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Summary

We analyzed water temperature, visceral cavity
temperature and depth data from archival tags retrieved
from bigeye tuna (Thunnus obesus) at liberty in the central
Pacific for up to 57 days using a mathematical model of
heat exchange. Our model took into account the transfer of
heat between the portions of the myotomes comprising red
muscle fibers adjacent to the spinal column and served by
vascular counter current heat exchanges (henceforth
referred to as ‘red muscle’) and the water, as well as
between the red muscle and the temperature sensor of the
archival tags in the visceral cavity. Our model successfully
predicted the recorded visceral cavity temperatures during
vertical excursions provided that the rate constants for heat
transfer between the ambient water and the red muscle
during cooling (kj,w) and those during heating (kpign) were
very dissimilar. Least-squares fitting of kj,, and kpg, for
the entire period that the fish were at liberty yielded values

generally in the ranges 0.02-0.04 min™' and 0.2-0.6 min™!
(respectively), with an average ratio kyign/kiow of ~12. Our
results confirmed those from previous studies showing that
bigeye tuna have extensive physiological thermoregulatory
abilities probably exerted through changes of blood flow
patterns that controlled the efficiency of vascular
countercurrent heat exchanges. There was a small but
significant negative correlation between kj, and size,
whereas there was no correlation between kyig, and size.
The maximum swimming speeds during vertical excursions
(calculated from the pressure data) occurred midway
during ascents and averaged ~2 FLs™' (where FL=fork
length), although speeds as high ~4-7 FLs™' were also
noted.

Key words: archival tag, endothermy, Scombridae, swimming speed,
temperature, thermoregulation, vertical movement.

Introduction

Bigeye tuna (Thunnus obesus) occupy sub-tropical oceans
where they spend the nighttime in the warm surface waters, but
descend at dawn to depths where temperatures can be well
below 10°C following the organisms comprising the Sound
Scattering Layer (SSL) and apparently exploiting them as a
food resource (Holland et al., 1990; Josse et al., 1998; Dagorn
et al., 2000). During the day, bigeye tuna make regular (albeit
brief) vertical excursions up through the thermocline. Upon
entering the warm surface layer, red muscle temperature is
rapidly elevated (Holland et al., 1992; Musyl et al., 2003).
Increases in whole body thermal conductance, most likely
accomplished through physiologically controlled reductions in
the efficiency of vascular counter current heat exchangers,
accelerate the rise of red muscle temperature (Holland and
Sibert, 1994). Upon descending to cooler waters, bigeye tuna
re-enter a thermo-conserving mode again by presumably
increasing heat exchanger efficiency and thereby reducing

whole body thermal conductance. Previous laboratory and field
studies have shown that other tuna species also have control
over the efficiency of vascular counter current heat exchangers
(Dizon and Brill, 1979a; Dizon and Brill, 1979b; Graham and
Dickson, 1981; Brill et al., 1994; Dewar et al., 1994; Graham
and Dickson, 2001) although none apparently to the extent of
that observed in bigeye tuna, with the possible exception of
Atlantic and Pacific bluefin tunas (Thunnus thynnus and T.
orientalis, respectively) (Block et al., 2001; Marcinek et al.,
2001).

Previous estimates of the physiological thermoregulatory
abilities of bigeye tuna based on the rate constants for warming
and cooling were, however, based on short-term observations
of swimming fish carrying ultrasonic telemetry devices
(Holland et al., 1992). Electronic data recording (i.e.
‘archival’) tags have made it feasible to monitor fish
movements, ambient and internal body temperatures for
several months to years at a time (Block et al., 2001; Musyl
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et al., 2003; Sibert et al., 2003; Musyl et al., 2001; Schaefer
and Fuller, 2002; Schaefer and Fuller, 2005). In this paper we
take advantage of one of these large data sets (Musyl et al.,
2003) and explore further the behavioral and physiological
thermoregulatory abilities of bigeye tuna by modeling the
events associated with their daily vertical movements. We thus
provide a framework for analysis that can be applied to
archival tag data sets from other tuna species, as well as for
future studies of tunas in the wild. We have, however,
specifically excluded any general discussion of the advantages
conferred by elevated body temperatures as this subject has
already received considerable attention (e.g. Block et al.,
1993; Katz, 2002; Dickson and Graham, 2004; Graham and
Dickson, 2004).

Materials and methods
Capture and tagging

A detailed account of the capture and tagging procedure, size
of the fish, etc. have been reported elsewhere (Musyl et al.,
2003) and only brief descriptions will be given here. Adult
bigeye tuna Thunnus obesus Lowe were captured using
conventional longline and recreational fishing gear. On board
the ship, archival tags (Wildlife Computers, Redmond,
Washington, USA) were placed into the visceral cavity through
a 1-1.5 cm incision, which was closed with one or two sutures
and veterinary surgical adhesive. The fish were then released.
The tags recorded four channels of data: internal (i.e. visceral
cavity) temperature, water temperature, ambient light and depth.
All channels were sampled and data stored by the archival tags
once every minute.

The tagged fish were captured in the central Pacific Ocean,
near the main Hawaiian Island, at Cross Seamount (18°40’'N,
158°17"W) or at NOAA weather buoy 51003 (19°11'N,
160°44'W, henceforth referred to as ‘Buoy 3’). In the latter
instance, the fish had very different behaviors when and when
not immediately associated with the buoy. Bigeye tuna
associated with floating objects tended to remain within the
uniform-temperature surface layer both day and night. But after
they moved away from the buoy they resumed their now well-
described movement patterns (Holland et al., 1990; Musyl et al.,
2003; Sibert et al., 2003; Schaefer and Fuller, 2005): descending
at dawn, primarily remaining at depth during the day, making
regular brief upward excursions, ascending at dusk, and
remaining within the uniform-temperature surface layer at night.
Likewise, the daily vertical movement patterns of bigeye tuna
were different when and when not associated with the seamount
(Musyl et al., 2003). While associated with Cross Seamount,
daily vertical movements were constrained by bottom
topography (Holland et al., 2001). The data recorded when the
fish were in the open ocean were therefore separated from the
data obtained when the fish were associated with Cross
Seamount or Buoy 3.

Modeling
We analyzed the collected data using a simple two-
compartment model. We found this to be the simplest possible
model that could account satisfactorily for the observed data. In
this model there are two first order ordinary differential
equations, one for the actual red muscle temperature (7;,,) and
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one for the temperature recorded by the sensor on the tag body
(T) (i.e. the temperature in the visceral cavity):

AT / dt = kw—rm(Ta_Trm) +7, s (D
dT / dt = kep-s(Trm=T5) - (@)

Here ky_., is the rate constant for heat transfer between the
ambient water and the red muscle, k., is the rate constant for
heat transfer between the red muscle and the temperature sensor
on the archival tag, 7}, is the potential rate of temperature increase
due to metabolic heat production; and T, T}, and T are ambient
water, red muscle and sensor (i.e. visceral cavity) temperatures,
respectively. (A derivation of the equations and a more detailed
account of the meaning of the different terms are given in the
Appendix.) In order to allow for active thermoregulation in the
model, the value of ky_;, was made variable according to:

ky-m = kiow{1 + n[1 + Sign(Ty—Tim)]} , 3

where 7 is any positive number. The Sign(x) function attained
a value of 1 when x>0, —1 when x<0 and 0 when x=0. Thus
kw_rm attained a low value (kiow) whenever T,<T;n,, and increased
to a high value (knign) that was (2n+1) times kiow When T,>T,.

It is generally only possible to find analytical solutions to the
above system of equations in cases where ky_rm, Krms Tp and
T, are either constant or vary in time according to some simple
analytical function (e.g. a Sine function). The system of
equations was therefore solved numerically using commercial
software (Mathematica, Wolfram Research, Champaign, IL,
USA). If the model is adequate, taking the measured T, as input
and supplying reasonable values for ky_ym, kim_s and Tp should
result in predicted values for 7 that closely follow the recorded
values. The values of kg, and n that gave the smallest
discrepancy between the measured 7 and the modeled T, were
found for each daytime period for individual fish as follows.

(1) As is evident from the equations, Tp:kw_rm(Trm—Ta)
whenever the fish is in thermal steady state (d7;,,/dt=d7/d?=0).
The value of (Ti,—T,)=ATs (i.e. steady-state red muscle
temperature excess) was calculated for each period lasting more
than 120 min during the whole night-time period and averaged.
The potential rate of temperature increase due to metabolic heat
production was then calculated as Ty=kw-_mAT. An actual T,
which took into account the red muscle temperature and the
swimming speed, was calculated assuming exponential
relationships between metabolic heat production and
temperature as well as between metabolic heat production and
swimming speed according to Eqn 4:

Tp = kw—rmA TssQ IO(Tm_Tmf)/IO 1 OmV . (4)

Here T is the average water temperature during the steady
state periods (i.e. when T}y, is not changing) and V is the vertical
swimming speed calculated from the changes in depth recorded
by the archival tag. The values for Qg (i.e. effect of temperature
on metabolic rate) and ‘m’ (the exponent in the equation
describing the increase in metabolic rate with swimming speed)
for an equally sized yellowfin tuna (Thunnus albacares) were
taken from the literature (Dewar and Graham, 1994). T, was
calculated from the sensor temperature according to:

Tim =T + (Mkim—s) (dT/d7) . 5)

The above equation follows directly from Eqn 2.
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Fig. 1. 3-day depth record for Fish 241,

illustrating the typical pattern observed in
bigeye tuna not associated with floating
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(2) The value of k.,,_ takes into account the time constant for
the temperature sensor built into the archival tag. This was
largely determined by the size and construction of the tag and
the tag’s location within the visceral cavity. We assumed the
value for kg to be constant for any fish and to vary only little
among the different fish. A value was guessed which was fine-
tuned after the best values of k&, and n (as defined in Eqn 3)
had been fitted (see below). This was done once for each fish
and this value of ky,_s was used when fitting ko, and n for all
the daytime periods.

(3) The best value of kjoy and n for each daytime period were
found by a least-squares method, the minimized entity being:

$S= Ul - TP, ©)

where T(i) is the measured visceral cavity temperature at time
i and fi4(i) is the function value (i.e. the value given by the
numerical solution at that time).

Results
Red muscle temperature regulation

Fig. 1 shows the time-depth data for Fish 241 recorded during
a typical 3-day period [fish identification numbers match those
given in Musyl et al. (Musyl et al., 2003)]. At night the fish
stayed in the upper =~50-100 m of the water column (the
uniform-temperature surface layer), whereas in the daytime it
descended to approximately 350 m. It subsequently made
regular excursions to the uniform-temperature surface layer.
This pattern of night- and daytime activity continued for
extended periods (Musyl et al., 2003). A typical example of
water temperature, sensor temperature, as well as the modeled
sensor temperature during daytime for Fish 241, is shown in
Fig. 2A. As the fish descended, the T, decreased rapidly,
whereas T decreased much more slowly. For every excursion
to the uniform-temperature surface layer, there was a rapid
increase in T, followed by a slow decrease after return to depth.
This resulted in a substantial magnification of the difference
between T, and T,. The modeled T follow the recorded T
remarkably well, and only during the last three surface
excursions was a small discrepancy observed. The close fit can
better be appreciated in Fig. 2B, which shows an expanded
section of Fig. 2A. For this particular period, the fitted values
for kigw and knigh were 0.030 min~' and 0.45 min™!, respectively.

objects or seamounts (from Musyl et al.,
17 2003). The black horizontal bars indicate
the night time.

When, in the model, physiological thermoregulation was
prevented by keeping ky,_;, constant at either the low or the high
value, the modeled T did not in any way resemble the measured
values (data not shown).

In Fig. 3 we have plotted the fitted kjow and kpien values of
each fish during the whole sampling period. It was only possible
to calculate kjoy and kpign values on days when fish made regular
vertical excursions and the lack of any such account for the
missing values. These difficulties were primarily found in the
individuals associated with Buoy 3 (Fish 301, Fish 390, Fish
392), due to their irregular swimming patterns. However, Fish
241 also showed association with a floating object for a number
of days as described previously (Musyl et al., 2003). This made

some days unsuited for modeling. In all of the fish, both kjuy
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Fig. 2. Ambient (7,) and sensor (75) temperature records (the latter
located within the body of an archival tag placed in the visceral cavity)
during a typical daytime period for Fish 241, along with the fitted 7
data. (A) An entire daytime period; (B) the 300400 min portion in A
expanded.
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Fig. 4. The fitted kjoy, values from all fish plotted as a function of kp;gh.

associated with Buoy 3 than from those not associated with the
floating objects. In Fig. 4 we have plotted ki, as a function of
knigh. There was no clear correlation between the two rate
constants; ki, was generally 0.02-0.04 min~! and knigh between
0.2 and 0.6 min~". The knigh-values were not correlated with fish
body mass, although there was a small but statistically
significant decrease in kjoy With size. The weighted linear least-
square regression (fitted using the reciprocals of the s.e.m. as
weight) was  kjow=0.0536-0.000316 FL (in cm) (”*=0.75,
P=0.042). When fitting k-values, Tp was allowed to vary with
swimming speed and red muscle temperature according to
Eqn 4. Keeping TP constant, and at a value corresponding to the
standard metabolic rate at one particular temperature, only
marginally affected the fitted k-values however. The average
deviations between k-values found with varying or constant 7},
on a sub-sample of eight randomly chosen days from Fish 241
was 4.85% (range: 1.18-7.33%) for kioy, and 3.68% (range:
0.587-5.66%) for kyigh.

The ability of bigeye tuna to rapidly modify the efficiency of
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Fig. 5. (A) Red muscle temperature (7},) of Fish 241 (calculated from
the measured sensor temperature) as a function of ambient temperature
(T,) during one day. The data points are joined to illustrate the behavior
of the fish and how this affects its T;,,. (B) The distribution of
calculated T}, for an ambient temperature interval of 10.0-25.5°C. (C)
Density plot of the number of observations (i.e. the number of
observations per °C2) of a given combination of ambient and calculated
red muscle temperature. This plot is based on the combined set of
observations (all days and nights for the entire time of deployment) for
Fish 241, Fish 290, Fish 292, Fish 301 and Fish 625, for a total of
921,592 observations. The dotted straight lines in A and C show
T=Tm.

their vascular counter current heat exchangers (i.e.
physiologically thermoregulate) and thus exert some control over
Tm may be best appreciated from Fig. 5. Fig. 5A is a plot of Ty,
versus T, for Fish 241 during one day. As the fish ascended and
descended, T, cycled between 10 and 25°C, whereas T}y, changed
by only 5°C with a mean of about 19°C. In Fig. 5B, the
frequency distribution of red muscle temperatures at an ambient
temperature of 10.0-10.5°C (as calculated from the sensor
temperature by Eqn 5) is shown for five fish (Fish 241, Fish 301,
Fish 390, Fish 392 and Fish 625) for the entire time that data

Vertical swimming velocity (m s™')

100 -

200 -

Depth (m)

300

400 -

Fig. 6. Vertical swimming speed as a function of depth during one day
for Fish 241. As indicated by the arrows, the left side of the figure
shows descents and right side ascents.

were collected. This panel clearly shows the substantial elevation
of red muscle temperature above the ambient temperature. The
distribution is obviously skewed, with relatively few recordings
below the modal value and many above. Fig. 5C is a density plot
of the total number of matched ambient temperatures and
calculated red muscle temperatures for the five fish for the entire
time that data were collected. The figure very clearly shows
thermoregulating animals, but it also re-emphasizes the
importance of monitoring internal temperatures in swimming
fish first noted by Dizon and Brill (Dizon and Brill, 1979a; Dizon
and Brill, 1979b); and that a random point measurement of
temperature of a fish hauled on deck and compared to surface
water temperature may not reflect the average red muscle
temperature elevation or thermoregulatory ability.

Vertical swimming speed

The vertical swimming speed for Fish 241 as a function of
depth is shown in Fig. 6. There was a gradual increase in
swimming speed (reaching a maximum of approximately
2 m s7!) close to the mid-point depth during vertical movements
and then a gradual decrease. The velocity—distance curves for
ascents and descents of Fish 241 were clearly similar. Fig. 7
shows average maximum velocities of all ascents and descents
during the entire sampling period as a function of size.
Maximum vertical swimming speeds during the two periods
were not statistically different. There was, however, a weak
negative correlation between maximum swimming speed (in
FLs™") and fork length (FL; cm). Along with the averages of
all the maximal vertical swimming speeds, we have plotted the
maximal value of vertical swimming speed observed during the
entire sampling period of each fish (filled triangles). These
values ranged from ~4 to 7 FLs™' with no apparent size-
dependency.
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Fig. 7. Mean of all the observed maximal ascent and descent speeds (+
s.e.m) during vertical excursions for (from left to right) Fish 390, Fish
392, Fish 301, Fish 298, Fish 625, Fish 241 and Fish 224, plotted as a
function of size (fork length, FL). The regression lines were fitted with
a weighted linear least-square procedure using the reciprocals of the
s.e.m. as weight and are: y=3.627-0.0192x (for descents, r2=0.985,
P=0.00015) and y=3.439-0.0195x (for ascents, r*=0.945, P=0.001).
Note that the s.e.m. for each point is so small that it is not
distinguishable from the symbol. Also the maximal vertical speeds
observed for each fish during their entire tag deployment period are
shown (filled triangles).

The average maximal swimming speeds calculated from the
depth measurements represent the minimum estimates of the
true swimming speeds, as only the vertical component was
known (Fig. 6). Nevertheless, the recorded vertical swimming
speeds were surprisingly high (Fig. 7). Thus the two largest
specimens (FL=79 and 86 cm) on every excursion reached
Reynolds numbers in excess of 1.2X10° and 1.4X10°,
respectively, which is above the range where the boundary layer
would be expected to shift from laminar to turbulent (Webb,
1975).

Discussion

The routine metabolic rates of southern bluefin tuna have
been shown to increase by 2.8 times following food ingestion,
due to increased swimming speed and specific dynamic action
(SDA) (Fitzgibbon et al., 2007). We have, however, specifically
excluded the effect of feeding on metabolic heat production and
any influence of visceral warming following food intake from
our modeling efforts for three reasons. First, neither Musyl et
al. (Musyl et al., 2003) nor Schaefer and Fuller (Schaefer and
Fuller, 2002) reported any obvious increases in visceral
temperatures in bigeye tuna in their extensive data sets that were
equivalent in magnitude and duration (2040h) to those
reported by Gunn et al. (Gunn et al., 2001) occurring in southern
bluefin tuna (Thunnus maycoyii) following feeding. We admit
that this was surprising given that bigeye tuna do have vascular
counter-current heat exchangers associated with the liver (as do
both southern and Atlantic bluefin tunas) (Graham and Dickson,
2001). Bigeye tuna should, therefore, also be expected to warm
their viscera following feeding (Stevens and McLeese, 1984;
Gunn et al., 2001). We have no explanation why they did not.
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Second, we have no data on the feeding frequency of bigeye
tuna. As such, including this ‘SDA-effect’” would have been
pure speculation. Third, and most importantly, even though we
included increases in metabolic rate and red muscle temperature
due to increases in swimming speed in our calculations, this
actually had little or no effect on the modeled values for the rate
constants of heat transfer (kiw and kpign) accompanying the
vertical movements of bigeye tuna. We suspect that any
increases in metabolic rate following feeding would likewise not
effect our conclusions.

Modulation of heat transfer: thermoregulation

Our results do show that differential heating and cooling rates
were a necessary assumption to predict successfully the
temperatures recorded by archival tags placed in the visceral
cavity of bigeye tuna. Although we made direct efforts to correct
for the fact that the temperature data were recorded by a sensor
that was part of an archival tag, rather than a small separate
temperature sensor placed in the red muscle, the average ratio
between heating and cooling rates that we calculated may still
have underestimated the true value. Indeed, Holland et al.
(Holland et al., 1992) and Holland and Sibert (Holland and
Sibert, 1994), using data from acoustic tags with a thermistor
placed directly into the red muscle of bigeye tuna, found higher
ratios (100-1000).

Nonetheless, bigeye tuna clearly have extensive
thermoregulatory abilities that appear to exceed those of
yellowfin tuna. The ratios of ko to kpign that we calculated when
bigeye tuna were warming and cooling were much higher than
those found for swimming yellowfin tuna during laboratory
studies (Dewar et al., 1994). We cannot state with certainty to
what degree the difference in the ratios of heating and cooling
rates for bigeye and yellowfin tunas reflect true physiological
and anatomical differences (Dickson and Graham, 2004;
Graham and Dickson, 2004), or a difference between
unrestrained fish performing natural behavior and specimens in
a laboratory swimming tunnel. Yellowfin tuna are, however,
generally thought to have a lesser ability to physiologically
thermoregulate (Dizon and Brill, 1979a; Dewar et al., 1994).

Yellowfin tuna have a central heat exchanger and relatively
small lateral heat exchangers and it has been suggested that this
limits their ability to make large, abrupt changes in heat transfer
rates (Graham, 1975; Dewar et al., 1994). Atlantic bluefin tuna
(Thunnus thynnus), in contrast, have large lateral heat exchangers
but a much reduced dorsal aorta and an incomplete post-cardinal
vein. Without a large dorsal aorta and a complete post-cardinal
vein, Atlantic bluefin may likewise be limited in their
thermoregulatory abilities as they may not be able to alter blood
flow to the red muscle to pathways that do not pass through the
lateral vascular counter current heat exchangers. The large size
of adult Atlantic bluefin tuna, and their apparently efficient heat
exchangers, do allow this species to maintain a larger difference
between red muscle and water temperatures when in cold water
than is seen in other endothermic fishes (Carey and Teal, 1969;
Carey and Lawson, 1973; Neill and Stevens, 1974; Stevens et
al., 2000; Block et al., 2001), including the Pacific bluefin tuna
(Gunn and Block, 2001; Marcinek et al., 2001). It is plausible,
therefore, that Atlantic bluefin tuna would not benefit further
from having a large ability to modulate heat transfer rates, unless
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it would be to avoid overheating during spawning periods in the
warm surface waters of the Gulf of Mexico (Block et al., 2001).

Bigeye tuna are anatomically intermediate between yellowfin
tuna and Atlantic bluefin tuna. Bigeye tuna have a more
developed dorsal aorta than Atlantic bluefin tuna, and a
complete post cardinal vein (Kishinouye, 1923; Gibbs and
Collette, 1967; Collette et al., 2001). In bigeye tuna, however,
the dorsal aorta and post cardinal vein lack the well developed
counter current heat exchangers (arterioles and venules) arising
from them that are present in yellowfin tuna (Graham and
Dickson, 2001). We suggest that the lack of a central vascular
counter current heat exchanger may actually allow changes in
relative blood flow between the central and lateral circulations
(the latter supplying the lateral vascular counter current heat
exchangers) to regulate heat transfer to and from the water via
the circulatory system and gills.

The physiological adjustments needed to obtain heating rates
more than an order of magnitude greater than the cooling rates
are substantial. A simple passive mechanism that would
decrease heat exchanger efficiency and increase heating rate
during warming (such as an increased blood supply to the
muscle via the lateral the heat exchanger) seems unlikely. As
described above, it is more probable that blood supply to the red
muscle is shunted from the lateral blood vessels to the dorsal
aorta and post cardinal vein. This hypothesis is supported by the
fact that the vertical swimming speed was invariably maximal
approximately midway on the vertical excursions (Figs 6 and
7). This was at ambient temperatures that were lower than red
muscle temperature and where the fish was in a thermo-
conserving mode (Fig.2). The increase in blood flow
accompanying an increased swimming speed would, therefore,
not necessarily be reflected in a change in the rate constant for
heat transfer. Furthermore, attempts to model the internal
temperature by letting the k-value become directly proportional
to swimming speed proved unsuccessful. It appears, therefore,
that bigeye tuna utilize a combination of physiological and
behavioral thermoregulation in order to maintain red muscle
temperatures well above the water temperature. As described by
Lowe et al. (Lowe et al., 2000), sustained elevated muscle
temperatures appear critical to the ability of bigeye tuna to
withstand low ambient oxygen levels (approaching 1-2 mg ")
occurring at depth (Hanmoto, 1987), by allowing their blood to
have a high oxygen affinity as it passes through the gills (typical
of sluggish hypoxia tolerant fish species) and a lower oxygen
affinity blood typical of other (less hypoxia tolerant, but
likewise high energy demand) tuna species after it is warmed in
the vascular counter current heat exchangers.

All these adaptations appear to give bigeye tuna the ability to
have extensive vertical movement patterns suggestive of a strong
association with the movements of the SSL, both during the
daytime and the night time (Fig. 1). This association is stronger
than in other tuna species that are less able to follow the SSL
during the daytime when it descends to depths >350-400 m and
water temperatures below well below 10°C (Marchal et al., 1993).
For example, in contrast to the vertical movement pattern of
bigeye tuna, yellowfin tuna generally remain in the uniform-
temperature surface layer, generally just entering the thermocline
(Holland et al., 1990; Block et al., 1997, Brill et al., 1999) and
only very occasionally descending to depths with water

temperatures below 10°C (Dagorn et al., 2006). Although these
differences in the vertical movements have been hypothesized to
be due to effects of acute reductions in ambient temperature on
cardiac function (Brill and Bushnell, 2001; Blank et al., 2004;
Landeira-Fernandez et al., 2004; Shiels et al., 2004), such species-
specific differences in behavior could also be a result of
differences in physiological thermoregulatory abilities. Yellowfin
tuna do show different heating and cooling rates in visceral
temperature during these extensive (albeit very occasional)
vertical movements (Dagorn et al., 2006), but these data have not
yet been analyzed in a way equivalent to that presented here.

Our data also show a significant negative relationship
between ki and size was based on few individuals and limited
size range. This relationship would be expected due to a relative
decrease in heat loss to the water via the body surface, which
could be, in turn, due to a simple decrease of the surface-to-
volume ratio in larger individuals. In skipjack tuna (Katsuwonus
pelamis), measured surface heat loss has been found to be over
50% of calculated metabolic heat production (Brill et al., 1978).
The decrease in ko, With size is likewise consistent with the
observation that thermal inertia increases with body size in tunas
(Neill et al., 1976).

Vertical swimming speed

The maximal observed vertical swimming speeds of bigeye
tuna (Fig. 7) were higher than those measured in Pacific bluefin
tuna (2.58-3.99 body length s™') (Marcinek et al., 2001) and to be
above predicted maximum sustained swimming speeds of
yellowfin tuna (Bushnell and Brill, 1991; Korsmeyer et al., 1996).
Also, the speeds seen during vertical movements were greater
than the horizontal speed measured for large bigeye tuna around
the Hawaiian Islands, further validating the use of vertical speeds
to estimate maximum swimming speeds (Dagorn et al., 2000).
Vertical swimming speeds based on rates of ascent do not,
however, take into account any horizontal component and it was
unlikely that the fish was swimming straight up. In order to
measure accurate swimming speeds, a speed telemetry device
would be necessary as employed by Block et al. (Block et al.,
1992). Such detailed measurement would better elucidate whether
swimming speeds are the same at different depths and during
descent and ascent. Pacific bluefin tuna, blue marlin (Makaira
nigricans), and yellowfin tuna all appear to increase swimming
speeds during descents into cool water (Marcinek et al., 2001;
Block et al., 1992; Dagorn et al., 2006) which may represent part
of an energy saving ‘swim—glide’ behavior (Weihs, 1973).

Merits and limitations of the model

Our model is the most parsimonious one that can analyze
simultaneously recorded ambient and internal temperatures and
estimate cooling and heating rates. The model provided close fits
between the observed and the modeled 7 on specimens of bigeye
tuna that swum up and down in the water column during daytime.
The key feature of the model was the way thermoregulation was
implemented. This was done with a very simple switch: whenever
T, was above Ty, the rate constant for temperature change
attained a high value; and whenever T, was below Ty, it attained
a low value. This bistate switching was sufficient to account for
the recorded temperatures. The simplicity of the model makes it
suitable for analysis of recorded temperature (simultaneous
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internal and external) data of many species. The time resolution
of the data is crucial, however. In our analyses, the data we had
available were recorded with a time resolution of 1 min.
Nevertheless, using data with higher time resolution together with
faster responding tags might have yielded higher separation
between the estimated rates for cooling and heating, closer to
those reported by Holland et al. (Holland et al., 1992) and Holland
and Sibert (Holland and Sibert, 1994). Moreover, when we tried
to analyze data recorded with a time resolution of 5 min, we were
unsuccessful. While our model is attractive for its simplicity, it
can only yield rate constants for cooling and heating and this in
itself provides little information on the mechanism of
thermoregulation. To extract more precise information on the
mechanisms, the data would have to be analyzed in terms of a
two- (or three-)dimensional model that could take into account
differential heat production in different types of muscle, heat
exchanger efficiency, routes of heat loss to the water, etc.

Conclusions
Bigeye tuna use both behavioral and physiological
thermoregulation to help maintain elevated red muscle
temperature. Their ability to modulate heat transfer rates is
independent of swimming speed and ambient temperature.
During the regular vertical sojourns, bigeye tuna can modulate
heat transfer rates on average by a factor 12. There appears to
be a tendency for the ability of the bigeye tuna to sustain
elevated red muscle temperatures to increase with size,
primarily by a significant decrease in ko, and perhaps increases

in thermal inertia (Neill et al., 1976).

Appendix
Model development

In developing our mathematical model, we made the
following assumptions:

(1) The red muscle temperature distribution and heat
production were uniform.

(2) Blood returning from the gills was at ambient temperature
and reached the red muscle through vascular counter current
heat exchangers, as well as directly.

(3) In addition to the convective cooling by the blood, there
was conductive heat loss to the water through the body surface
(Brill et al., 1978).

(4) The temperature sensor was insulated to some degree and
thus the recorded temperature lagged behind the changes in
muscle temperature.

With these assumptions, the heat balance model requires two
coupled, first-order ordinary differential equations:

o _ G [1—e(1pIT-T,) +
t

Gd(Ta_Trm) + Hp - Grm—s(Trm_Ts) > (Al)

dHS = Grm—s(Trm_Ts) .
dr

(A2)

H,,, and H; are the heat contents of the red muscle and the sensor;
G, and Gy are the convective (by blood) and the conductive heat
transfer coefficients (respectively) from the fish to the water.
Gm_s is the conductive heat transfer coefficient for heat
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movement between the red muscle and the temperature sensor of
the archival tag in the visceral cavity. T,, T, and T are the
ambient, red muscle and visceral cavity temperatures,
respectively. H, is red muscle heat production, € is the heat
exchanger efficiency (i.e. the fraction of heat carried into the heat
exchanger by the venous blood that is transferred to the arterial
blood), f the fraction of the blood flow supplying the red muscle
directly, and (1—f) the fraction of the blood flow supplying the red
muscle through the vascular counter-current heat exchangers.
Note that if e=1 and f=0, convective heat transfer would be
reduced to zero (the first term in Eqn A1 vanishes). If, on the other
hand, e=0 or f=1, the effect of the heat exchanger would be
eliminated (the terms in the square bracket=1).

The relation between heat and temperature is given by
dH=Vy,copdT, where Vi, is the volume, ¢, the average heat
capacity, and p the average density of the fish. Substituting this
identity into Eqn A1 and Eqn A2 gives:

L I T
dt  Viepp
S (1t + S Gms 1y (a3)
VinCpp mCpP VinCpp
T.
T, _ Gms (1 7). (Ad)
dt  Vuepp

The last term in Eqn A3 is small compared to the others and
may be neglected.

Introducing the rate constants kc=G¢/(Vincpp), ke=Ga/(Vincpp),
kim-s=Gm-s/(Vmcpp), and the potential rate of temperature
increase due to metabolic heat production [Tp= 'p(Vmcpp)], then
rearranging leads to:

d7,,

L {ke[1-e(1-N]+kg}(T=Ti) + T}, (AS)
dT.
== kem-(Tem=T) (A6)
dr
This can be further simplified to:
T .
Pom _ T To) + T (A7)
dr
dT.
S = krm—s(Trm_Ts) s (AS)
dr

where we have introduced a new rate constant, ky_r,, given by:

kw—rm = kc[l_e(l_f)] + kd . (A9)
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