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Direct quantification of energy intake in an apex
marine predator suggests physiology is a key
driver of migrations

Rebecca E. Whitlock,1,2* Elliott L. Hazen,3 Andreas Walli,1 Charles Farwell,4 Steven J. Bograd,3

David G. Foley,3† Michael Castleton,1 Barbara A. Block1
Pacific bluefin tuna (Thunnus orientalis) are highly migratory apex marine predators that inhabit a broad thermal
niche. The energy needed for migration must be garnered by foraging, but measuring energy intake in the marine
environment is challenging. We quantified the energy intake of Pacific bluefin tuna in the California Current using a
laboratory-validated model, the first such measurement in a wild marine predator. Mean daily energy intake was
highest off the coast of Baja California, Mexico in summer (mean ± SD, 1034 ± 669 kcal), followed by autumn when
Pacific bluefin achieve their northernmost range in waters off northern California (944 ± 579 kcal). Movements were
not always consistent with maximizing energy intake: the Pacific bluefin move out of energy rich waters both in late
summer and winter, coincident with rising and falling water temperatures, respectively. We hypothesize that
temperature-related physiological constraints drive migration and that Pacific bluefin tuna optimize energy
intake within a range of optimal aerobic performance.
INTRODUCTION

An understanding of ecosystem responses to a changing ocean en-
vironment is key to effective management of marine communities.
Apex marine predators are of particular concern owing to their poten-
tial to induce marked shifts in the dynamics and function of marine
communities via cascading effects on lower trophic levels (1, 2). For
highly migratory species, identification of the mechanisms that under-
lie migration is an important step in predicting ecosystem-level re-
sponses to a warming ocean (3).

The study of physiological mechanisms that govern change in
species’ performance (foraging, growth, reproduction, etc.) can help
to elucidate responses to climatic warming (4). In many animals,
aerobic scope (the difference minimal and maximal rates of oxygen
consumption) decreases with cooling or warming outside the optimum
temperature range, resulting in lower performance (4, 5). Pacific bluefin
tuna (Thunnus orientalis) is a highly migratory marine predator of
acute conservation concern (6, 7) and one of the most valuable fish
species on the planet (8). Juveniles exhibit two life-history strategies:
residency in the western Pacific, or migration to the eastern Pacific,
where they remain for 1 to 4 years (9, 10) before returning to the west-
ern Pacific to spawn. Electronic tagging studies have revealed that migrants
to the eastern Pacific Ocean make seasonal north-south migrations
within the California Current Large Marine Ecosystem (CCLME),
along the Mexico and California coasts (10, 11). These movements are
consistent with occupation of the routine metabolic thermal minimum
zone (10, 12), between 15° and 20°C (minimum rate of oxygen con-
sumption,Mo2 , of 175 ± 29 mg kg–1 h–1 at 15°C) (12), and optimization
of aerobic physiological performance, because more energy is required
for routine metabolism outside this range. Optimal cardiac perform-
ance is also achieved within this thermal window because bradycardia
occurs at low temperatures (13), whereas an elevated metabolic rate
increases aerobic demands on the heart. To date, the lack of ability to
measure foraging success in wild Pacific bluefin tuna has precluded
examination of the roles of food availability and physiological mecha-
nisms in driving the migratory cycle (10, 11).

Direct measurement of foraging success in the marine environ-
ment is difficult because of the need to simultaneously observe animals
at different trophic levels over suitable spatial and temporal scales (14).
Electronic tags have been used to infer feeding via a variety of proxies,
including movement modes (turning angle and movement speed),
whereby sinuous slow movements are interpreted as area-restricted
search–type behaviors associated with foraging (15). Other studies
have used metrics related to diving behavior as a proxy for feeding,
for example, time spent at depth (16), tag immersion in seabirds
(17, 18), and descent speed during passive drift dives (which provides
a measure of the animal’s body condition: larger fat stores confer
greater buoyancy) (19). However, in the absence of direct observa-
tions, these proxies may not constitute reliable indicators of feeding.

In bluefin tunas, the metabolic heat generated by digestion [the
heat increment of feeding (HIF)] is measurable using viscerally im-
planted archival tags (20) and is strongly correlated with the energetic
value of a meal (21, 22). Visceral warming has been used to measure
feeding frequency and relative intake size (kg) of feeds in southern
bluefin tuna (Thunnus maccoyii) in the Indian Ocean (23). Quanti-
tative analyses of feeding in bluefin tunas have hitherto only used es-
timates of feeding frequency or presence/absence of feeding events
(23), which may fail to reveal the true variation in energy intake if the
magnitude of feeding events is variable.

Here, we quantify energy intake in 144 wild Pacific bluefin tuna in
the CCLME on over 39,000 days (fig. S1), using HIF measurements
from implanted archival tags. We estimate energy intake using a
model developed with laboratory data collected from similar-sized
bluefin tuna (22) at a range of ambient temperatures. This method
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accounts for the magnitude of feeding events as well as the effect of
ambient temperature on HIF, whereby greater HIF per kcal ingested is
observed at cooler ambient temperatures (consistent with greater heat
conservation or reduced dissipation at low temperatures). It thus provides
a more accurate and robust measure of energy acquisition and foraging
success in a wild marine predator than has previously been possible.
RESULTS

The time series of foraging events in wild Pacific bluefin tuna (median
length, 108 cm) as measured by peritoneally implanted archival tags
ranged between 61 and 876 days in length (mean, 274 days). The time
series data recorded from an archival tagged Pacific bluefin tuna with
predicted visceral temperature at rest are shown in Fig. 1 (A to C)
(longer time series can be found in figs. S2 and S3). Tracks showing
the spatial context for daily energy intake estimates for individual fish
are shown in Fig. 2 and fig. S4.

Wild juvenile Pacific bluefin tuna fed successfully on 91% of days
(SE, 0.15%). HIF magnitude measured daily varied between 0 and
4106 kcal, with a median of 820 kcal (mean ± SD, 855 ± 540 kcal).
The daily sea surface temperature (SST) in the CCLME as measured
by archival tags varied from 11.0° to 26.7°C (mean ± SD, 17.2° ± 1.8°C)
(Fig. 3). Mean thermal excess (the difference betweenperitoneal and am-
bient temperature) at the onset of feeding events was 3.7°C (± 2.3°C); the
maximum 13.8°C. Energy intake and thermal excess were positively
correlated with body size as measured by the curved fork length (CFL)
of tagged tunas [Pearson correlation coefficients, r = 0.12 (HIF), r = 0.18
(thermal excess); both significantly different from 0 (P < 0.001)].

The measurements of energy intake in Pacific bluefin tuna reveal
spatial and temporal heterogeneity in foraging success within the
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CCLME. Over the course of the year, the highest mean daily energy
intake occurred in summer (June and July), when fish are distributed
between 23° and 34°N off the coast of the Baja peninsula up to waters
of the Southern California Bight (mean ± SD, 1034 ± 669 kcal in July)
(Figs. 1 and 3 and fig. S1). Lower energy intake was observed during
late summer (August and September), when bluefin tuna are moving
up through the Southern California Bight (28° to 32°N). A second
seasonal peak in energy intake was observed in autumn (October and
November), as the Pacific bluefin reach their northernmost distribution
at latitudes between 34° and 40°N (Figs. 1 and 3 and fig. S1), coinciding
with high primary productivity and cool water temperatures in this
region (Fig. 3 and fig. S6). The lowest mean energy intake occurred
in December (647 ± 552 kcal), when most Pacific bluefin have returned
south of 34°N (Fig. 1 and fig. S1). High energy intake was observed in
January and February, when the bluefin’s distribution extended north-
ward again (Fig. 1 and fig. S1). In autumn and winter (October to
February), the highest energy intake values were observed in the
northernmost part of the tuna’s range (Fig. 3).

Environmental conditions, spatiotemporal information, and the
length of the tagged fish explained a relatively large proportion of
the variation in estimated energy intake (adjusted R2 of 34%) in a
generalized additive mixed model (GAMM) (Figs. 4 and 5). Spatial
patterns in model-predicted energy intake reflected patterns observed
in the raw data (Figs. 1, 3, and 4). Over the year, predicted energy in-
take was highest in June and July and lowest in December (Fig. 4 and
figs. S5 and S6). In autumn and winter (September to March), predicted
energy intake increased with latitude, with the highest values predicted
north of 32°N in waters off central and southern California (Fig. 4 and
fig. S6). In contrast, predicted energy intake was highest at lower lati-
tudes in summer (June and July) (Fig. 4).
Fig. 1. Extracts of raw data collected by an archival tag implanted into the peritoneal cavity of a wild juvenile Pacific bluefin tuna in 2003. (A to C)
One month of data (A); 1 week of data (B); one HIF event (over 16 to 17 October) (C). In (A) to (C), the red line shows visceral temperature, the blue line

shows ambient temperature, and the green line shows the predicted resting visceral temperature [obtained using a statistical model (22)]. (D) Monthly
mean HIF from the raw data for archival tagged Pacific bluefin tuna in the California Current between 2002 and 2009. Vertical bars extend to 1.96 SE below
and above the mean.
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Energy intake was correlated with SST, isothermal layer depth
(ILD, an approximation of mixed layer depth), relative light level,
chlorophyll-a concentration, length of the tuna, eddy kinetic energy, day
of the year, and location (longitude and latitude) (Table 1). Location
and SST together explained just over half of the variation in energy
intake accounted for by the model (Table 1), whereas season and surface
chlorophyll-a concentration each accounted for close to 10% (Table 1).
Energy intake was predicted to increase with the length of the tuna
(Fig. 5) and decrease with increasing SST and ILD (Fig. 5). Energy in-
take was predicted to be highest at intermediate levels of primary
productivity (0.2-1.0 mg m−3), as measured by chlorophyll-a (Fig. 5).

Wild juvenile bluefin tuna maintained a larger difference between
peritoneal and ambient temperature (thermal excess) in colder waters
Whitlock et al. Sci. Adv. 2015;1:e1400270 25 September 2015
(figs. S2, S3, and S7). Environmental covariates explained 50% of the
variation in thermal excess, with most of the variation accounted for by
ambient temperature (table S4). Predicted thermal excess showed a sim-
ilar spatiotemporal pattern to predicted energy intake, generally in-
creasing with latitude except during summer (fig. S7). The fact that
SST explained a much higher proportion of the variation in thermal ex-
cess than in energy intake (Table 1 and table S4) suggests that our ap-
proach was somewhat successful in accounting for the effect of ambient
temperature on HIF magnitude and predicted energy intake.

During autumn and winter, the large HIFs observed at high lati-
tudes were accounted for primarily by older, larger fish (Fig. 6 and fig. S8),
which were distributed significantly farther north and at significantly
colder temperatures in October [age 3 versus age 2 and younger;
Fig. 2. Tracks with estimated HIF (kcal day−1) for two archival tagged bluefin tuna. Tracks are broken into yearly sections, and the first point in each
panel is marked with a white triangle. (A to C) HIF track for archival tag 1002020, deployed in August 2002. White triangles correspond to 28 August 2002

(A), 1 January 2003 (B), and 1 January 2004 (C). (D to F) HIF track for archival tag 1003088, deployed in July 2003. White triangles correspond to 7 August
2003 (D), 1 January 2004 (E), and 1 January 2005 (F).
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Wilcoxon rank sum (W) = 706,168.5 (latitude); W = 1,138,504 (tem-
perature), both P < 0.001]. The largest size-based differences in energy
intake were also observed in October (Fig. 6 and table S3), indicating that
thermal niche expansion in this endothermic species results in high en-
ergetic reward. Greater utilization of cold waters in a larger fish (11) can
be observed in the supplementary raw data traces (figs. S2 and S3).
DISCUSSION

Optimal foraging theory predicts that animals’ movement patterns
arise from efficient use of spatially heterogeneous resources and thus
reflect the spatial structure of the resource environment. Earlier studies
have reported that latitudinal movements of the Pacific bluefin tuna
follow seasonal peaks in primary productivity in the CCLME (11) and
hypothesized that migrations result from a trade-off between utilizing
areas of higher productivity and physiological limitations (of the tuna
themselves or their prey) (10). Our direct quantification of energy
intake in Pacific bluefin tuna supports the hypothesis that southward
movements in winter and spring (coinciding with cooling waters in
the north) and northward movements in autumn (coinciding with
warming waters in the south) enable the bluefin to remain within a me-
tabolically optimal range, enhancing the availability of excess aerobic
capacity for foraging and activity. Average energy intake in the CCLME
is highest in July off the coast of the Baja peninsula, coincident with
SST approaching the upper end of the thermal habitat utilized by the
Pacific bluefin in the eastern Pacific Ocean (Figs. 1 and 4 and fig. S6).
We hypothesize that the increased metabolic scope required to digest
the large meals (24) observed at this time, combined with temperatures
rising above the metabolic thermal minimum zone (Fig. 3 and figs. S6
and S9), leads to oxygen limitation that drives northward migration. By
movingnorth in late summer and early autumn, along the coast ofNorth
America, the Pacific bluefin tuna exploit a seasonal thermal window of
16° to 18°C in surface waters off central and northern California (Fig. 3).
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This is close to the annual maximum SST in this region (Fig. 3), and in
the optimal range for the tuna’s metabolic and cardiac performance
(12, 13, 25).Our results showhigh energy intake in these northernwaters,
following summer upwelling events along the northern California coast.

In winter months, as storms mix the water column and SST drops
below 15°C off the Californian coast (Fig. 3), the Pacific bluefin tuna
move south into Mexican waters along the Baja peninsula, away from
the area of highest predicted energy intake in the region of 34°N (Fig. 4).
We hypothesize that elevated metabolic costs (fig. S9), coupled with a re-
duction in cardiac performance at SSTs below 15°C (12, 13, 25) (fig. S9),
outweigh potential gains from higher energy intake in northern waters.
Size-based differences in thermal habitat utilization (table S3) also point
to cold-related physiological constraints: larger fish have greater thermal
inertia and increased cardiac capacity.Overall, the Pacific bluefin’smigra-
tion within the CCLME appears to maximize energy intake within a
thermal range of optimal physiological function (fig. S9).

We identified foraging hotspots (areas of seasonally high energy
intake) south of 28°N along the Baja peninsula in summer (June and
July), off Northern California (34° to 38°N) in autumn (October and
November), and off central California (32° to 35°N) in winter (January
and February) (Fig. 4). Hotspots are likely to have important impli-
cations for the management of highly migratory marine species
such as T. orientalis, for example, as sites of aggregation that are
targeted by fishers on account of predictably high densities. Identifi-
cation of hotspots can also aid in the development of spatially explicit
fisheries management strategies or in prioritizing habitats for marine
zoning (26, 27). The ability to identify areas of increased feeding success
and aggregation is particularly important to inform management for re-
building depleted populations such as Pacific bluefin tuna. On the basis
of our findings, truncation of the population’s age/size structure as a
result of intense fishing pressure in the CCLME (7) is expected to lead
to narrowing of the bluefin’s latitudinal distribution (as has already
been observed; Fig. 3). A loss of growth potential is also predicted if
Fig. 3. HIF in relation to SST, latitude, and chl-a. (A) Three-dimensional contour plot for observed daily energy intake in 2003 (interpolated and
smoothed for visualization) against mean daily SST and latitude. (B) Latitudinal distribution of 144 tagged bluefin tuna in the California Current, 2002 to

2007. (Top) Date versus latitude with remotely sensed mean daily SST (°C) indicated by the color scale. (Center) Date versus latitude with median daily
energy intake (kcal) indicated by the color scale. (Bottom) Date versus latitude with the logarithm of median daily chlorophyll-a concentration (mg m−3)
indicated by the color scale. The solid black line in each panel denotes the median latitude of archival tagged tuna, whereas the dashed lines show the
2.5th and 97.5th percentiles for the latitudinal distribution.
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Fig. 4. Predicted values for average daily energy intake (kcal) by month from the final GAMM fitted to HIF data between 2002 and 2009 (data
from 144 archival tagged Pacific bluefin tuna with 5961 weekly values of HIF). Predicted values are plotted within the 90% utilization density (UD)

contour; the 50% (solid line) and 75% (dashed) line UD contours are indicated.
Whitlock et al. Sci. Adv. 2015;1:e1400270 25 September 2015 5 of 9
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fish do not achieve the body size necessary to access the richest forag-
ing areas in autumn and winter.

Our study also revealed periods of reduced foraging or low foraging
success; for example, both individuals in figs. S2 and S3 showed periods
with very few HIF events during August (B panels), and late October to
November (C panels). In August, this appeared to be associated with
northward migration (figs. S2 and S3), perhaps indicating a cessation of
feeding during transit between energy-rich foraging grounds, or rapid
movement throughareaswith ahighdensity of predators (10). InOctober
to November, reduced foraging was associated with short southward
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movements into warmer waters, which were followed by movement
north into colderwaters again (figs. S2 and S3). This behavior is consistent
with the bluefin tuna seeking a “thermal refuge” in between periods of
foraging in cold water.

Our results have important implications for predicting the responses
of an apex marine predator to changes in the marine environment,
addressing a key knowledge gap (28). By combining the first quanti-
fication of energy intake in tuna with knowledge of physiological mech-
anisms, our approach contributes valuable insight into how the
migration phenology and habitat use of Pacific bluefin will respond
to changes in ocean temperature. Pacific bluefin tuna appear to face
a trade-off between energy intake and physiological performance (fig. S9)
that shapes migrations in the CCLME. Several of the tuna’s teleost prey
species likely face similar physiological thresholds, so that temperature
may serve both as a direct physiological driver and as a proxy for the mi-
gratory behavior of prey fishes (29). Changes in water temperature may
alter the timing and location of suitable thermal habitats, altering the bal-
ance between the costs and benefits of migration [for example, if trophic
mismatch (30) results]. A shift in the bioenergetics of migration could
result in changes to the population dynamics of Pacific bluefin tuna
(via changes in rates of growth and mortality) with cascading effects on
lower trophic levels. More research is thus needed into the bioenergetics
of migration in this species.

Our direct estimates of energy intake in a highly migratory pelagic
predator open up a number of avenues for future research, including
the bioenergetics of migration and growth, integration of the preyscape
(for example, sardine density) with oceanography and feeding success,
and predicting how environmental change will affect the CCLME eco-
system via foraging and migration in an apex predator. Combining
predator and prey data using the quantitative metrics of foraging suc-
cess presented here provides the opportunity for novel testing of the
principles of foraging theory in the marine system.
MATERIALS AND METHODS

Archival tags (Lotek, LTD 2310 series A-D) were surgically implanted
in juvenile Pacific bluefin tuna captured on hook and line during
cruises off the coast of California and Mexico aboard the fishing vessel
Fig. 5. Correlates of average daily energy intake (kcal) in tagged Pa-
cific bluefin tuna. Estimated response curves (smooth terms) and year

effects from the final GAMM. (A to D) SST (A), length of the tagged tuna
(B), chlorophyll-a concentration (C), and isothermal layer depth (D). Dashed
lines represent 95% confidence limits. Vertical axes are partial responses
(estimated, centered smooth functions) on the scale of the linear predictor.
Table 1. Correlates of the magnitude of weekly average energy intake. Entries are approximate percentage deviance explained by term (of the
total deviance explained by the model) for the final GAMM for daily energy intake (kcal), adjusted R2 = 34%.
GAMM term
 Approximate deviance explained (%)
 Estimated degrees of freedom
 Approximate significance level
Year (factor)
 3
 NA
 See fig. S5
s(Latitude, longitude)
 27
 26.7
 P < 0.001
s(Sea surface temperature, °C)
 26
 6.7
 P < 0.001
s(Isothermal layer depth, m)
 3
 6.8
 P < 0.001
s[Log(chlorophyll-a, mg m−3)]
 10
 3.3
 P < 0.001
s(Eddy kinetic energy, cm2 s−2)
 4
 1.0
 P < 0.001
s(Relative light level)
 9
 7.9
 P < 0.001
s(Length, cm)
 8
 1.3
 P < 0.001
s(Day of the year)
 12
 12.9
 P < 0.001
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Shogun. Implanted archival tags were programmed to record ambient
temperature, peritoneal temperature, light, and depth at intervals
ranging between 8 and 120 s. Shipboard tagging protocols have been
described previously (9–11). CFLs were measured in the tagging cradle
for all electronically tagged fish; lengths at release ranged from 59 to
148 cm (mean, 109 cm), corresponding to an age range of about 1 to
5 years (31). The first 6 days of each track were discarded to allow for the
fact that feeding patterns may have been altered immediately after tagging
due to stress associated with capture, surgery, and release (some individ-
uals were observed not to feed in the first few days after release). Similarly,
data from the day on which fish were recaptured were discarded.

Mean daily SST (calculated as the average of ambient temperature
readings in the top 3 m of the water column over a 24-hour period), daily
HIF magnitude (HIF summed over 24 hours), and mean daily baseline
thermal excess [the average predicted baseline peritoneal temperature
(22) at the onset of HIF events over a 24-hour period minus the mean
Whitlock et al. Sci. Adv. 2015;1:e1400270 25 September 2015
daily SST] were recorded for all tagged Pacific bluefin tuna in the data
set. Mean thermal excess was recorded to help interpret patterns in HIF;
it is expected to reflect primarily changes in heat production and/or heat
conservation at different ambient temperatures (9). We apply a slightly
modified version of the hierarchical Bayesian model (HBM) (22) that
uses a log-normal observation model to ensure that posterior predictive
distributions for HIF do not contain negative values. Results from the
two models are comparable [details of the modified model and a com-
parison with results from the original model (22) can be found in the
Supplementary Methods and fig. S10]. The time series of ambient, peri-
toneal, and predicted baseline peritoneal temperature were plotted for
each recovered tag to verify that the algorithm used to predict baseline
peritoneal temperature performed satisfactorily. The predicted baseline
peritoneal temperature series selected by the algorithm was replaced over
short durations in cases where an alternative baseline temperature series
offered a better fit to the observed peritoneal temperature values.
Fig. 6. Patterns of habitat use and energy intake by length for archival tagged Pacific bluefin tuna between 2002 and 2009. (A) Utilization
densities for archival tagged Pacific bluefin tuna in the California Current in October solid line, 50% density contour; dashed lines, 10 and 90% density

contours left 95 cm and smaller; center 95 to 119 cm; right larger than 119 cm. (B) Mean HIF by month and age class (age 2.5 and younger, red; age 2.5-3.5,
black; age 3.5 and older, blue). Error bars indicate ±1 SE. (C) Boxplots showing the monthly latitudinal distributions of Pacific bluefin tuna of different ages
in the California Current (age 2.5 and younger, red; age 2.5-3.5, white; older than 3.5 years, blue). Horizontal lines through the center of each box denote
the median, whereas the ends of the box denote the upper and lower quartiles. Whiskers denote the range containing 95% of observations.
7 of 9



R E S EARCH ART I C L E
Daily energy intake for wild fish was obtained as the posterior pre-
dictive distribution for a new individual (that is, an archival-tagged
Pacific bluefin tuna for which no experimental observations exist)
from the HBM, given measured HIF area and SST (see Supplementary
Methods). All estimates of energy intake are reported as the median of
the posterior predictive distribution. The results presented in this pa-
per assume a diet of sardines (Sardinops sagax) or forage fish of simi-
lar nutritional composition (22). A justification for this assumption
and a discussion of its implications for our results can be found in
the Supplementary Materials.

Daily position estimates were obtained using light-based geoloca-
tion methods refined by comparing tag and satellite-observed SST
(10, 32). We use location estimates that have been filtered with a Bayesian
state-space model (33) to account for observation error and interpo-
late missing location observations.

Satellite-derived environmental data were extracted on the basis of
the 95% posterior probability intervals for daily positions from the
state-space model. A suite of remotely sensed environmental variables
(SST, sea surface height, sea surface height SD, surface chlorophyll-a,
eddy kinetic energy, and wind stress curl) were sampled at a daily
time scale at each position along the track using Xtractomatic (http://
coastwatch.pfel.noaa.gov/xtracto/), and were explored for normalcy
and collinearity using QQ plots, variance inflation factors, and scatter-
plots among variables. Mean ILD (m) was also computed for each day
(34), using the archival tag profile of ambient temperature and depth
and a DT of 0.8°C.

Weekly means (or geometric means where appropriate) were com-
puted for HIF magnitude, thermal excess, and oceanographic variables.
We applied GAMMs (35) to examine the relationships of (weekly mean)
daily energy intake or thermal excess with the oceanographic variables
described above, time (year and season) and space (latitude and lon-
gitude). All models included individual Pacific bluefin tuna as a random
effect (random intercept). The results from GAMMs applied directly
to the daily data are presented in the Supplementary Materials.

A normal error structure with identity link was used to look at
patterns in average daily HIF and thermal excess (after selecting a suit-
able distribution on the basis of maximum likelihood). Estimated length
(based on length at tagging and growth according to a von Bertalanffy
model) was included as a covariate in all GAMMs to account for the
effect of body size on HIF.

Selection of environmental variables for inclusion in GAMMs was
based on the estimated degrees of freedom for smooth terms, estimated
significance level, and proportion of the total deviance explained. Thin
plate regression splines with shrinkage (35) were estimated for each
oceanographic variable. Seasonal effects were modeled by including
year day as an explanatory variable in GAMMs using a cyclic cubic re-
gression spline, which constrains the start and end points of the smooth
to be the same (35). Correlation of residuals was addressed by including a
first-order autoregressive (AR1) error structure for random effects
(nested within individual). To account for spatial autocorrelation,
an isotropic thin plate regression spline of latitude and longitude
was applied, with themaximumdimension of the basis (k) used to repre-
sent the smooth terms (limiting the maximum degrees of freedom for
each model term) set to 50. Akaike’s information criterion was used
to compare alternative model structures. To approximate the devi-
ance explained by each term in the fixed effects part of GAMMs,
generalized additive models were fitted for the full model, null model
(intercept only), and submodels in which one smooth term was
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dropped at a time. To make a comparison with the full model,
smoothing parameters for the remaining terms in the submodels were
set equal to their estimates from the full model. Deviance explained for
term i can then be calculated as the difference between the deviance ex-
plained by the full model and submodel lacking i, divided by the devi-
ance explained by the null model.

For the purpose of this analysis, the HIF data set was restricted to
data from Pacific bluefin tuna with a time at liberty of 50 days or more.
We analyze data from the CCLME, defined to include all observations
east of the 130th meridian west. We used data from archival tags with
complete and uncorrupted body temperature (TB) and ambient tempera-
ture (TA) time series andmore than 50 days at large (N= 183). Data from
tags for which baseline thermal excess could not be approximated satis-
factorilywere discarded, resulting in aHIF data set from144wildPacific
bluefin tuna.

To examine size-based differences in the HIF and the distribution
of bluefin tuna, individuals were assigned to one of three length classes
(31) as follows: ≤94.6 cm (age 2.5 and younger); age 3, >94.6 cm and
≤119.2 cm (age 2.5 to 3.5); >119.2 cm (older than age 3.5).
SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/1/8/e1400270/DC1
Fig. S1. Spatial plot of the data set analyzed in this paper by month.
Fig. S2. Raw data (visceral temperature, red line; ambient temperature, blue line) trace from an
archival tagged Pacific bluefin tuna.
Fig. S3. Raw data (visceral temperature, red line; ambient temperature, blue line) trace from a
second archival tagged Pacific bluefin tuna.
Fig. S4. Tracks with estimated median HIF (kcal day−1) for two archival tagged Pacific bluefin tuna.
Fig. S5. Correlates of average daily energy intake (kcal) in tagged Pacific bluefin tuna.
Fig. S6. HIF in relation to SST, latitude, and chl-a.
Fig. S7. Predicted values for weekly mean thermal excess (°C) plotted by quarter from the final
GAMM fitted to thermal excess data between 2002 and 2009 (data from 144 archival tagged
Pacific bluefin tuna with 5961 weekly values of thermal excess).
Fig. S8. Patterns of habitat use and energy intake by length for archival tagged Pacific bluefin
tuna between 2002 and 2009.
Fig. S9. Physiological responses to ambient temperature with mean energy intake.
Fig. S10. Boxplot of posterior predictive probability distributions for estimated energy intake
(kcal) for three archival tagged Pacific bluefin tuna in the feeding experiment (22).
Fig. S11. Histograms of HIF magnitude observations.
Fig. S12. Estimated smooth terms from the GAMM for feeding success in archival tagged
Pacific bluefin tuna.
Fig. S13. Predicted feeding success between September 2002 and August 2003 from the
binomial GAMM for a subset of archival tagged Pacific bluefin tuna (23 tagged individuals,
6705 observations) released in August 2002.
Fig. S14. Predicted HIF magnitude (conditional on feeding on a given day) between
September 2002 and August 2003 from the Gamma GAMM for a subset of archival tagged
Pacific bluefin tuna (23 tagged individuals, 6212 observations) released in August 2002.
Fig. S15. GAMM-predicted values from the delta-gamma model for HIF magnitude (combining
predictions of feeding success and HIF magnitude) between September 2002 and August
2003 for a subset of archival tagged Pacific bluefin tuna (23 tagged individuals, 6212
observations) released in August 2002.
Table S1. Proximate analysis of sardine and anchovy used as feeds for captive tuna,
reproduced from Farwell (43).
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Table S3. Wilcoxon rank sums (from two-sided tests) for size-based differences in latitude, SST, and HIF.
Table S4. Correlates of thermal excess.
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