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Supplemental Methods and Data Analysis

1. Swim Speed and Drag

To calibrate the turbine speed sensor with water velocity, the completed tag package was
placed into a 90-L Loligo swim tunnel respirometer with a flow-meter, resulting in a measured
linear relationship of m/s = 0.022 * rotations/s + 0.25 (r?=0.99, p < 0.0001; Fig. S1). It was
found that the turbine requires a minimum flow speed of ~ 0.25 m/s to turn, therefore, after the

calibration step any calculated speed of < 0.25 m/s was set to 0.25 m/s to not underestimate.
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Figure S1. Completed biologging tag package in 90 L Loligo swim tunnel, and associated linear
regression of swim speed calibration.

While this calibration step in the flume was necessary, these are ideal conditions and may
not be representative of the situation once it is attached to a fish. To ensure that the speed sensor
in the flume accurately represents the velocity once it is attached to a fish, we compared the
speed measured by the impeller to another established method of calculating speed via the
vertical velocity of the fish (ms™) and the body pitch angle derived from the accelerometer, using
body pitch angles of > 20° [1, 2]. We regressed the vertical velocity (m/s) and body pitch angle
method against the speed measured by the impeller attached to the tag. The blue line is the linear
regression of the two, and the black line represents a 1:1 relationship. In general, the tag speed
sensor matches the calculated speed method with some variability (p < 0.001, r’= 0.7, y =1.03x —
0.02). The advantage of using the impeller is we are still able to obtain a speed measurement at

low body pitch angles or at times when the fish is at a constant depth.
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Figure S2. Linear regression (blue line) of the speed measured by the animal-borne impeller
(Measured Speed (m/s)) and the calculated speed using the equation speed (m/s) = vertical



velocity (m/s) / sin(¢), where ¢ is the body pitch. p < 0.001, r>= 0.7, y =1.03x — 0.02. The black
line represents a 1:1 relationship.

Finally, while there is little doubt that the tag had some effect on the drag of the sailfish,
in the absence of swim tunnel experiments with and without a tag, we cannot say with certainty
exactly how much, and how this may have affected the sailfish’s behavior. However, using
cross-sectional area measurements from the largest section of a similarly sized sailfish (just
posterior to the head; where the tag was placed) [3] we calculated the drag acting on a body of
that area using the equation Fp = 0.5CpAv?, where C is the drag coefficient (0.24 [unitless]) [3],
p is the density of seawater at 27°C [1023 kg m™®], A is the area of the object (cross-sectional
area; 0.025 m?), and v is the velocity of the object (1 m/s). This resulted in a drag of 3.1 N acting
on the sailfish. Because the tag was designed to be as hydrodynamic as possible, it is narrower at
the leading edge (facing in the direction of travel) and gets thicker at the trailing edge (seen in
figure 1 and figure S1). Using the cross-sectional area from the narrow end of the tag (0.001 m?)
and a drag coefficient of 0.6, we calculated an added drag of 0.3 N, or 9% of the drag on the
sailfish. Using the largest portion of the tag for the cross-sectional area (0.0026 m?), we
calculated a drag of 0.79 N, or roughly 25% of the drag acting on the sailfish. While we cannot
say exactly how this may have impacted behavior in the absence of behavioral data without a
tag, Sagong et al. (2013) found that there was a 21.5% increase in the drag when they attached
pectoral fins to their specimens. As such, a 9-25% increase from the tag does not appear to be a
major increase, but there is undoubtedly some effect of tag attachment which may lead to an
underestimation of metabolic rate estimates.

2. Proxy Species Selection & Metabolic Rate Calculation
Obtaining direct measurements of oxygen consumption at varying mass, swim speeds and

activity levels is not currently feasible for sailfish. However, recent studies indicate that lifestyle,



trophic level, and morphology are correlated with metabolic rate such that pelagic, upper trophic
level fishes with similar morphology (e.g. high caudal fin aspect ratio, gill surface area) exhibit
similar and elevated metabolic rates [4-7]. As such, sailfish may have metabolic demands
comparable to dolphinfish [Coryphaena hippurus; 8], another subtropical epipelagic predator
with comparable ecological interactions [9]. Additionally, the gill surface area to body mass ratio
is very similar between dolphinfish and the closely related striped marlin (Kajikia audax) [12],
indicating similar oxygen uptake capabilities between dolphinfish and istiophorid billfishes
regardless of body size, further suggesting dolphinfish provide a suitable proxy for sailfish
metabolic rate. Although sailfish possess cranial endothermy and warm their brain and retina
with a specialized thermogenic organ that sits beneath the brain, the rest of the body is
ectothermic and does not retain metabolic heat [10]. Therefore, we did not feel that a subtropical
scombrid with endothermy, such as yellowfin tuna (Thunnus albacares), which warm their
muscle, viscera and brain via vascular counter-current heat exchangers, were an acceptable proxy
species for this study [11]. Although dolphinfish are smaller than the sailfish tagged in the
present study, the effects of body size on swimming metabolic rates in fishes can be removed by
using swim speed relative to body length [13]. More specifically, log swimming metabolic rates
plotted against swim speed relative to body length produce similar straight lines independent of
body size of the fish [13]. Owing to the lack of direct measurements of swimming metabolic
rates for larger fishes with regional endothermy, data for dolphinfish was regarded as the best
available information. Therefore, we took the equation of the line (y = 0.1168x? — 0.6457x +
1.1994) used to describe the relationship between the cost of transport (mgO2 kg™t m™) and swim
speed (U; BL s) of dolphinfish in the control group (no oil exposure) of [14] . We then

converted cost of transport to mass-specific oxygen consumption (MO2, mgO; kg* h't) by



multiplying by both the mean fork length of dolphinfish in the control group (0.291 m) and 3600
s. Oxygen consumption (MO2; mgO, kg™ h'l) at various swim speeds was estimated using the
equation log(MOz) = [cU + log(d)], where ¢ and d are the slope and intercept of the logarithmic
regression, and U is the swim speed (BLs™) after correcting for the BL of the sailfish (Figure
S3). By correcting for the body length of the sailfish, the range of BLs™ for the sailfish spans
0.08-0.63 BLs™, accounting for the majority of our observed speed data, and we linearly
extrapolate to higher swim speeds (Figure S3). MO was calculated continuously for every speed
measurement throughout the 24 hours from the sailfish tag data, and we then took the inverse log
of MO and corrected for mass of the dolphinfish (Mp) in [14] to obtain VO2 (mgO, h™?). Oxygen

consumption for the 40 kg sailfish was then calculated using the equation:

Mg\?
AMRE = VOZ (M—)

D

where AMRE is the estimated active metabolic rate (mgO2 hl), VO; is the oxygen consumption
at each swim speed (mgO2 hl), b is the mass scaling exponent, and Ms is the sailfish mass (kg).
We corrected AMRE for temperature by multiplying by Q10™((T2-T1)/10) [16], where Q1o is the
increase in standard metabolism with an increase in 10°C, T is the temperature the dolphinfish
were tested at in [14], and T2 was the continuous temperature experienced by the sailfish, with
Quo set to 1.83 [5, 15]. AMRE was then made mass-specific to the estimated mass of the sailfish
and corrected to units of mgO2 kgt h.

3. Energy Expenditure and Prey Consumption
To estimate the amount of energy expended over the course of the 24-h period and during

the predation event, we first converted the AMREe from mgO2 kg h to kJ kg h't by multiplying
by the oxy caloric coefficient of 0.013 kJ mgO2. Because we sum across seconds, we then

divide this by 3600 leaving kJ kg™ sec?, and finally multiplied by the estimated mass of the



sailfish (40 kg), leaving an estimate of kJ burned sec™® for the sailfish. Each value of kJ sec was
then summed across each period (the entire day or just the predation event; Table 2 of the main
text) to determine energy expended. Finally, to estimate the daily amount of prey needed to
maintain metabolic costs, we used the mean AMRE of the 24 h period, converted it from mgO.
kgth™to k] kgth?, then to kJ. This value was then divided by the estimated energy content of
the tuna (5.1 kJ), to arrive at 0.5 tuna d* to sustain daily AMRE.

Supplemental Tables

Table S1. Mean £ SD of the normal distributions used when randomly sampling parameter
values for b, ¢, d and dolphinfish mass (Mp) used in the 10,000 iterations when calculating the

range of possible values of estimated active metabolic rate (AMRE) of the sailfish.

Parameter Value Reference
b 0.79+0.1 [5, 15, 17, 18]
c 0.9+0.09 Estimated from regression of log(MO3) ~ sailfish
swim speed, back calculated from [14]
d 2.6+£0.04 Estimated from regression of log(MOz) ~ sailfish
swim speed, back calculated from [14]
Mb (9) 278 £ 23 [14]

Table S2. Estimated metabolic rate for the 25" percentile, median and 75" percentile during the

pursuit dive with and without applying a temperature correction to the calculations.

With Temperature Correction Without Temperature Correction
AMREe Energy AMREe Energy
(mgO2/kg/h) | Expenditure (mgO2/kg/h) | Expenditure
percz:glt:tile 361 + 390 0.02 per(z:g:t“e 429 514 0.03
Median 518 + 586 0.04 Median 618 £ 773 0.05




75"
percentile

748 £ 874

0.06

75"
percentile

894 + 1153

0.07

Table S3. Overall estimated metabolic rate for the 25" percentile, median and 75" percentile

over the course of 24 hours with and without applying a temperature correction to the

calculations.
With Temperature Correction Without Temperature Correction
AMREe Energy AMREe Energy
(mgO2/kg/h) | Expenditure (mgO2/kg/h) | Expenditure
th th
25" | 15648 1.9 25" 157 + 58 19
percentile percentile
Median 219+ 70 2.7 Median 220 + 85 2.7
75" 75"
. 307 + 102 3.8 . 308 £ 125 3.9
percentile percentile
Additional Supplemental Figures
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Figure S3. Logarithmic regression of dolphinfish (Coryphaena hippurus) oxygen consumption

(MOy), back-calculated from [14] and swimming speed (body length [BL] s), corrected for BL

of the sailfish. Measured values correspond to those measured in [14] (1-4 BLs™ of dolphinfish =

0.08 — 0.63 BLs™ of sailfish; left), and linearly extrapolated over the range of swimming speeds

observed from the sailfish tagged in the present study (right).
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Figure S4. Histograms displaying the possible values of b, ¢, d and Mp used in the 10,000

iterations when calculating the estimated active metabolic rate (AMRE) of the sailfish.
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Figure S5. Output of the log transformed estimated active metabolic rate (AMREg; mgO2 kgt ht)
from the 10,000 iterations over the 24 h period. AMRE was calculated as the median of the

10,000 samples (solid red line), with the interquartile range (25 - 75%) taken to represent a range
of probable AMRE values (dotted red lines).
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