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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.
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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

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
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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, (ii) 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 (R2 =
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 × mass0.20) than fishes without it
(speed = 0.26 × mass0.20) (Fig. 1A). For a given body mass and
body temperature, cruising speed was 2.4 times faster for fishes
with RM endothermy (speed = 0.29 × mass0.20 × temp0.28) than
fishes without it (speed = 0.12 × mass0.20 × temp0.28).
The cruising speeds of fishes were compared with those of

other vertebrate swimmers (seabirds, marine mammals, and sea
turtles) compiled previously (21) (Fig. 1A). There was consid-
erable variation in swim speed for a given body mass in each

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 (R2 = 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 × mass−0.35) than fishes without it
(COT = 1.54 × mass−0.35) (Fig. 1B). For a given body mass and
body temperature, COT was 1.5 times higher for fishes with RM
endothermy (COT = 0.78 × mass−0.36 × temp0.40) than fishes
without it (COT = 0.53 × mass−0.36 × body0.40).

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 (R2 = 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 × mass0.23) than fishes without it
(range = 707 × mass0.23) (Fig. S3). In 13 species for which both
maximum migration ranges and cruising speeds were available,
the two parameters were linearly related (R2 = 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
(R2 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).

Table 1. Fitting of phylogenetic regression models

Model R2 AIC ΔAIC 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 11.1 <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 4.1 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 45.9 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.

Watanabe et al. PNAS | May 12, 2015 | vol. 112 | no. 19 | 6105

EC
O
LO

G
Y

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1500316112/-/DCSupplemental/pnas.201500316SI.pdf?targetid=nameddest=ST1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1500316112/-/DCSupplemental/pnas.201500316SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1500316112/-/DCSupplemental/pnas.201500316SI.pdf?targetid=nameddest=ST1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1500316112/-/DCSupplemental/pnas.201500316SI.pdf?targetid=nameddest=ST2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1500316112/-/DCSupplemental/pnas.201500316SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1500316112/-/DCSupplemental/pnas.201500316SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1500316112/-/DCSupplemental/pnas.201500316SI.pdf?targetid=nameddest=ST3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1500316112/-/DCSupplemental/pnas.201500316SI.pdf?targetid=nameddest=ST3


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 Q10 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 Q10 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

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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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 SI
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

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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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−1) 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 SI 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−1) 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−1) 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 ×mass0.879 at 38 °C,
where BMR is in mL of O2·h

−1 and mass is in grams) and Q10 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 O2·kg

−1·h−1 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 Q10 value (1.65); ref. 40] to estimate BMR of
this species in our dataset. Similarly, BMR reported for Pacific bluefin tuna
(120 mg of O2·kg

−1·h−1 for 8.3 kg of body mass in 20 °C water) (41) and
shortfin mako shark (124 mg of O2·kg

−1·h−1 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−1), 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 length·s−1), 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−1) 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

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 SI 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 log10 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 (R2 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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