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Specific dynamic action (SDA), the increase in metabolic expenditure associated with consumption of a meal,
represents a substantial portion of fish energy budgets and is highly influenced by ambient temperature. The ef-
fect of temperature on SDA has not been studied in yellowfin tuna (Thunnus albacares, Bonnaterre 1788), an ac-
tive pelagic predator that occupies temperate and subtropical waters. The energetic cost and duration of SDA
were calculated by comparing routine and post-prandial oxygen consumption rates. Mean routine metabolic
rates in yellowfin tuna increased with temperature, from 136 mg O2 kg−1 h−1 at 20 °C to 211 mg O2 kg−1 h at
24 °C. The mean duration of SDA decreased from 40.2 h at 20 °C to 33.1 h at 24 °C, while mean SDA coefficient,
the percentage of energy in a meal that is consumed during digestion, increased from 5.9% at 20 °C to 12.7% at
24 °C. Digestion in yellowfin tuna is faster at a higher temperature but requires additional oxidative energy. En-
hanced characterization of the role of temperature in SDA of yellowfin tuna deepens our understanding of tuna
physiology and can help improve management of aquaculture and fisheries.

© 2016 Elsevier Inc. All rights reserved.
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1. Introduction

Yellowfin tuna (Thunnus albacares, Bonnaterre 1788) occupy a
pelagic habitat primarily inclusive ofwarm temperate to tropicalwaters
around the globe (Block and Stevens, 2001;Miyake et al., 2010) and are
among the fastest growing members of the family Scombridae (Juan-
Jordá et al., 2013). Like all tunas, they move with a unique thunniform
mode of swimming that enables tuna to efficiently cross large expanses
of ocean. Yellowfin have highermetabolic rates than ectothermicmem-
bers of the family Scombridae (Blank et al., 2007a; Korsmeyer and
Dewar, 2001) and have significant cardiac capacity, with specializations
that improve frequency of heart rate (Graham and Dickson, 2004).
Yellowfin tuna also utilize both warm surface waters and the cooler
mixed layer (Block and Stevens, 2001; Graham and Dickson, 2004;
Shadwick et al., 2013; Weng et al., 2009). These adaptations may
allow for increased foraging rates and, as such, digestion likely plays
an important role in the total energetic budget of yellowfin.
Routine metabolic rate; SMR,
; Ṁo2peak, Peak metabolic rate
olic increase.
Evolutionary Biology, Princeton

).
Specific dynamic action (SDA) describes the metabolic processes of
digestion and refers to the increase in metabolism associated with “in-
gestion, digestion, absorption and assimilation of a meal” (Secor,
2009). SDA represents a substantial portion of fish energy budgets and
often accounts for up to 50% of total metabolic expenditure and 20% of
ingested energy (Secor, 2009). Multiple factors influence SDA, including
meal composition, meal type, meal size, body size, and temperature
(Secor, 2009; Wang et al., 2001), although temperature is often consid-
ered a primary determinant (Jobling, 1981).

The characteristics of SDA that are known to be affected by temper-
ature include peak metabolic rate during digestion, duration of SDA,
factorial scope (peak metabolic rate divided by the fasted metabolic
rate), and SDA coefficient (the percentage of meal energy consumed
in SDA)(McCue, 2006). Inmost fish, increased temperatures result in el-
evated routine metabolic rates, elevated peak metabolism during SDA,
and decreased duration of SDA (as reviewed in McCue, 2006; Secor,
2009; Secor, 2011; Seth et al., 2011). Factorial scope does not change
with temperature, as both routine metabolic rate and peak metabolism
increasewith increasing temperature, exceptwhere anorganism is near
the edge of its thermal tolerance range and total aerobic scope is limited
(Secor, 2009). The influence of temperature on the SDA coefficient
varies between species, with studies reporting no effects (Frisk et al.,
2013; Jobling and Davies, 1980; Johnston and Battram, 1993; Peres
and Oliva-Teles, 2001; Pérez-Casanova et al., 2010; Pirozzi and Booth,
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2009), increases (Guinea and Fernandez, 1997; Khan et al., 2015; Luo
and Xie, 2008; Pang et al., 2010; Peck et al., 2003; Tirsgaard et al.,
2014; Vanella et al., 2010; Yang and Xu, 2011), and decreases (Cui and
Wootton, 1988; Yang et al., 2014) in SDA coefficients with increased
temperatures. Direct comparison among species is complicated by var-
iation in study designs, including different meal types, respiration
equipment and protocols, and environmental conditions.

Despite their importance in energy budgets, SDA and the effects of
temperature on SDA have not been measured in yellowfin tuna (see
Clark, 2015 for a review of tuna energetics). This is in part due to the
challenges of holding pelagic tunas in captivity and conducting meta-
bolic experiments. SDA has recently been measured in two other
Thunnus species, Pacific bluefin (Thunnus orientalis) and southern
bluefin (Thunnus macoyii) (Clark et al., 2010; Fitzgibbon et al., 2007).
Bluefin tunas serve as an informative comparison to yellowfin tuna
due to the substantial differences in their physiology (Blank et al.,
2007a) and because both bluefin and yellowfin tunas are candidate
species for aquaculture (Carter et al., 2010;Masuma et al., 2011). Bluefin
tuna are more endothermic than yellowfin tuna (Dickson and Graham,
2004) and employ greater use of countercurrent heat exchange to
capture heat in their viscera, brain, eyes, and muscles (Block and
Stevens, 2001). Recent studies of wild yellowfin tuna have shown that
they inhabit warmer temperatures than bluefin tuna (Schaefer et al.,
2011, Block et al., 2011). Endothermy allows bluefin tuna to forage ac-
tively in coldwaters (Carey and Teal, 1966) but also results inmetabolic
rates that are on average 20% higher than similarly sized yellowfin tuna,
measured at 20 °C (Blank et al., 2007a).

In experiments conducted at similar temperatures, Clark et al. found
that SDA in T. orientalis accounted for 9.2% of the energy ingested (Clark
et al., 2010), while Fitzgibbon et al. found that SDA in T. macoyii
accounted for 35% of the energy ingested (Fitzgibbon et al., 2007). Pacif-
ic and southern bluefin tuna are closely related species (Collette et al.,
2001), and the discrepancy in these measurements is likely a result of
different experimental designs and equipment. Specifically, Clark et al.
used an 871 L intermittent-flow, swim tunnel respirometer to measure
postprandial metabolism in individual tuna at a controlled swimming
speed, while Fitzgibbon et al. used a 350,000 L mesocosm respirometer
with small groups of tuna that were able to swim at a variety of speeds
(Clark et al., 2010; Fitzgibbon et al., 2007). The discrepancy may be ex-
plained by the resulting difference in the ratio of tunamass towater vol-
ume (1:86 in Clark et al. vs. 1:12,000 in Fitzgibbon et al.) (Clark et al.,
2010) or the different behavioral patterns and swimming speeds in
Fitzgibbon et al. as tuna interacted with conspecifics in the mesocosm,
potentially increasing oxygen consumption.

In this study, intermittent respirometry at a controlled swimming
speed is used to determine fasted and digesting oxygen consumption
rates. The influence of temperature on SDA (SDA peak, duration, facto-
rial scope, and coefficient) is tested and compared to other fish species,
including other Thunnus species. An improved understanding of SDA in
yellowfin can help inform better management of yellowfin tuna aqua-
culture and fisheries.

2. Materials and methods

2.1. Animal capture and handling

Ten yellowfin tuna were caught in the California Current between
July and September in 2010 (4 fish), 2012 (3 fish), and 2013 (3 fish).
Surface temperatures at collection locations were between 18 and
22 °C. Experiments were conducted within 9 months of collection
from the wild. For a detailed description of tuna collection techniques
and husbandry practices see Farwell (2001). In brief, wild tuna were
collected onboard the F/V Shogun with rod and reel and barbless
hooks. Tunas were held on board the vessel for several days in circulat-
ing wells with seawater, before being transported to the Tuna Research
and Conservation Center (TRCC) in Monterey, CA, USA, in a trailered
transport tank. At the TRCC, fish were maintained in a 109 m3 holding
tank and fed a mix of sardines, squid, and vitamin-enriched gelatin
three times perweek at a target diet of 176 kJ per kg. Fishwere acclimat-
ed to the TRCC tank for at least 3months before experiments began. For
identification, individual fish were tagged with passive integrated tran-
sponder tags (Avid Identification Systems, California, USA) and external
identification tags (Hallprint Tags, VictorHarbor, Australia) in the dorsal
musculature. Mean (±S.E.M.) body mass and body length (BL) of the
ten fish were 8.3 ± 0.4 kg and 76.4 ± 1.6 cm, respectively. All proce-
dures were approved by the Stanford University Animal Care and Use
Committee.

2.2. Respirometry and fish training

Respiration trials were conducted in an intermittent flow swim tun-
nel respirometer (modified from Loligo Systems, Tjele, Denmark) that
has been described previously (Blank et al., 2007a; Blank et al., 2007b;
Clark et al., 2010). The respirometer had a volume of 871 L andworking
section size of 135 cm×45 cm×45 cm(length ×width×depth), with a
removable lid for introduction and removal of the fish. The entire respi-
rometer was submerged in a 1500 L reservoir for thermal insulation.
Water velocity in the flume was maintained by a propeller and
variable-speed motor, and swimming speeds in all experiments were
maintained at 1 body length per second (BL s−1). The solid blocking ef-
fect of individual fish was factored into velocity calculations, as de-
scribed by Bell and Terhune (1970) and Blank et al. (2007a). The
respirometer had intermittent flow, meaning it was repeatedly flushed
for 10min with seawater saturated with air and then sealed for 10min.
The concentration of dissolved oxygen was measured with a fiberoptic
dipping probe (Presens, Germany). Oxygen consumption rates (Ṁo2)
were determined based on the decline in dissolved oxygen concentra-
tions in the respirometer during the 10min closed periods. Intermittent
flowenablesmeasurements to be taken over an extended period of time
without depleting dissolved oxygen concentrations in the respirometer
below normoxic concentrations.

To conduct an SDA experiment, a yellowfin tuna swimming in the
109 m3 holding tank was captured by lowering the water level of the
entire tank to less than a meter and a small school or an individual
fish was corralled with a vinyl crowder (see Farwell, 2001) and then
caught in an envelope of water held by a vinyl sling with two experi-
enced handlers. The fish was never touched and was transferred in
the water-filled vinyl sling. The sling was passed to two researchers
who then transferred the fish from the sling to the respirometer. The
respirometer and reservoir were surrounded by plastic blackout cur-
tains to eliminate external stimuli, such as light and movement.

Swim tunnel experimentswith individual fish can be technically dif-
ficult (Ellerby and Herskin, 2013). As such, the tuna used in this exper-
imentwere ‘trained’ in the respirometer following a protocol developed
in previous individual tuna respirometr studies (Blank et al., 2007a;
Blank et al., 2007b; Clark et al., 2010). During training, tunas were intro-
duced to the respirometer and observed closely for 4–8 h to ensure the
acclimation and safety of the tuna. For each tuna that was able to accli-
mate to the respirometer and maintain steady swimming, 1–2 did not
swim well and could not be used in the experiments.

2.3. Experimental protocol

Each fish was subjected to both a ‘fasted’ and ‘digesting’ respiration
trial. In the fasted trial, fish were not fed for 48–72 h and were then
transferred to the respirometer by the same protocol used in training.
To measure routine oxygen consumption, the fasted, “trained” fish
remained in the respirometer for 48 h, swimming at 1 BL s−1 in 20 °C
(N = 7) or 24 °C (N = 3) seawater. For each temperature treatment,
fish were acclimated to either 20 or 24 °C in the 109 m3 holding tank
for at least 3 weeks.



Table 1
Nutritional content of squid (Loligo opalescens) and sardines (Sardinops sagax) fed to
yellowfin tuna (Thunnus albacares), relative to wet mass.

2010 2013 2014

Constituent Squid Sardine Squid Sardine Squid Sardine

Lipid (%) 2.0 18.1 1.5 18.6 2.0 8.3
Protein (%) 16.7 11.3 14.3 14.3 18.0 18.4
Energy (kJ kg−1) 4677 9064 3684 9747 4840 7051
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For the digesting trials, which were conducted at least one week
after the fasted trials, fish were fed in the 109 m3 holding tank, one
piece of food with a known mass at a time, while observers monitored
how many pieces were consumed by individual fish. Fish were fed a
mix of market squid (Loligo opalescens) and Pacific sardines (Sardinops
sagax). The mass of each piece of food was determined prior to feeding
and the energy content of different food types was determined by prox-
imate analyses and bomb calorimetry of subsamples (Table 1; N.P. Ana-
lytical Laboratories, St. Louis, MO, USA). The mass ingested and the
energy content of individual food types were used to determine the
meal intake as a percentage of the tuna's body mass and the kJ con-
sumed. Fish could not be fed in the respirometer or placed in the respi-
rometer immediately after feeding due to equipment and experimental
constraints. To avoid regurgitation of food pieces, tunas were not han-
dled until 60–120 min after feeding. Tunas were then transferred to
the respirometer by the same protocol used in training and fasted trials.
No tunas regurgitated their meal using this protocol. Measurements
began shortly after introduction to the respirometer and tuna remained
in the respirometer for 48 h, swimming at 1 BL s−1 in 20 or 24 °C seawa-
ter, to measure theṀo2 during digestion.

Tailbeat frequency was measured by an observer through live video
display of the tuna from a camera placed above the working section of
the respirometer. Each hour, three counts of sixty tailbeats were timed
to calculate the number of tailbeats per minute. The average of the
three counts was taken as the observed tailbeat frequency (Blank
et al., 2007a; Clark et al., 2010).

2.4. Data analyses and statistics

For the purposes of comparing SDA in yellowfin and bluefin, data
analyses were similar to those used by Clark et al. to measure SDA in
bluefin tuna (Clark et al., 2010). For each fish, routine metabolic rate
(RMR)was calculated as the lowestmeanṀo2 over a continuous 3 h pe-
riod during the fasted trial. Peak metabolic rate during digestion
(Ṁo2peak) was calculated as the highest meanṀo2 during any 3 h peri-
od, post-feeding, onceṀo2 stabilized after transport to the respirometer
(typically starting ~30 min post-transport). The duration of post-
prandial increase in Ṁo2 (Ṁo2dur) was calculated as the time be-
tween cessation of feeding and the return of Ṁo2 to RMR levels,
when digestion was considered to be complete. Ṁo2 was considered
to be at RMR levels when two criteria had been met: First, individual
Ṁo2 measurements for a fish were within one standard deviation
of the RMR recorded during the fasted trial for that fish, and second,
the slope of Ṁo2 relative to time over a 3 h period was no longer
negative.

SDA was calculated in two parts. First, the primary component of
SDA (SDApart) was calculated as the amount of energy expended
above RMR during the digesting trial, once the fish was introduced to
respirometer. There was a clear and easy to measure signal from the
SDA event in all yellowfin tuna. However, the period immediately fol-
lowing consumption of food in the tank and before introduction to the
respirometer (1.65±0.17 h)wasnot directlymeasured, andwe follow-
ed the convention of Clark et al. (2010) andmodeled this short period as
a linear increase from RMR to Ṁo2peak. Both SDApart and SDA with the
estimated pre-respirometer period are reported. The SDA coefficient
was calculated as the percentage of energy from a meal that was
expended during SDA.Ṁo2was converted to energy equivalents assum-
ing 14.32 J of energy per 1 mg of oxygen consumed (Beamish and
Trippel, 1990).

Statistical tests were performed using R 2.14.0 software (R Founda-
tion for Statistical Computing, Vienna, Austria). Linear regression anal-
yses were used to describe yellowfin SDA results within temperatures.
Mann–Whitney–Wilcoxon tests were used to compare yellowfin re-
sults between 20 and 24 °C and between this study and results of a
previous study on bluefin tuna SDA at 20 °C (Clark et al., 2010). Paired
t-tests were used to compare tailbeats between routine and digesting
trials.
3. Results

All ten yellowfin tunas used in the experiments were well
trained to swim in the respirometer and successfully completed
the experimental trials. During the RMR trials, fish recovered
quickly from the Ṁo2 increase associated with handling (~1 h). At
20 °C, mean RMR was 136 ± 7 mg Ṁo2 kg−1 h−1 (Table 2) and mean
tailbeat frequency was 104 ± 3 beats min−1. At 24 °C, mean RMR was
211 ± 15 mg O2 kg−1 h−1 (Table 3) and mean tailbeat frequency was
105 ± 4 beats min−1. The Q1020–24 for RMR in yellowfin tuna was
2.99. Tailbeats remained similar.

Each yellowfin tuna had higherṀo2 upon entry to the respirometer
after feeding than in a fasted state, indicating that SDA had initiated
prior to the first oxygen consumption measurements in the flume (e.g.
Fig. 1). Themaximal increase inṀo2 duringdigestion (Ṁo2peak)was sig-
nificantly different between temperatures, with a mean Ṁo2peak of
248 ± 8 O2 kg−1 h−1 at 20 °C and 399 ± 21 at 24 °C (Q1020–24 =
3.28; P b 0.05)(Table 2). Ṁo2peak was typically maintained for several
hours before Ṁo2 began to decrease toward RMR. The mean factorial
scope between RMR and Ṁo2peak was not significantly different
between 20 and 24 °C (1.8 ± 0.1 at 20 °C and 1.9 ± 0.1 at 24 °C;
Q1020–24= 1; P=0.723). The duration between feeding and the return
to baseline levels (Ṁo2dur)was significantly different between trials and
was 40.2±1.1 h at 20 °C and 33.1±1.5 h at 24 °C (P b 0.05; Q1020–24=
0.62). There was no significant relationship between Ṁo2dur and meal
size at either temperature. Average tailbeat frequencies were not signif-
icantly different between fasted and digesting runs and were 104 ± 3
and 105 ± 3 at 20 °C, respectively, and 105 ± 4 and 106 ± 2 at 24 °C,
respectively (Q1020–24 = 1; paired t-test, P N 0.1 at 20 °C and
P N 0.1 at 24 °C).

Mean SDA was 278 ± 19 kJ at 20 °C and 378 ± 25 at 24 °C
(Q1020–24 = 2.16). SDA was linearly related to meal energy at both
temperatures with larger meals requiring more digestive energy (at
20 °C: SDA = 0.0672 ∗ meal energy − 36.592, r2 = 0.711, P b 0.05; at
24 °C: SDA = 0.0818 ∗ meal energy + 126.44, r2 = 0.999, P b 0.05;
Fig. 2). The mean SDA coefficient, the percentage of energy in a meal
that is expended during SDA, was 5.9 ± 0.2% at 20 °C and 12.4 ± 0.4%
at 24 °C and was significantly different between temperatures
(P b 0.05; Q1020–24 = 6.40).
4. Discussion

Tunas are open ocean predators that are difficult to study in the lab-
oratory. Metabolic measurements that have been made on a variety of
active fishes (e.g. salmon, trout, yellowtail) have been challenging to ac-
quire on tunas due to the difficulty of making routine metabolic mea-
surements in captivity. Tunas have to be captured at sea, transported
to the lab, and maintained at high effort and expense. As facilities to
hold tunas have improved and increased (e.g. Farwell, 2001; Masuma
et al., 2011; Wexler et al., 2003), the opportunities to obtain important
physiological parameters that enable a better understanding of energet-
ic costs are also increasing.



Table 3
Morphometric, meal, and metabolic values for fasted and digesting yellowfin tuna (Thunnus albacres) at 24 °C.

Year
Fish
mass
(kg)

Fish
length
(cm)

RMR
(mg O2 kg−1 h−1)

Meal constituents
(sq./sard.) (%)

Meal
mass
(kg)

Meal size
(% tuna mass)

Meal protein
content (kg)

Meal lipid
content (kg)

Meal
energy
(kJ)

Ṁo2peak
(mg O2 kg−1 h−1)

Factorial scope
(Ṁo2peak /RMR)

SDA
duration
(hrs)

SDApart

(KJ)
SDA
(kJ)

SDA
coefficient
(%)

2014 10.5 79 188 49/51 0.45 4.3 0.08 0.02 2693 360 1.9 30.8 321 345 12.8
2014 9.4 79 205 80/20 0.69 7.4 0.13 0.02 3664 430 2.1 32.5 396 426 11.6
2014 8.3 72 240 71/29 0.49 5.9 0.09 0.02 2864 408 1.7 36.0 343 362 12.7
Mean 9.4 77 211 0.54 5.9 0.10 0.02 3074 399 1.9 33.1 353.3 377.9 12.4
S.E.M. 0.6 2 15 0.08 0.9 0.01 0.00 299 21 0.1 1.5 22.3 24.5 0.4

Table 2
Morphometric, meal, and metabolic values for fasted and digesting yellowfin tuna (Thunnus albacares) at 20 °C.

Year
Fish
mass
(kg)

Fish
length
(cm)

RMR
(mg O2 kg−1 h−1)

Meal constituents
(sq./sard.) (%)

Meal
mass
(kg)

Meal size
(% tuna mass)

Meal protein
content (kg)

Meal lipid
content (kg)

Meal
energy
(kJ)

Ṁo2peak
(mg O2 kg−1 h−1)

Factorial scope
(Ṁo2peak /RMR)

SDA
duration
(hrs)

SDApart

(KJ)
SDA
(kJ)

SDA
coefficient
(%)

2010 8.7 78 145 71/29 0.74 8.5 0.11 0.05 4899 249 1.7 38.0 248 256 5.2
2010 6.4 72 139 62/38 0.59 9.2 0.09 0.05 3736 256 1.8 37.4 200 205 5.5
2010 7.0 77 124 60/40 0.66 9.4 0.10 0.06 4820 260 2.1 39.4 285 293 6.1
2010 7.6 80 121 48/52 0.63 8.3 0.09 0.07 4419 219 1.8 40.5 227 235 5.3
2013 9.0 74 123 19/81 0.68 7.5 0.10 0.10 5827 229 1.9 41.8 356 363 6.2
2013 6.5 69 124 10/90 0.52 8.0 0.07 0.09 4745 239 1.9 45.6 286 291 6.1
2013 10.0 84 173 57/43 0.69 6.9 0.10 0.06 4312 283 1.6 38.5 294 302 7.0
Mean 7.9 76 136 0.64 8.3 0.09 0.07 4680 248 1.8 40.2 271 278 5.9
S.E.M. 0.5 2 7 0.03 0.3 0.00 0.01 243 8 0.1 1.1 19.4 19.4 0.2
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Fig. 1. Representative oxygen consumption rates of yellowfin tuna (Thunnus albacares)
acclimated to 20 °C (panel A) and 24 °C (panel B) seawater. Fish swam at 1 body length
per second during fasted trials (filled circles) and digesting trials (unfilled circles).
Estimated post-prandial oxygen consumption prior to entrance to respirometer (filled
triangles) is also included.
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4.1. Routine metabolic rate

Standard metabolic rate (SMR), the metabolic rate of a fasted, sta-
tionary animal, is often used to comparemetabolic rates among teleosts.
Yellowfin tuna are obligate ram ventilators, meaning they must contin-
uously swim to oxygenate their gills and tissues, making a stationary
SMR biologically irrelevant. Instead, RMR, which incorporates the
routine movement necessary for ram ventilation, is frequently used to
compare metabolic rates among obligate ram ventilators (Korsmeyer
and Dewar, 2001). Mean RMR at 20 °C recorded in this study
(136 mg O2 kg−1 h−1 for tuna with a mean mass of 7.9 kg) at
1 BL s−1 is similar to the mean RMR obtained using comparable proto-
cols at 20 °C (203 mg O2 kg−1 h−1 for smaller yellowfin tuna with a
mean mass of 5.4 kg)(Blank et al., 2007a). This value, when adjusted
for body mass, results in a metabolic rate scaling to mass0.5, which is
similar to the exponent of 0.4 that was found with smaller yellowfin
(Dewar and Graham, 1994). RMR may be lower at slower swimming
speeds (Blank et al., 2007a). The mean tailbeat frequency of yellowfin
at 20 °C at 1 BL s−1 was consistent with a previous study at the same
Fig. 2. Relationship between meal energy and the energy consumed by SDA in yellowfin
tuna (Thunnus albacares) at 20 °C (circles) and 24 °C (squares). Linear regressions are
presented as solid lines for SDA at 20 °C (SDA = 0.703 ∗ meal energy − 15.789; r2 =
0.723, P b 0.05) and at 24 °C (SDA = 0.1162 ∗ meal energy + 28.057; r2 = 0.998,
P b 0.05). Dashed lines are 95% confidence intervals.
swimming speed (103.6 beats min−1 in this study vs. 103.3 in (Blank
et al., 2007a).

RMR at 24 °C in this study was lower than previous measurements
conducted at similar temperatures (211 mg O2 kg−1 h−1 at 24 °C in
this study and 436 mg O2 kg−1 h−1 at 25 °C in Dewar and Graham,
1994), but the difference is likely due to allometric scaling of metabolic
rate (yellowfinwere 69–84 cm in this study and 30–57 cm inDewar and
Graham, 1994) and faster swimming speeds (1 BL s−1 in this study and
N1 BL s−1 in Dewar and Graham, 1994). Moreover, the fish in this study
were trained to swim in the flume, which likely reduced the stress of
flume swimming and associated increases in Ṁo2. The RMR measure-
ments presented here are also lower than previous estimates
with smaller yellowfin (30–50 cm) conducted through fasted energy
loss (N600 mg O2 kg−1 h−1) (Boggs and Kitchell, 1991). The lower
RMR in this study is likely due to allometric scaling and differences in
methodology. Fasted energy loss experiments compare the energy con-
tent of groups offish before and after a period of fasting and assume that
the difference must be due to routine metabolic expenditures. The pro-
tocol in Boggs and Kitchell did not standardize the behavioral habits of
the fish during the fasting period, meaning that swimming speeds
could have been higher than 1 BL s−1, resulting in a higher measured
RMR.

4.2. SDA in yellowfin tuna relative to other fish species

This study is the first measurement of SDA in T. albacares. At both
20 °C and 24 °C, energy expended on SDA increased linearly with
meal energy (Fig. 2), similar to SDA in other species (Clark et al., 2010;
Secor, 2009). At both the 20 and 24 °C acclimation temperatures, the
total duration of digestion in yellowfin was shorter than the mean for
other species of fish fed similar meals, as reviewed by Secor, 2009
(40.2 ± 1.1 h mean at 20 °C and 33.1 ± 1.5 h at 24 °C in this study vs.
47 h). The mean SDA coefficient (5.9 ± 0.2% at 20 °C and 12.4 ± 0.4%
at 24 °C) was lower than the mean for other fish surveyed by Secor
(2009) (16%). These results indicate that yellowfin tuna use a relatively
small amount of energy to rapidly digest meals, a factor that potentially
contributes to rapid growth in yellowfin (Juan-Jordá et al., 2013).

4.3. Temperature effects on SDA in yellowfin tuna

An increase in acclimation temperature from 20 °C to 24 °C caused a
statistically significant increase in Ṁo2peak (P b 0.05) and a statistically
significant decrease in Ṁo2dur (P b 0.05). Numerous studies report a
similar influence of increasing temperature on SDA peak and duration
in fish (as reviewed in Secor, 2009). Factorial scope was similar at
20 °C and 24 °C (1.8 ± 0.1 and 1.9 ± 0.1, respectively), meaning that
RMR andṀo2peak increased proportionally with temperature. SDA coef-
ficient also significantly increased with temperature (P b 0.05).

Reports of the influence of ambient temperature on SDA coefficient
are mixed, with studies showing no change, increases, and decreases
in SDA coefficients with increasing temperatures (Secor, 2009). The in-
crease in SDA coefficientwith temperature in this study could be the re-
sult of several factors. The yellowfin used in this experiment, collected
from the California Currentwaters, could represent a cold-adapted pop-
ulation who has evolved temperature-sensitive enzymes and cellular
components at a thermal optimum closer to 20 °C than 24 °C
(Hochachka and Somero, 2002). While the optimal temperature for
metabolic function is unknown in yellowfins, a study of Pacific bluefin
found that metabolic rate increases below and above the thermal opti-
mum of 15–20 °C (Blank et al., 2007b). Electronic tagging studies
show that yellowfin in the California Current inhabit warm waters
from 16 to 31 °C with a mean of 21 °C (Block et al., 2011). Another pos-
sible explanation for the greater SDA coefficient could be the greater
proportion of squid in the meals at 24 °C (49–80% squid at 24 °C vs.
10–71% squid at 20 °C). Squid had lower lipid content than sardines,
meaning meals rich in squid were lower in lipid content (mean lipid
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mass of 0.02 ± 0.00 kg at 24 °C vs. 0.07 ± 0.01 kg at 20 °C); decreased
lipid content can result in an increased SDA coefficient, although there
are exceptions (Secor, 2009). The difference between trials in fish
mass (7.9 kg at 20 °C vs. 9.4 kg at 24 °C), meal mass (8.3% body weight
at 20 °C vs. 5.9% at 24 °C), ormeal energy (4680 kJ at 20 °C vs. 3074 kJ at
24 °C) could also explain the increase, as all are associated with greater
SDA values in fish (Secor, 2011). Fish in each trial were fed ad libitum,
but yellowfin consumed greater amounts of food at 20 °C than 24 °C. Fu-
ture studies should seek to standardize across fish mass, meal mass,
meal energy, and dietary components.

4.4. Comparisons of SDA in yellowfin and bluefin tuna

This experiment was conducted with similar protocols to a previ-
ous analysis of SDA in Pacific bluefin (Clark et al., 2010), making the
results directly comparable. Yellowfin tuna at 20 °C had significantly
lower RMR relative to bluefin tuna in Clark et al., 2010 (136 ±
7.2 mg O2 kg−1 h−1 in yellowfin with a mean mass of 7.9 kg vs.
174 ± 9 mg O2 kg−1 h−1 in bluefin tuna with a mean mass of
10.4 kg, P b 0.05), similar to a previous comparative study of
yellowfin and bluefin (Blank et al., 2007a). RMR in yellowfin at
24 °C was not significantly different than RMR in bluefin at 20 °C in
Clark et al., 2010 (210 ± 15 mg O2 kg−1 h−1 in yellowfin with a
mean mass of 9.4 kg vs. 174 ± 9 mg O2 kg−1 h−1 in bluefin with a
mean mass of 10.4 kg). Bluefin tuna of this body size are known to
maintain internal body temperatures several degrees above ambient
water temperature (Clark et al., 2010; Kitagawa et al., 2006), and dif-
ferences in metabolism may relate to warmer internal temperatures
in bluefin, which are due to increased heat retention in red muscle
and visceral tissues.

Ṁo2peak was significantly lower in yellowfin at 20 °C than bluefin at
20 °C (248 ± 8 in yellowfin vs 345 ± 23 mg O2 kg−1 h−1 in bluefin,
P b 0.01), but not in yellowfin at 24 °C (399± 20 mg O2 kg−1 h−) rela-
tive to bluefin at 20 °C. SDAdur was significantly longer in yellowfin at
20 °C than bluefin at 20 °C (40.2 ± 1.1 in yellowfin at 20 °C vs.
28.9 ± 1.5 h in bluefin, P b 0.001) but not in yellowfin at 24 °C (33 ±
1.5 h) relative to bluefin at 20 °C. Differences in metabolic rates and di-
gestion times of yellowfin and bluefin could be a result of greater capac-
ity for regional endothermy and associated thermal excess in bluefin
tuna (TRCC unpublished data; Whitlock et al., 2013). As regionally en-
dothermic bluefin are able to maintain gut temperature within an opti-
mal temperature range for enzyme function, thermally dependent
digestive enzymes in bluefin, such as trypsin and chymotrypsin, are
able to digest meals faster (Stevens and McLeese, 1984). Potentially,
the yellowfin at 20 °C are below their optimal temperature and thus en-
zymatic function is not operating at its maximal capacity.

Between yellowfin and bluefin, the coefficient of SDA was signifi-
cantly lower in yellowfin at 20 °C (5.9 ± 0.2% in yellowfin vs. 9.2 ±
0.7% in bluefin, P b 0.01) and significantly higher in yellowfin at 24 °C
(12.4 ± 0.4% in yellowfin vs 9.2 ± 0.7% in bluefin, P b 0.05). Yellowfin
at 20 °C spend less energy on digestion than bluefin at 20 °C, and
yellowfin at 24 °C spendmore energy than bluefin at 20 °C. As described
above, the increased SDA coefficient in 24 °C yellowfin could be the re-
sult of a cold-adapted population or a lower lipid diet.

Bluefin tuna increase their metabolic rates at low temperatures to
increase heat generation and maintain a higher thermal excess (Blank
et al., 2007b). Bothmammals and birds have been shown to use thermal
substitution to reduce energy expenditure, whereby the energy re-
quired for thermoregulation is substituted for heat generated during
the digestive process (Humphries and Careau, 2011). This mechanism
can result in an underestimation of the SDA response (Lovvorn, 2007),
and may also be at play in regionally endothermic tuna. However,
given that heat generation in pre-prandial tuna is a by-product of mus-
cular contraction which is proportional to swimming speed or tail-beat
frequency, we assume this effect to be negligible as fish exercised at
similar intensity and no significant difference in tail-beat frequencies
in pre- and post-prandial conditions were found in yellowfin tuna. We
do, however, acknowledge that at very low temperatures, where meta-
bolic rates rise to increase heat generation, tuna may take advantage of
such thermal substitution. Future experiments should attempt to mea-
sure the post-prandial responses of fish at these lower temperatures
for comparison to the responses at nominal temperatures.
5. Context

This study reveals that temperature plays a substantial role in the
duration and coefficient of SDA in yellowfin tuna. Digestion at 24 °C is
faster but requires additional oxidative energy, relative to digestion at
20 °C, indicating that 24 °C may be outside the thermal optimum
range for digestion for these California Current collected yellowfin
tuna. Improved knowledge of the relationship between temperature
and SDA for individual species is important for optimizing feeding re-
gimes in aquaculture (Secor, 2009), comparing the desirability of candi-
date aquaculture species (Jobling et al., 2012), and for improving
bioenergetic sub-models used in fishery stock assessments and ecosys-
tem models (Jusup et al., 2011; Politikos et al., 2011).

With this knowledge, aquaculturists can adjust feedingpractices and
increase feeding efficiency byminimizing the duration and coefficient of
SDA (Alanärä et al., 2001). Future measurements of SDA at additional
temperatures would help determine the full thermal performance
curves and optimum temperature for digestion and develop specific, ro-
bust recommendations for aquaculturists (Angilletta, 2009; Sandblom
et al., 2014; Tirsgaard et al., 2014). The comparative role of SDA in ener-
gy budgets of candidate aquaculture species can also help aquaculture
enterprises evaluate the tradeoffs between farming different species
and at different temperatures. When comparing yellowfin and bluefin
tuna for aquaculture, yellowfin spent less energy on digestion at 20 °C.
However, bluefin complete digestion faster, meaning they could be fed
more often and potentially have faster growth. To help farmers evaluate
the complete energy efficiency of candidate species, future SDA studies
should be combined with measurements of meal energy loss and ab-
sorption to determine species' energy budgets.

Improved understanding of the relationship between SDA and tem-
perature is also important for fisheries models. The movement toward
ecosystem based management in wild-capture fisheries (Pikitch et al.,
2004) requires increasingly sophisticated bioenergetic models at the in-
dividual and population level, which often include estimations of SDA
(Latour et al., 2003; van Poorten and Walters, 2016). This study shows
that a four degree increase in temperature can double the SDA coeffi-
cient for yellowfin. Fish encounter numerous temperature regimes in
the wild, and bioenergetics models of yellowfin tuna with greater accu-
racy can help improve fishery models and optimize fisheries manage-
ment decisions.
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