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Abstract Within the tropical and subtropical oceans,
tuna forage opportunistically on a wide variety of prey.
However, little is known about the trophic ecology of
the smallest size classes which play an important role in
stock assessments and fisheries management. The for-
aging behavior of yellowfin tuna, Thunnus albacares
(23.5-154.0 cm FL), collected from nearshore Fish
Aggregating Devices (FADs) around Oahu was stud-
ied using stable isotope and stomach contents analyses.
Emphasis was placed on small juveniles. Yellowfin
tuna changed their diets significantly between 45 and
50 cm forklength (ca. 1.5 kg). Smallest size classes fed
on planktonic organisms inhabiting the shallow mixed
layer, primarily larval stomatopod and decapod crus-
taceans, whereas larger tuna fed on teleosts and adult
Oplophorus gracilirostris, a vertically migrating meso-
pelagic species of shrimp. When interpreting the vari-
ation in prey 6'°N values, we considered both their
relative trophic position and 6'°N values of the nitro-
gen at the base of the food web. Based on the distinct
diet shift of the yellowfin tuna, demonstrated by both
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isotope and stomach content analyses, we propose a
critical mass threshold was reached at about 45 cm FL
that enabled sufficient endothermic capability to allow
tuna to access prey dwelling in deeper, colder water.
These ontogenetic changes in foraging range and
commensurate shift in diet of small tunas would affect
their vulnerability to fishing pressure.

Introduction

Yellowfin tuna diets have been described from many
locations throughout the world’s tropical and sub-
tropical oceans, especially in the Pacific Ocean. With
few exceptions, previous stomach content studies
concluded that yellowfin tuna are opportunistic pre-
dators that feed on a tremendously diverse forage base,
although the majority of the diet often comprises only
a few families of epipelagic teleosts and crustaceans
(e.g., Reintjes and King 1953; Alverson 1963). How-
ever, little is known about the feeding behavior or diet
of the smallest size classes of tropical tunas. Only one
published study included an analysis of yellowfin tunas
less than 50 cm FL. Maldeniya (1996) noted that yel-
lowfin tuna less than 40 cm FL fed on planktonic
crustacean while those greater than 50 cm FL were
piscivores. Brock (1985) also sampled small yellowfin
tuna (ranging from 25 to 150 cm in fork length) but in
the analysis of stomach contents, he pooled all size
classes and only differentiated between tuna caught
near a Fish Aggregating Device (FAD) or away from a
FAD. Understanding the diet of the smallest size
classes is especially pertinent because these small tunas
dominate the structure-associated communities that
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aggregate around natural and manmade floating ob-
jects, including FADs (Menard et al. 2000).

Several studies have successfully used stable isotope
methods to examine fish trophic interactions (e.g., Fry
1988; Hobson and Welch 1992), temporal and spatial
variations in food web dynamics (e.g., Deegan and
Garritt 1997; O’Reilly et al. 2002), migration (e.g.,
Doucett et al. 1999; Fry et al. 2003), diet and habitat
specialization (e.g., Harrigan et al. 1989), and ontoge-
netic shifts (e.g., Renones et al. 2002; Post 2003). These
studies are based on the observation that the carbon,
sulfur, and nitrogen isotopic compositions of an
organism’s tissue reflect its food or nutrient source.
During assimilation, isotopic fractionation (preferen-
tial incorporation) of >N and '>C relative to prey items
occurs at each successive trophic level (e.g., Minagawa
and Wada 1984). Trophic-related fractionation results
in an average 3.4 and 0.79, increase in 0N and 6'3C
values of the consumer at each subsequent trophic le-
vel, respectively (Deniro and Epstein 1978, 1981).
Unlike stomach content analyses, stable isotope values
of an organism’s tissues provide information on the
time-integrated assimilated diet. Metabolic activity
affects tissue turnover rates which, in turn, affect stable
isotope values in different tissues (Fry and Arnold
1982; Tieszen et al. 1983). More metabolically active
tissues will reflect changes in diet more rapidly than
tissues with slower turnover rates (e.g., Hobson and
Clarke 1992; Hesslein et al. 1993). Accordingly, values
from different tissues within the same organism can
provide an archive of feeding history that can differ in
temporal resolution.

Tuna are the only teleosts to have evolved physio-
logical mechanisms for ‘whole body’ thermoregulation
wherein the skeletal musculature is kept warmer than
the surrounding water. This ability is a function of the
development of pertinent vascular structures, an
internal heat source, and the thermal inertia associated
with increasing mass (Holland et al. 1992; Dickson
1994; Dickson et al. 2000). Physiological and behav-
ioral thermoregulation allows tuna to gain indepen-
dence from thermal constraints and increase their
foraging range to include both the upper mixed layer
and the cooler waters below the thermocline. How-
ever, little information is available on when endo-
thermic capabilities are achieved, and if the onset of
thermoregulation actually coincides with an increase in
foraging range within the pelagic ecosystem and a
commensurate change in prey type or prey diversity.

In this study, we investigated the feeding habits and
trophic dynamics of yellowfin tuna associated with
nearshore FADs by coupling stable isotope and tradi-
tional stomach content analyses of the same individuals.
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Over a two-year study, we examined the stomach con-
tents and measured white muscle and liver tissue iso-
topic compositions to provide a robust temporal
indication of tuna foraging behavior. Furthermore, to
examine possible ontogenetic shifts in tuna foraging
behavior and biology, we examined a range of size
classes of yellowfin tuna with special emphasis placed
on small size classes. We found that between 45 and
50 cm forklength (ca. 1.5 kg), yellowfin tuna rapidly
shift their diets. Because tunas are capable of physio-
logical thermoregulation, we propose that the ontoge-
netic onset of the thermoregulatory capability is driving
the observed shift in diet.

Methods

We collected tuna from the nearshore FADs located
around Oahu, Hawaii (Fig. 1). All fish were caught at
FADs that were less than 30 km from the island of
Oahu. Depth of moorings for FADs used in this study
range between 523 and 2,084 m with an average
mooring depth of 1,349 m. Tuna were collected with
conventional rod and reel fishing gear using a variety of
baits and artificial lures. The majority of tuna sampled
were caught between 0600 and 1200 h. In waters
around Hawaii, yellowfin tuna spawn from May until
October with major spawning activity occurring from
June until August (Itano 2000). Tunas were collected
during all months of the year and the largest and
smallest size classes were sampled at the same time
during several occasions. We measured fork lengths for
all tuna and converted the lengths to mass (g) using
length-weight relationships previously developed
for yellowfin tuna collected from around Hawaii
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Fig. 1 Study region. The location of the nearshore fixed FADs
around the island of Oahu where yellowfin tuna were sampled
from October 2002 to May 2004
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(Uchiyama and Kazama 2003). Collection of samples
occurred between October 2002 and July 2004.

Gut content analyses

Stomach contents were preserved in a solution of 10%
phosphate-buffered formalin for at least 72 h and then
stored in 50% ethyl alcohol until lab analysis. In the
laboratory, we: (1) rinsed the stomachs and removed
all contents, (2) identified each prey item to the lowest
possible taxon, (3) recorded the number and digestion
state of each taxon, and (4) measured the wet volume
of each prey taxon using water displacement in grad-
uated cylinders (Wolfert and Miller 1978; Hyslop
1980). As part of a larger tuna feeding study, the size
classes were chosen arbitrarily in 25 cm intervals of
<50, 50-74.9, 75-99.9, and 100+ cm. Due to the large
sample size of very small yellowfin associated with the
FADs, the smallest class was divided into two equal
intervals (20-34.9 and 35.0-49.9 cm) (Table 1).

The proportion of empty stomachs and the mean
stomach repletion in a sample can be used as indices of
relative foraging success. These indices were calculated
for each size class of tuna and were used to discern
differences in foraging success based on predator size.
Stomach repletion was estimated as the volume of prey
in milliliters per kilogram of body weight. We defined
empty stomachs as those with less than 0.1 ml of prey
per kg of body weight.

We calculated percent abundance (% /N) and percent
volume (% V) of each prey taxon by dividing the total
number or volume of a given taxon by the total number
or volume of prey in all stomachs pooled. Pooled
metrics such as %N and %V are the most commonly
used dietary measures in feeding studies; however, they
are significantly flawed. Since they are single measures
from pooled samples, no confidence intervals can be
calculated (Chipps and Garvey, in press). Also, prey
items in individual stomachs are not independent;

Table 1 Interval and sample sizes for each size class used in the
gut content analyses

Size class  Fork length Stomach contents
interval (cm) ; X
N % With  Repletion-ml/kg
prey (SEM)
0 <35.0 198 92.93 8.07 (1.07)
1 35.0-49.9 160 75.63 3.53 (0.60)
2 50.0-74.9 34 67.65 3.50 (1.16)
3 75.0-99.9 9 66.67 6.53 (4.01)
4 100.0+ 3 100.00 5.40 (3.80)

The proportion of empty stomachs mean and stomach repletion
are also provided

SEM standard error of the mean

therefore, sacrificial pseudoreplication is committed
when prey items are pooled across stomachs (Hurlbert
1984). Mean percent abundance (%MN) and mean
percent volume (%MV) are less biased and allow the
computation of confidence intervals; therefore, these
were used as the primary measures to compare diets.
To calculate mean percent volume (%MYV), the per-
cent volume (% V) of all prey taxa were calculated for
each individual stomach by dividing the volume of each
prey taxon by the total volume of prey in that stomach.
We then calculated the mean of these values for all
samples within each size class (including zeros) to yield
single estimates of mean percent volume (%MYV) and
the associated standard error for each taxon. Mean
percent abundance (%MN) was calculated similarly
using the numbers rather than volumes of prey taxa.

Shifts in diet were estimated by the degree of dietary
overlap between size classes using Moriseta’s original
index. When Moriseta’s index was at least 0.60, we
consider overlap between diets to be significant (Zaret
and Rand 1971). No single dietary measure can ade-
quately characterize the diet of a population (Larimore
1957). Therefore, we calculated overlap between size
classes using all four dietary measures, %N, %V,
%MN, and %MYV for prey families.

Stable isotope analyses

After collection, tuna were transported on ice to the
shore-based laboratory and stored at —20°C until pro-
cessed further. Fish collected from the FADs were
sampled for an array of tissues, but data reported here
are only for white muscle and liver tissues. White
muscle tissue was always collected from the posterior,
epaxial region of the tuna. The carbon and nitrogen
isotopic compositions of recently ingested prey items
found in the stomach contents were also analyzed.

Tissue and prey samples were lyophilized, lipid-ex-
tracted, and homogenized [Wig-L-Bug® ball and cap-
sule amalgamator (Crescent Industries, Auburn, ME,
USA) or mortar and pestle]. The variable amount of
lipid in fish can confound interpretation of the carbon
isotope composition because lipids are depleted in *C
relative to the bulk tissue (e.g., Doucett et al. 1999).
Therefore, lipids were removed by an automated high
pressure and temperature extraction system (ASE
200®, Dionex, CA, USA) using hexane according to
manufacturer’s recommendations (Dionex Application
Note 342, http://www.l.dionex.com/en-us/webdocs/
application/industry/environmental/extraction/AN342.
pdf).

Carbon and nitrogen isotopic compositions of tuna
and prey samples were determined using an on-line
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carbon-nitrogen analyzer coupled with an isotope ratio
mass spectrometer (Finnigan ConFlo II/Delta-Plus,
Bremen, Germany). Isotope values are reported in
standard J-notation relative to an international stan-
dard. Standards are V-PDB and atmospheric N, for
carbon and nitrogen, respectively. A glycine standard
was used to ensure accuracy of all isotope measure-
ments. Furthermore, several samples were measured in
duplicate or triplicate, and the analytical error associ-
ated with these measurements was typically <0.29.

We examined the relative contributions of different
prey items to tuna diets by coupling 5'°N values and
stomach content data using a simple mass balance ap-
proach:

515NYFT:(Z (%vaax)) JT%MV + TF, (1)

where 6'°Nypr is the 0'°N value of the tuna tissue,
%MV, the diet fraction of prey item X, and ¢, the
isotope value of prey item X, T%MYV the total fraction
of the diet, and TF the trophic fractionation between
the diet and tuna (3.49, after DeNiro and Epstein
1981).

Results
Gut content analyses

We analyzed the stomach contents of 404 FAD-asso-
ciated yellowfin tuna. Tuna ranged from 23.5 to
154.0 cm in fork length; however, most (89% ) were less
than 50 cm. Overall, 80.6% of the tuna stomachs con-
tained food and the mean repletion was 7.4 ml of prey
per kg of body weight. There were no trends in stom-
ach repletion or the proportion of tuna with prey as a
function of tuna size class (Table 1).

Seventy-nine prey families were identified from the
stomachs of yellowfin tuna in this study. The dominant
prey taxa were combined into seven functional groups
(Fig. 2). Two ontogenetic shifts in diet were apparent.
First, as tuna size increased, there was a shift from a
predominantly crustacean diet to a mixed diet of
crustaceans and teleost fishes. Epipelagic and reef tel-
eosts increased from 12.1% MV and 7.7%MN for size
class 0 to 61.0% MV and 48.8%MN for class 4. Second,
although crustaceans were important components in
the diet of all size classes, the crustacean taxa con-
sumed changed dramatically as tuna size increased. In
terms of %MV, the pelagic larvae of decapod and
stomatopod crustaceans composed 76 and 56% of the
diet for classes 0 and 1, respectively, but represented
only <17% of the diet of each of the three larger size
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classes. The opposite trend was seen for the mesope-
lagic shrimp, Oplophorus gracilirostris (Fig. 2a, b).
This species contributed less than 1% to the diet of the
smallest size class and was less than 6% of the diet of
size class 1; yet, it contributed more than 25% to the
diets of each of the three largest size classes.

Moriseta’s original index (Table 2) indicated that
significant overlap existed between the diets of size 0
and size 1 using three of the four metrics (%MV,
%MN, and %N). No significant overlap existed be-
tween these (0 and 1) and the three larger size classes.
The diet of size class 2 overlapped significantly with the
diets of classes 3 and 4 using three of the four metrics.
Overlap between classes 3 and 4 was significant using
the two-pooled metrics, %V and %N, but not using the
two averaged metrics %MV or %MN. Overall, these
results suggest that a significant dietary shift occurred
around 50 cm FL.

In tunas less than 50 cm FL, larval stomatopod and
decapod crustaceans, species associated with the shal-
low mixed layer dominate the diet with 68.5% MYV, but
only constituted 18.2%MYV of the diet of tunas greater
than 50 cm FL (Fig. 3a). Teleosts and O. gracilirostris
dominate the diet of the larger tuna. O. gracilirostris is
a vertically migrating species associated with the 700 m
isobath around the Hawaiian Islands (Reid et al. 1991).
During day, this species is found between 300 and
700 m depth but migrates to less than 200 m (<50 m
when spawning) depth during the night (Ziemann
1975). The O. gracilirostris represented only 2.8% MV
of the diet of tunas less than 50 cm FL but made up
26.4%MV of the diet of those larger than 50 cm FL
(Fig. 3a). Fishes were only 17.1%MYV of the diet of
tunas less than 50 cm fork length but were 45.7% MV
of the diet of larger tunas (Fig. 3a). The trends in terms
of prey numbers (%MN) were very similar to those for
volume (Fig. 3b).

Using the pooled data (%N and %YV), the ontoge-
netic differences were exaggerated for the crustacean
taxa but muted for the teleosts. Stomatopod and
decapod crustacean larvae were 53.7% of the total prey
volume and 81.8% of the total prey numbers for the
smaller tuna compared to only 0.9% of the total vol-
ume and 10.6% of the total prey numbers of the larger
tuna. In contrast, O. gracilirostris was only 13.4% of
the total volume and 2.2% of the total prey numbers
for the smaller tuna, but was 77.5% of the prey volume
and 66.0% of the prey numbers for the larger tunas.
While the numerical proportion of teleosts in the diets
of larger tunas was nearly three times that of the
smaller tunas (21.3-7.2%), the volumetric proportions
were comparable (21.3 and 20.3%, respectively). These
data illustrate the exaggerated influence one or a few
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stomachs can have on dietary measures that use pooled
data (%N and %V). While O. gracilirostris is impor-
tant in the diet of larger yellowfin tunas, a few samples
with very large numbers of this single prey taxon
exaggerated the importance of this species in the diet
in terms of %N. Likewise, a few small tunas with sin-

Table 2 Moriseta’s original index of dietary overlap between
sizes classes of yellowfin tunas

Size 0 1 2 3 4

Class (<35.0) (35.0-49.9) (50.0-74.9) (75.0-99.9) (100.0+)
Overlap of prey taxa in terms of %MN and %N

0 0.80* 0.28 0.15 0.10
1 0.36 0.41 0.43 0.20
2 0.03 0.53 0.64* 0.55
3 0.02 0.58 0.89% 0.46
4 0.03 0.54 0.99% 0.89*

Overlap in prey taxa in terms of %MV and %V

0 0.79% 0.29 0.19 0.18
1 0.69*% 0.40 0.45 0.25
2 0.05 0.17 0.59 0.65*
3 0.03 0.19 0.96* 0.54
4 0.05 0.18 0.94* 0.95%*

Overlap estimates using pooled data (%N and %V) are italicized
*Indicates significant overlap (P = 0.60)

35.0 - 49.9

50.0 - 74.9
Size Class (cm)

75.0-99.9 100.0+

gle, large teleosts in the stomach exaggerated the
importance of teleosts in the diet in terms of % V.

Stable isotope analyses

One hundred and six samples of white muscle and liver
tissues collected from FAD-associated yellowfin tuna,
ranging from 26 to 100 cm FL (ca. 0.3-18.3 kg), were
analyzed for their carbon and nitrogen stable isotopic
compositions. These tuna were a sub-set of the 404
individuals examined for gut content analyses. From an
initial pilot study on 15 tuna tissue samples, lipid
extraction did not statistically change 6°N values
(P < 0.01, Student’s t-test). Based on a much larger
dataset, lipid extraction also did not statistically affect
the 6"°C value of WMT or LVR tissue in yellowfin
tuna <45 cm FL (P < 0.01, Student’s #-test). There-
fore, after initially lipid-extracting tuna tissue samples,
later samples were only lyophilized and homogenized
before analysis.

Carbon isotopic values of white muscle tissue of tuna
<45.0 cm (-16.1 + 0.39,) were not significantly differ-
ent than tuna 2>45.0 cm (-16.5 = 0.4%,) (P < 0.001,
Student’s t-test). White muscle and liver tissue 6'°C
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values showed no trend with fork length or mass.
However, a distinct positive shift in "N occurs in the
white muscle tissue of yellowfin tuna between a fork
length of 45 and 50 cm (Fig. 4a). Nitrogen isotope val-
ues of white muscle tissue of tuna <45.0 cm (6.7+0.6%,)
are significantly less than tuna >45.0 cm (10.2+1.89%,)
(P < 0.001, Student’s t-test) (Table 3). Tuna larger
than 45 cm FL exhibited a large range of 6'°N values
relative to smaller size classes (Fig. 4a). Converting fork
length to mass resulted in isotope ratios for white
muscle that showed a logistic increase reaching an
asymptote in the largest size classes (Fig. 4b). Carbon
isotopic values of liver of tuna <45.0 cm (-17.3 =
0.5%,) were not significantly different than tuna
>45.0 cm (-17.8 = 0.8%,) (P < 0.001, Student’s t-test).
Liver 6"°C values showed no trend with fork length or
mass. Liver 6"°N values of tuna <45.0 cm (6.1+0.8%,)
were significantly less than tuna >45.0 cm (8.4+1.5%,)
(P < 0.001, Student’s t-test) (Fig. 4a). A logistic in-
crease was modeled for yellowfin 6'°N liver values and
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mass, which demonstrated a similar trend to white
muscle tissue (Fig. 4b). There was not a statistical dif-
ference between the slopes (i.e., regression coefficients)
of the liver and white muscle tissue datasets. The in-
crease in average O'°N values between small
(<45.0 cm FL) and larger tuna (245.0 cm FL) was
around 3.5%, for white muscle and 2.3% for liver tissue,
respectively. However, a large increase (~5%,) in the
0N value of both the white muscle and liver tissues is
observed immediately after 45 cm FL.

A range in 6'°N values was observed among the dif-
ferent prey species (Table 3). Stomatopod and decapod
larvae, which were a major component of tuna in size
groups 1 and 2, exhibited §'°N values that averaged
3.49, less than 6'°N values of the tissues of the smallest
tuna size classes. Using the simple diet-mixing model
(Eq. 1, with the stomach content analysis providing
estimates of 69% of the diet-%MYV,), the observed
yellowfin tuna 6'°N value closely matched the predicted
value for small size classes (Table 3). For larger tuna, the
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Fig. 4 a 0"°N values of yellowfin tuna white muscle (WMT) and
liver (LVR) tissues over a range of fork lengths. A 4-parameter
sigmoid model (f = yo+a/(1+exp(-(x-x0)/b))) was fitted to the
yellowfin WMT (solid line; f= 6.6+a/(1+exp(-(x-43.1)/0.64));
R*=0.71) and LVR (dashed line; f= 5.9+al/(1+exp(-(x-42.9)/
0.82)); R? = 0.49). b Fork lengths were converted to mass using

isotope-mixing model does not predict the observed
average 6'°N value. It is clear from the model that a diet
component with higher 0N values is missing. However,
given the variation in prey '°N values, a combination of
diet inputs into the mixing model can produce a wide
range of predicted yellowfin 6'°N values. Prey 6"°C
values were influenced by lipid-extraction and are re-
ported as either lipid-extracted or non-lipid-extracted
values (Table 3). Carbon isotope values of prey did vary
(range: —20.0 to —16.7), but did not help to discriminate
tuna dietary inputs because there were little §'°C dif-
ferences between small size classes (e.g., WMT
0C 450 emFL = —16.1 0.3) and large size classes
(e.g., WMT 6"°C 2450 em FL = —16.5 + 0.4).

Discussion

Small juvenile yellowfin tuna, associated with Oahu
FADs, consumed different diets than the larger size

16 20

Mass, kg

the length-weight relationships of Uchiyama and Kazama (2003).
Illustrated is a 3-parameter exponential growth model (f = yo+a/
(1-e™)) fitted to the yellowfin data for WMT (solid line;
f=4.0+a/(1-e°7); R*=060) and LVR (dashed line;
f=33+al(1-e%%); R* = 0.41)

classes found at the same FADs. Nitrogen isotope
data demonstrated that the diet shift occurs around
45-50 cm FL. Based on plots of mean cohort length for
4 years classes, tuna with a 45-50 cm FL were esti-
mated to be 10-12 months old (Grubbs, unpublished
data). At this size, yellowfin growth rate is such that a
period of ~2 months is required to grow 5 cm
(Lehodey and Leroy 1999). This rapid ontogenetic diet
shift was corroborated by stomach content analysis
performed on the same individuals. Moreover, the
variability in 9'°N values in tuna greater than 45 cm FL
indicate that foraging niche width increases dramati-
cally at this size (Bearhop et al. 2004). Yellowfin tuna
diets changed from one dominated by crustacean
larvae to a more varied diet composed of adult oplo-
phorid shrimp and teleosts fishes. These different prey
types have a range of nitrogen isotope values, which
then drive the shift in 6'°N values of yellowfin tuna.
Prey isotope composition is a reflection of two main
influences: the position of the prey in the food web and
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Table 3 Average 6'°N and 6"°C (and standard deviations) of prey types collected from yellowfin tuna stomachs during this study

Prey item %MV _35 em® %MVss0 em’ SN, %, 3¢, 9,
Oplophoridae (6) 1 26 6.6 (1.0) -18.4(0.6), -16.9(0.1)LF
Lyssiosquillidae (1)* 28 4 5.4 -20.0
Other stomatopoda (8)? 39 10 4.0(0.5) -18.9(0.5), —-18.1(0.3)*F
Squillidae (1)* 52 -20.0
Decapod Megalopae (1)* 10 5 3.6 -19.8
Cephalopoda (Ommastrephidae; 1) 6 5 6.6 -18.7
Reef teleosts (Mullidae; 3) 3 13 5.2(0.1) -18.9(0.4), -17.6(0.2)*F
Dactylopteridae (1)* 2 5 4.7 -18.9
Epipelagic teleosts (Exocoetidae; 2) 7 23 3.5-3.7 -19.0, -18.5, -18.4, -18.1'F
Tetraodontiformes (Ostraciidae; 2) 4 4
small individual (1) 32 -18.2
large individual (2) 5.5-5.6 -18.8, -18.3'F

Observed tuna white muscle §'°N averages:
SN 35 om = 6.5 = 0.3%,
5 Nasp em = 102 + 1.6%,

Predicted tuna white muscle 6'°N averages:

0N 35 em® = (((0.28%5.4) + (0.39x4.0) + (0.10x3.6) + (0.07x3.6))/0.84) + 3.4 = 7.8%,
0" Naso em® = ((0.26x6.6) + (0.10x4.0) + (0.13x5.2) + (0.23x3.6))/0.72) + 3.4 = 8.4%,

Number of samples analyzed are indicated after prey names
aSamples include many individuals in a single analysis
"Mixing model (Eq. 1) input, %MV, is the diet fraction

“Predicted tuna 6'°N value based on 84% of observed diet components

YPredicted tuna 6'°N value based on 72% of observed diet components

LELipid-extracted 6'*C values

the isotope values of the nitrogenous nutrient source at
the base of the food web. In isotope ecological theory,
a trophic level is represented by a shift of ~3.49 in
0'°N values between prey and predator (DeNiro and
Epstein 1981; Minagawa and Wada 1984). Thus, the
average observed difference of 3.59%, in nitrogen iso-
tope values between the smallest tuna size classes and
larger tuna could represent differences in the trophic
status of the prey consumed. However, spatial and
temporal changes in the nutrient source at the base of a
food web can also affect the overall nitrogen isotope
values of consumers (e.g., O’Reilly et al. 2002). Thus,
foraging location of an organism can affect its 6'°N
value. In the open ocean ecosystem, the flux of limiting
nutrients to the surface mixed layer regulates primary
production (Epply and Peterson 1979). If the system is
nitrogen-limited, the 5'°N value of the nitrogen source
can dominate the nitrogen isotopic composition of the
downward flux of particulate organic matter, an end
product of primary production in the surface waters
(Altabet 1988). In the oligotrophic open ocean north of
Oahu, primary production in surface waters is nitro-
gen-limited and appears to be controlled by two sig-
nificant sources of new nitrogen: (1) physically
controlled upward flux of nitrate from deep water and
(2) biological fixation of nitrogen (N,) gas in near-
surface waters (Karl et al. 1997). In the same study
area, Dore et al. (2002) investigated the relative
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seasonal importance for these two modes of primary
production using continuous time series measurements
of particulate nitrogen (PN) flux and their '°N values
spanning a ten-year period. Results showed that the
nitrogen isotopic composition of PN in the surface
mixed layer is primarily driven by N fixation, leaving
the surface PN pool with low 6'°N values, whereas PN
collected from waters below the mixed layer (ca.
150 m) had higher 6'°N values (Dore et al. 2002).
Therefore, in stratified waters north of Oahu, deep
water (>150 m) PN 0'°N values are higher (>~3%,
than the surface mixed layer, which are near atmo-
spheric N, (-1-1%,). Microbial processing and zoo-
plankton scavenging of the labile fraction of PN results
in an increase in 0'°N values of sinking particles be-
cause, analogous to trophic enrichment, organisms will
excrete light nitrogen leaving the substrate enriched in
>N (DeNiro and Epstein 1981; Checkley and Miller
1989). The reduced nitrogen released by these feeding
activities can be incorporated into the food web
through the microbial loop (e.g., Lee and Wakeham
1992 and references therein). In combination, these
processes would result in a positive '°N depth gradi-
ent in the nitrogen isotopic composition of particulate
organic matter (Saino and Hattori 1980). Accordingly,
mesopelagic prey that feed at deeper depths should
have higher 6'°N values than organisms that feed at a
similar trophic level in surface waters (e.g., Rau et al.
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1989). If the O'°N values of the N sources are
conserved, then prey 0'°N values may not be just a
function of trophic position, but also of the location of
forage habitat in the water column.

Even though it is still unclear if trophic position or
nutrient dynamics are driving the observed differences
in prey 6"°N values, tuna N isotope values shifted with
an increase in mass. Three hypotheses could explain the
observed ontogenetic diet shift: (1) seasonal shifts in
prey types, (2) ontogenetic shifts in predator gape size
and agility, or (3) an increase in foraging depth facili-
tated by the onset of endothermic capability. During the
growth of a young-of-year tuna, seasonal fluctuations in
prey could result in a diet shift. However, it is unlikely
that the dietary shift was due to seasonal changes in
prey availability because all major taxa of larval sto-
matopod and decapod crustaceans were common prey
of small yellowfin tuna during every month of the study,
but rare in the stomachs of large yellowfin tuna.

If the same prey were available throughout the year,
then tuna either actively selected different prey types or
different size-classes of tuna had different foraging
habitats. The first possibility could be explained by dif-
ferences in gape size, gillraker size, and swimming
agility, whereas the second could be explained by
physiological and behavioral differences that enable the
larger predators to exploit forage areas not accessed by
the smaller size classes. A fish’s gape and gillrakers
typically increase with fork length. Therefore, ontoge-
netic shifts in diet could reflect an increase in the max-
imum and a limit to the minimum prey sizes that can be
consumed at a given size (e.g., Renones et al. 2002).
However, the most common prey (numerically and
volumetrically) in this study were small relative to the
gape regardless of the size of the predator. Moreover,
tuna in the smallest size class regularly contained single
prey items that were relatively large. For example, yel-
lowfin less than 30 cm FL consumed carangid fishes that
were 19 cm long. These observations suggest the ob-
served ontogenetic changes in diet were not determined
by an increase in gape size. Moreover, the size of the
dominant stomatopod family in the diet of the smaller
tunas (Lyssiosquillidae) is comparable to the size of the
O. gracilirostris and larger than many of the larval reef
teleosts that dominated the prey field for the larger tu-
nas. This suggests that the ontogenetic changes in diet
were not a function of gape size and gillraker size.
Furthermore, the swimming ability of even the smallest
tunas in this study are likely far superior to that of most
of the major prey taxa consumed.

Our third hypothesis is based on the observation
that ontogenetic diet shifts are often the result of shifts
in habitat use. This diet shift is especially important for

predators in sized-structured populations with size-
dependent variation in mortality (Werner and Gilliam
1984; Hampton 2000). An increase in endothermic
capability associated with an increase in mass would
allow yellowfin tuna to expand their foraging range and
thereby encounter additional and different food re-
sources. If foraging range increases, then one would
predict that the trophic niche width would also in-
crease. In terms of the diversity of prey, stomach
content analysis indicated that prey diversity is actually
higher for the smaller tunas, though rarefaction sug-
gests this may be a reflection of differences in sample
sizes between the largest and smallest size classes in
this study (Grubbs, unpublished data). Stable isotope
analysis does not provide information on the prey
diversity consumed, but variability in consumer §'°N
values is a powerful technique to assess foraging niche
width (Bearhop et al. 2004). If prey abundance does
not vary widely seasonally and there is range in prey
0N values, then the wider range of 6'°N values ob-
served in tuna 245 cm FL is due to the ingestion of
prey from an increasing range of trophic levels or
foraging depths. Therefore, even though prey species
diversity does not appear to be greater in larger size
classes of yellowfin tuna, the prey that are consumed by
larger tunas occupy a larger trophic breadth in the
foodweb.

The simple isotope mixing model suggests that
there could either be a missing high 6'°N diet com-
ponent in the stomach contents of tuna >50.0 cm FL
or an important prey component was not analyzed
for stable isotope analysis (e.g., additional epipelagic
fish). The majority of tunas in this study were col-
lected during the morning hours. It is possible that
additional prey taxa were consumed in the afternoon
and early evening hours but were fully digested by
the time the tuna were captured. Even though these
prey were not numerically or volumetrically impor-
tant to the yellowfin tuna analyzed for stomach
content analysis in this study, some mesopelagic prey
collected from around Hawaii had 6'°N values be-
tween 9 and 119, (Parry 2003). Nitrogen isotope
variability in tuna 2>45.0 cm FL could also be ex-
plained by the immigration of these tuna from other
foraging regions that may have different isotope
baselines, but there is no evidence that tuna around
50 cm FL migrate from other regions. Therefore, the
wider range of 6'°N values observed in size classes of
tuna immediately following 50 cm FL are likely due
to the ingestion of prey of an increasing trophic
diversity. This increase in foraging niche width and
distinct diet shift observed in yellowfin tuna diets
leads us to propose the hypothesis that an increase in
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foraging range (depth) is facilitated by the onset of
endothermic capabilities.

Tunas have evolved the ability to physiologically
thermoregulate their body temperature, and are
thereby able to pursue prey from the surface mixed
layer into deeper, colder water, and to return to the
surface mixed layer (Holland et al. 1992; Holland and
Sibert 1994; Block et al. 1997; Dagorn et al. 2000).
Dickson et al. (2000) demonstrated that the capacity
for heat production and retention in red muscle in-
creased with fork length in juvenile black skipjack tuna
(Euthynnus lineatus) although the actual production
and retention of heat has not yet been measured. This
ontogenetic shift toward endothermy was a result of an
increase in the size of red muscle components or heat
exchangers, but there also appears to be a minimum
size of functional endothermy at around ~10 cm FL or
163 g (Dickson 1994; Dickson et al. 2000). Even if
nascent endothermic capabilities are present in very
small size classes, the high surface area-to-volume ratio
in small individuals might overwhelm the ability of the
counter-current heat exchangers to buffer the effects of
changes in ambient temperature associated with verti-
cal diving excursions (Dickson et al. 2000). Thus, the
potential for endothermy might be present in very
small size classes but is not completely realized until a
threshold mass is reached. When the mass threshold is
reached, the tunas are then capable of making deep
excursions, penetrating the thermocline, and gaining
access to deeper food resources.

In recent reviews of ultrasonic and archival tagging
data, depth distributions of yellowfin tuna appear to be
independent of body size (Brill et al. 1999; Brill and
Lutcavage 2001). However, in all these studies, the
smallest tagged fish were at least 5 kg in mass, which is
larger than most of the tuna included in the present
study. The shift in diet from our study appears to begin
at a mass of 1.5 kg. Current experiments being con-
ducted around Oahu have placed acoustic tags simul-
taneously on tuna of 1-2.5 and >5 kg. Preliminary data
from these electronic tags indicate that, even within
this quite small range of sizes, the smallest individuals
do not dive as deep as larger ones (Holland, unpub-
lished data). These preliminary results support our
hypothesis that different sizes of small yellowfin tuna
separate their vertical foraging ranges, which result in
the changes in diet shown by both isotope and stomach
content analyses.

The specific mass required to shift from potential to
realized endothermy might not be uniform among all
tropical tuna species. Also, functional thermoregula-
tion may not be as important in regions where envi-
ronmental conditions such as thermocline depth and
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water temperature are different than those in Hawaii
(Karl and Lucas 1996). Preliminary nitrogen isotope
data of juvenile yellowfin tuna as small as 35 cm FL
collected from waters around New Caledonia do not
indicate a significant difference from the 6'°N values
of larger size classes collected in the same region
(Graham, unpublished data).

High mortality rates observed in small size classes of
tunas associated with FADs in both eastern tropical
Atlantic and western tropical Pacific (Menard et al.
2000; Hampton 2000) could be a result of these tunas
being physiologically constrained to forage in surface
waters. In areas where there is a distinct shift in diet
with forage range, as in waters around Oahu, the vul-
nerability of these tuna to fishing effort or gear types
could change over time. The apparently tightly con-
strained forage depth of the small-size classes of tuna
could have important implications for the management
of tropical tuna fisheries.
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