Makaira nigricans

® Japanese flounder Paralichthys olivaceus
® plaice Pleuronectes platessa

-
o
o

Phylogenetic tree used in the comparative analysis of swim speed and the cost of transport. Pink and light blue circles represent fishes with and

20of9


http://www.nodc.noaa.gov
http://www.nova.edu/ocean/ghri/tracking/
www.pnas.org/cgi/content/short/1500316112
https://www.researchgate.net/publication/224604137_Depth_and_muscle_temperature_of_Pacific_bluefin_tuna_examined_with_acoustic_and_pop-up_satellite_archival_tags._Mar_Biol?el=1_x_8&enrichId=rgreq-4fe64a55-e518-41ba-9eca-9543a94c7c24&enrichSource=Y292ZXJQYWdlOzI3NTMzMzk2NDtBUzoyMjEwNjM1ODI2MjE2OTdAMTQyOTcxNzA3MzM3Mw==
https://www.researchgate.net/publication/230574019_Short-range_homing_in_a_site-specific_fish_Search_and_directed_movements?el=1_x_8&enrichId=rgreq-4fe64a55-e518-41ba-9eca-9543a94c7c24&enrichSource=Y292ZXJQYWdlOzI3NTMzMzk2NDtBUzoyMjEwNjM1ODI2MjE2OTdAMTQyOTcxNzA3MzM3Mw==

® 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
_E ® oceanic whitetip shark Carcharhinus longimanus
= = @ blue shark Prionace glauca

@ Atlantic cod Gadus morhua

@ yellowfin tuna Thunnus albacares
_E @ southern bluefin tuna Thunnus maccoyii

@ Atlantic bluefin tuna Thunnus thynnus
_E @ Pacific bluefin tuna Thunnus orientalis

@ albacore Thunnus alalunga
_— ® swordfish Xiphias gladius

_E @ striped marlin Kajikia audax
@ blue marlin Makaira nigricans

@ yellowtail Seriola quinqueradiata

E @ Pacific halibut Hippoglossus stenolepis
@ plaice Pleuronectes platessa
I N | | { I R | | [ N | | { I | |
15 10 5 0
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.

1 —
0000 3 P
] [ ] [ ]
€ 1 )
© X i o
2o
c D
© S 1000
g = ]
S c ] yes no (RM endothermy)
ES ] @ O bonyfish
3 g E [0) A A shark
= € i @ marine mammal
A penguin
100 H sea turtle
0.1 1 10 100 1000 10000 100000

Body mass (kg)

Fig. $3. 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,
penguins (gray), and sea turtles (black) are also shown.

Watanabe et al. www.pnas.org/cgi/content/short/1500316112 30f9


www.pnas.org/cgi/content/short/1500316112

1Dyae)d sny>uAyio0duQ

Ll agc buppesy dnsnody [4 " 62°0 Lo 4} (44} L0'L 617'0 ON 1noJ3 jeolynnd
ssiyAw snyduAys0ouQ
9l az buppesy d13snody €50 6l 190 €l LL0 0's 640 ON nos} peay|eais
siuelb snunjis
Sl agc buppesy onsnody 890 S'C Sl 8l 9€'0 €01l Lzl ON ysiy3ed> ueadoung
ejinbue ejjinbuy
143 @z buppesy d13snody 9,0 8€0 L1°0 €l wo 8Ll 180 ON |99 ueadoung
sisuauls sasuadny
€l Josuas paads 6L°0 oLy e 0z oLl 861 L6C ON uoabunys asaulyd  ysiy Auog
eoxneb aceuolid
Zl Josuas paads &0 L6l ol 44 1244 SOl (4N ON 3Jeys anjg
snuewjibuoj snujyieydied
Apras sy Josuas paads 6€°0 (X4 (41" 14 LL0 L6 60°C ON deys disyuym dluedQ
snaquwnyd snuiyieysied
Ll ac buppesy dsnody 660 (44 0L 44 wo [4 €80 ON 3Jeys Jeqpues
$1435041A84q uolidebayy
ol Josuas paads 90 6L (47 44 €90 LT LLL ON 3Jeys uows
soyduAyiAjque snuiyieydied
Apnis siyL Josuas paads £9°0 ol 9'q 8¢ 650 1'9¢ LS°L ON deys joau Aein
snuaydouejaw snuiyieysied
Apnis siyL Josuas paads S6°0 6'q 6'C 6C 2s0 6Ll oL ON Seys yaau dippelg
1uIma| euifyds
6 lesq|iel 8l 90 €20 9z 9’0 9.0 LSO ON >ieys peaysswwey padojjeds
131AN 0pI3303/en
8 Josuas paads LE0 095 8'8¢ 9C 690 99¢ LS'E ON deys 4ab1L
snajpdJejue snjaisnpyy
l @z buppesy d13snody 680 L9°0 9€'0 9l €€°0 € 880 ON deys Awwno
ejeldse/Iwas siyel]
L az buppes dusnody €L°0 6l Tl 8l €0 L 6L°L ON eys piedoa
sndA} uopoduiyy
9 YsHd L1°0 €eLe €'9¢€¢ 14 580 00cz 009 ON Jeys sjeym
snwiixew snujy4o1ad
S leog L0 697 0'6C €l 80°L oo 00t ON dJieys bupiseg
snyduiAxo snins|
14 ag Bunpesy d13snody 60°L K43 L9 W(81) 2z 98l 9l oLl SOA 3Jeys odew uljioys
selieyoied> uopoJeydied
€ az Bunpesy disnody 9’0 £0S¢ 6201 (S1) 9z T4 8¢y 09°€ SOA JJeys sHYm
sidosyip euwey
Apnis siyL Josuas paads 670 S'Z8 13 W(€1) sz 60°L Ssl SL'e SOA Jeys uouwljes
snjeydaso.iw sNSoIUWOS
4 Josuas paads 910 9vL SLL 4 vE0 €9¢ 86°C ON 3Jeys puejusain
snuelpadad snysuhiojon
l @z buppesn onsnody €0 8 14 9l 81’0 0s €lL'e ON ddeys [|Ibuanas asoupeoug Jieys
924nos poyis\ e Byt M ‘o184 M ‘a1ed D, ‘dwa) ,_Ss'w 63 ‘ssew w ‘y1bus;  Awusyjopus sapads dnoup
‘Jodsuesy  djjogelaw  djjogeldw Apog ‘paads wims Apog Apog NY
J0 150D aunnoy |eseq
poads 1eys 104 palewilsad sdinabiaud J19yl pue ‘pjiMm Yl ul paplodal saysyy jo paads Buisini) LS djqeL

SV Nd SVNd SV N

40f9

Watanabe et al. www.pnas.org/cgi/content/short/1500316112


www.pnas.org/cgi/content/short/1500316112

sijizeIAn]) e3sd

6€ dgz Buppesy d13snody 9CY L0 650°0 8l oLo 90 92°0 ON Ya4ad
snjeLs snipydauidy
8€ @z bunpesy onsnody L 6'€ Sl LT €S0 09 €L0 ON Jadnoub nesseN
sidajouoiw ex1adosandfpy
LE agz buppesy d13snody vLL 260 290 8l 710 8¢ 99'0 ON Beo
saplowjes snua3dooipy
9€ ag buppesy snsnody 0s'L L1L°0 oLo 9 4% €60 (0 4] ON sseq yinowsbue
snasiib snueliny
13 agz buppesy snsnody v0'€ L vzo 6¢C LSO 690 €€°0 ON Jaddeus Aeip
ejow ejopy
143 Josuas paads LEO Vel 8'8 9l 09°0 L8 SL°L ON ysijuns uesc0
sdadijel snydajqosAiyd
133 ag buppesy snsnody IL'e LZ’0 LL'0 6l Lo 877’0 z€0 ON uewoJ pay
essajejd $9129u0.INa|d
[43 @ buppen cnsnody (4" 8L'0 600 L 20 890 wo ON dleld
snacxenljo sAyiydijeieqd
LE Josuas paadg 60°L SL0 LEO 45 LE0 (44 2s'0 ON Jspunoy} assueder
suedlbiu esieyepy
0€ Josuas paadg 950 6'€C LSl 8¢ 0S°0 S8 0z'e *ON uijJew anjg
snua3dAyejd snioydoiys|
6C ag buppesy dnsnody 1244 69 €€ 44 90 0¢ el *ON ysijjres
sijeauslIo snuunyy
8¢ ag buppesy onsnody 660 8'0€ Ve 4(91) sz LE'L 9'CC 00°'L SOA eun} uysniq dijded
snuuAyi snuunyy
LT ag buppesy snsnody 0€0 09l 6'0S J(€1) s 00'C ove A4 SOA euny uian|q siuely
saJedeqje snuunyy
9T ag buppesy dnsnody el Vel (47 (€2) 8¢ velL L'LL 080 SOA Bun} UMO[ISA
enyJow snpeon
T4 @z bupesy d13snody S6°0 [44l} 7800 S 620 80 or'o ON pod dljue|y
eajow eAjopy
144 ag buppesy dsnody 20'¢ oLo L0°0 8 80°0 90 090 ON Bun
Jejes owjfes
€C agc buppesy dsnody 89'q ZL00 €500°0 L 600 S20°0 S0 ON uouwies >puely
ejny owyes
[44 @z buppesy d13snody 09'€ 0€0°0 2100 Ll Lo 2900 0z0 ON 1noJy ess
ysnoAeweu snuijanjes
(¥4 agz buppesy dsnody oLl 9l 124" 1z 690 vz 890 ON nouy e
eyasphmeysy snyduAysodup
(174 @z buppesy d13snody LSO € 280 Sl 90 29 ¥8'0 ON uouwies jooulys
eyJau snyduAyiodup
6l ac buppesy disnody 090 0L 0€0 Ll L£9°0 S'C L9°0 ON uowes a4a320s
219y snyo>uAyioduQ
8l Josuas paads 0.0 L'l JA4) Sl SL'0 €€ 590 ON uowies wnyp
adJnos [ IETN] TET?: M ‘916l M ‘91ed D, ‘dway ,_S'w 63 ‘ssew w ‘yibus| Awisyropua sa1dadsg dnoup
‘hodsuesy  djjogeldw  dljogedw Apog ‘paads wims Apog Apog NY
J0 350D aunnoy |eseq
U0y LS dqel

SV Nd SVNd SV N

50f 9

Watanabe et al. www.pnas.org/cgi/content/short/1500316112


www.pnas.org/cgi/content/short/1500316112

'6961-€961:(0L) Lt 1S 1€NbY Ysi4 [ ueD "eIquIn|od y;

18-S/ (b)€6 SaYsId [0lg UOJIAUZ "uoseas Buiumeds ayy Buunp piof) uelbBaMION UIBYLIOU B Ul S3[ewdy JaXdNsdwin| JO SJUSWAAOI (2102) °[e 318 ‘H einwenN ‘L

"6SLT-1SLT(9L 1d)SLT [0!g dXJ [ "SYUSWISAOW PILIBIIP PUe YdIeas :

13 dlyDads-as e ul Bujwoy abuel-Hoys (Z102) e 38 H BINWENIN “OF

'81Z-602:(€-1)€8Y e160j01qoIpAH "wa1shs uonewlosul diydeiboab e pue A1jaws|e) d13snode buneibajul Aq axe| a1esadwal e ul youad Jo Juswarow pue AlAIDE oyl bulApiuend (2002) ¥ Yd1Wy-OUIo| “] eJOWEZ "6E
"6V7-6ET:EVE 495 boud [037 Jeyy “||o1e ueaqqlie) e ul snieLs snjaydauidy 1adnolb nesseN sy Jo solweuAp [eneds (£002) IN Blegez ‘J soiaissjjeg ‘J ejes ‘|NY JIels ‘8¢
‘LL-LiEYY [02F [OIg Jepy dXJ [ "SUOIHPUOD [EIUSWUOIIAUS pUe 3indnJls adedspue| Ylm suolle|ailod asn-adeds (sidajo.oiw edsadosapdfy) ben (£10z) rAn Biagpur ‘g daudiey ‘Ng J9yog ‘Z 1abuisalg “L€

‘9GZ-€12:285 elbojoiqoipAH “Keise A13owa|a) axel-ajoym e Bujziian sajeds jesodwial pue [eljeds ajdiznw 1e A}AIIDE pue Jnolneyaq (saprowjes sniardosiyy) sseq yynowabie| Jo JUsWssassy (£002) ‘|e 1@ DM UosueH "9g
'697-GSZ:08€ 495 bo.id [037 Jepy ‘s1eliqey JoaJ [elod pue ‘anobuew ‘sseibeas [edidouigns Buowe snasub snueling saddeus Aeib o Juswano (6002) A YISNd Ry ‘dd @4ea] ‘s a|bneuods ‘ar Ajesss ‘r onq ‘ge
‘9pE:(0L)E INO SOTd "Eejow Bjopy YSi4uns uesdo ay) ul Bulwwims paseqg-141| 0} Uolle|aJ Ul A11SWWAS [BJJUSAOSIOP [BUOIDUNS (800T) M O1eS ‘A dqeURIBAN "PE

*0£2-652:(2)62 1S 4l [ 44y "edJle papajo.d sulew |jews e ul (deprieds) sdadpel snydajqosAiy) uewou 4o suidlied AjAide pue uope

1N a1y (£002) DD MM ‘HHM 1aNeS ‘DD POOMAY 'Y Z}20D ‘IS Yremid) g

*291-671:(L)0L M N 0SSy [0lg Je [ eSS YHON UIYINos 3yl ul paxdeJy adie|d 1oy sishjeue uy :podsuel) wealls [epll aA1da|as Aq uoiiedBiw jo sa13ebJaud ayl (0661) Md 993/ ‘dD PIOUIY ‘dr 94E2I8IN ZE
*£801-0801:(£)19 155 48 [ S3DI “(snadenljo sAyydijeled) sapunoly asaueder o ajbue Apoq pue ‘yeaq|iel ‘paads BuluwIMS 3y} 4O JUBWAINSEIW 1D31IA (F00Z) N BMYSEWEA ‘> BUYSRAIIN “X 01es ‘A OMeN ‘Y dqeme)| L

'6201-5101:(S)9vL joIg sep “Buibbey &

"Y8Z-£9Z:991 [0lg X3 [ "Ulew 3N|q 4O Lpdap pue spaads BuiwLIMS 40 JUSWIINSEaW 1.1 (2661) Od AaJeD 'Q Yioog 'va Hold "0E
a1es dn-dod pue djuosesy|n Ag paulwialap ‘4ND ueliqesy Yyl ul (snsardAreid snioydoyisy) Ysij|ies JO SJUSWISAOW [BDILISA PUB [RIUOZLIOH (S00T) df ue

OOH "6¢

'G88-698:(1)8€L JoIg Jepy "sbey |ealydue ayij91es dn-dod pue d11snode YUM paulwexa eunl uyan|q dijded Jo ainjesadwal spsnw pue yidag (1002) '8 3@ ‘rd JaunJepy ‘87
*€6-6€:(1)9¥ /023 [ndod "InoIABYS(Q YdJEdS JO SOPOW OM] U3MIS] YdHMS S|ENPIAIPU| ((SNUUAY] snuuny]) euny uiyan|q d1luely 4o syuswarow buibeloy o sishjeuy (y0072) rL J9Ydid ‘JIN abeaedinT N spuejman /7
"LLL-SS1:2LE elbojoiqoipAH *sadinep Bunebaibbe ysiy Jo JI0MIaU B Ul SJUSWSAOW (88/| ‘Si49)euuog ‘sasedeqje snuuny/) eunl ulyMo||aA Jo siskjeue unoineyaq o) paljdde Ajawsala) (8661) d 148D ‘4 desie|y ‘9
"ELE-0LE:(E)L S3Y JoIg ey “Buiypesy d1snode uonn|osal-ybiy Agq paulwialap (] enysow snpeo) pod djue(ly [enplalpul ul spaads Bulwwims sjqele (1102) dd 196uipn ‘s 6iogedye ‘L uasuabior ‘v Quued ‘5z
'802-561:(2) L7z 1037 JoIg Jey dxF [ “adeds Jo asn pue AnAide Jejnosndal) (7] eajow eajopy) bulj ui ABaresis yoieas-pood (0002) V Quia4 Y eeleys ‘s Biogaxdie] vz
*L01-66:28S e160j0IqoIpAH "s}jows-1s0d 1N0J} UMOIQ P|IM PUB UOW|ES dIJUe[ly paJeal-A1aydley pue pjim JO [eAIAINS pue uonelBbiw piof4 (£007) ‘|e 19 ‘g3 peisioyl "€z
"LLE-SOE:(E)LL SaYSIS joIg uoJiAug “wdlsAs plof} uelBamioN e ul s)jows-1sod IN0J} BAS PUEB UOWI|eS DIJUBlY JO UOIIeIUSLIO pue spaads uonelbiy (£00Z) e 3@ ‘g3 peisioyl "zz
ZEV-021:(2)6€L 20S Yysi4 wy suel) "A1jawia|e10lq pue s$disnode weaqiynw palelbajul buisn paaIasqo 1noJ) ae| 4O Joineyaq Buiwwims nyis U] (0102) | wonoquibbiy ‘r A1301puod ‘SN Aembpry ‘ANS aupiiAl ‘s3 dojung “Lz
‘8LL-1L1:(L)L6 //ng ysI4 *Aien1sa Janly eiquinjod ay) ul eydspAmeys) snysuAysoouQ UOW|es Jooulyd }NPEe JO SJUSWSAOW |BIUOZIIOY PUB [BIILBA (€661) dL UUINYD ‘4 UOS|O "0Z

'665—L8G:LE ABYDG WIUY "SIDIBM [BISROD Ul ‘BXJaUu SNyduAyJ0ouQ ‘uouiles 34a3D0s }npe Bulwoy JO SIUSWSAOW |eIILAA pue uonelusalio A101elbijy (6861) D 1004D ‘vg MeYS] ‘dL uuind ‘61
"P06£-568€:(2C 3d)V0Z joIg dx3 [ "1abbo| erep uorleis|adde/yrdap/paads Aq pajesnal e1ay snyduAysoduQ uowes wnyd }npe buneibiw jo uonesuadwod Auelong pue spaads BuiwwiMs (L00Z) A OHEN ‘A 1bede] ‘H exeue] gl
'8GL-€1:(L)LEL 208 Ysi4 Wy suel] "A1}dWa|d} dDIUOSEI}N WO} INOJ} J20IYIIND JO JUSWSAOW PUE UOIINGLSIP |3Ip pue [euoseas (z00Z) 4D ejeqno ‘vg dweypneag ‘|ND uimpleg /|

g ‘s]puueyd Jaysi4 pue ueaq ay} Ul ‘ssiyAw snyduAyiodouQ ‘IN0J) pesy|a9ls }NPE JO SJUSWSAOW [BII1ISA PUB [BIUOZIIOH (0661) QL UOSUI|IAA V] 1063IDdIA ‘d1 uuind ‘1D auoiabbny 9|

"9SH-0Gt:(€)91 YsI4 2emysal4 ‘j037 uleds ‘01q3 J9AIY dY) JO JIOAIISDI B Ul (S/uerb snunjis) ysijied ueadouny Jo asn jeligey pue suisiied JuswaAow Y} Uo elep Anawsale) Aleulwijdid (£00Z) 3 NoYpag-en.en 1 eiowez ‘r [04ed ‘Gl

'9€5-015:(1)9S 195 18 [ SID] "BSS YHON UJISISIM 3y} Ul paydeds (-] ejjinbue ejjinbuy) s|9a ueadoin3 aseyd-Ian|

pue -Mo||94 JO SIUBWANOIN (6661) dD PIOUIY ‘A AR ¥L

‘0€1-€21:(1)96 SaYysi4 joig uoJiaug “syedu duabodoiyiue o) DUSPIAS Aleujwi|did J10A13s31 da3p e ul Jey} 0} pasedwod se jeligey [ednjeu ul uoabinis asaulyd 40 JolAeysq Buiwwims (€102) N 1¥ezeAlA 117 ‘H Na ‘D 1I9M ‘AA geuelepn ‘€1

"ZrE-6ZE:(€)901 JOIg 4B "35IN0d pue Y3dap Ul (eaneb 33eUOLG) SHIeys aN|q 4O SHUSWSNOI (0661) Ar PIOJeYdS ‘DY Aa1eD 7L

'8Z1L-€11:(2)89 Says!4 joig uouiaug "Aeg aleme|a@ ul spunolb Aiasinu J1ayy uo ‘snaquinjd snuiyieydied 'syieys Jeqpues 91euosu pue d[IUSAN( JO SUSWSAOW WID-LI0YS (£0027) INE 99gJ9Y1apA “13 Asiyoay "L
*LYT-1¥T:ZLE e1b60joIqoIpAH "PIal) dY} Ul (AS0d) S1i1S041A91q uoLidebapy ‘syieys UOW| }NPegNs Jo) [9pow $119649us01g B 1oNJ3SU0D 0) sidaniwsuel) buisuas-paads buisn (8661) HS J9gnuD ‘47 woaspuns "0l

'951-1171:(2)8L7 /037 JoIg Jey dxF  “IH ‘nye,O ‘Aeg ayo,auey| ul (juima] eulfyds) syieys peaysswwey padojjeds ajiuaan( buibuel-aaiy Jo sd13abiausolg (200Z) DD amoT
"OYZ-LET: VTl 495 Boid [03F Jeyy “I131And 0piar03[eD syleys 4abiy 1oy ABajels Huibeioy e 1s966Ns syusWSAOW [eIILBA 0A-0A (110Z) DD J9ASIN *Y 01eS ‘dA nonewelseded ‘AA Sgeuelepp ‘| einwesen
"SP-L€:(1)68 SaYsl4 [0lg UOIAUT “eluIOYI|eD ‘YBNOIS UIOYX|T Ul (e1emseyiwas siyeli]) syieys piedoa] ajewa) Jo suaWaAoW [eplL (0L02) INY JielsS ‘av djsijied -
*£09-S6S:(£)ST /027 1oun4 "Syeys seym ul sa1bareus Juswasow soljsapun Aixawoab bulnlp s|qelen Buljesy Bujuis 18yl Aq panolN (L10Z) dY UOS|IAA ‘g UBWION DV SSI9|D ™
'9/-59:(1)6¥7Z /037 JoIg Jeyy dxF f *3ZIS 119y} Joj papIpald UeY) JOMO|s pPadj-ia|ly A3yl sjopow [ewndo yum pasedwod syieys bupjseq jo spaads Buiwwims Buisinid pue buipaay-11|i4 (0002) A SWIS
'661L-161:(1)SPL joIg Jepy "1ybig elulodijed UIayInNos ay3 Ul ‘snyduiiAxo sninsy ‘syieys oxew a|1usAn| Bulwwims-aa1y Jo sainlesadwal Ydewols pue ‘seduaiayaid yidap ‘sussired Juswano (F00Z) 9r Weyedn ‘Y J81I9A D ueyd ‘s ulyoy| ‘v epaandas
LLYLIE day 12 "ybnoyy Ajjeuibuo ueyy 1aybiy aq Aew syieys ayuym 4o spuswaiinbai Buipaa4 (€107) g ddn4g ‘AWAd SWIS *D S199UsANH “IN duked ‘N[ SUSWIWSS *
L 1-G:92¥ 0237 [oIg Jepy dxT [ "Sy4eys puejuaaiD Jo Aduanbaiy jeag-|iey pue paads WIMS :ysij 1SOMO[S SYL (Z10Z) DI S2BAOY ‘1Y sl ‘D ussIiapA ‘AA geuelepn
‘YIS 1La:(Z1)S INO SOTd “4eys Awwnb sy ‘Asid ulew sy pue dJeys [|IBUSASS 9SOUPLOI] Y] JO SJUSWIDAOW d|IS-duUld (010Z) INf SUSWIWSS ‘Qg 9onJg ‘dr SUSAS]S ‘DY sajueIqy 'y Bauleg -

o

— N M 0O~ ©

“Awisyiopus Y YHM saysty Ul (sasayiuaied ul umoys) ainjesadwal JS1eMm JUSIGIE B} WOLY JUSIBHIP sI aintesadws) Apog,

'S|1e19p JO) SPOYIdY pue Sjelidlepy [S Ul uolas ABojouiwi) 9y} 995 "Palend|d aJe sainiesadwal ulelq pue a4 ydiym ul ‘Awusylopus |ejueld aney saiads 9say] «

474

o

az Bumypedy d13snody

dz buppeuy d13snody

S0°'L L9°0

(YAVA €00

[43}

700

sndwnj snia3dojpA>
Jpnsdwin

1uayd $9158QaS
Usi$Pod pejg

aInog

poyIsIN

NN

TET?: M ‘916l
“Jodsuely Jljoqew

0 350D aunnoy

M ‘9184
dljoqeaw
|eseq

sa1dadsg

“Juod

dnoup

‘LS ||qel

6 of 9

Watanabe et al. www.pnas.org/cgi/content/short/1500316112


www.pnas.org/cgi/content/short/1500316112

Table S2. Maximum annual migration range of vertebrate swimmers

L T

Elevated Maximum
body core Body migration Distal positions on
Group Species temperature mass, kg range, km migration path Method Source
Shark Broadnose sevengill shark No 54 1,000 S44°00' E147°30' Pop-up tag 1
Notorynchus cepedianus $35°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"
a White shark Yes 315 9,300 $37°00" E15°00’ Pop-up tag 4
Carcharodon carcharias $22°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 $11°00" E132°00' Argos tag 5
Galeocerdo cuvier $24°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 $38°00" E140°00’ Archival tag 10
Thunnus maccoyii $31°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 $14°00' E158°00"
Blue marlin No* 105 1,000 N27°50" W95°30’ Pop-up tag 15
..‘ Makaira nigricans N19°30" W92°60'
om | Yellowtail No 9.5 2,500 N28°40" E124°10" Archival tag 16
i 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 $65°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 $54°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 $57°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.

Elevated Maximum
body core Body migration Distal positions on
Group Species temperature mass, kg range, km migration path Method Source
Penguin Macaroni penguin Yes 4.2 3,600 S49°30' E70°30’ Archival tag 29
Eudyptes chrysolophus $51°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 S/ Materials and Methods for details.
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Table S3. Fitting of nonphylogenetic regression models

Model R? AIC AAIC 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 -254 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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