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Seasonal variability in the feeding
ecology of an oceanic predator
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Alexis M. Janosik?, Brett J. Falterman? & Michael A. Dance?

Complementary approaches (stomach contents, DNA barcoding, and stable isotopes) were used

to examine seasonal shifts in the feeding ecology of an oceanic predator, yellowfin tuna (Thunnus
albacares, n=577), in the northern Gulf of Mexico. DNA barcoding greatly enhanced dietary
resolution and seasonally distinct prey assemblages were observed for both sub-adults and adults. In
general, diet was characterized by ommastrephid squids and exocoetids in spring, juvenile fishes
(i.e., carangids and scombrids) in summer, migratory coastal fishes during fall, and an increased
consumption of planktonic prey (e.g., amphipods) in winter. Seasonal variability in bulk stable
isotope values (83C, 8'°N, and §34S) was also observed, with low §'°N values and high §*S values
during late summer/early fall and high §°N values (low §%S) during late winter/early spring. Bayesian
stable isotope mixing models corroborated seasonal diet shifts, highlighting the importance of
oceanic nekton in spring/summer, coastal nekton during fall, and oceanic plankton during winter.
Seasonal shifts in diet appeared to be influenced by prey reproductive cycles, habitat associations,
and environmental conditions. Findings highlight the complex food web dynamics supporting an
opportunistic oceanic predator and the importance of seasonal cycles in prey availability to predator
resource utilization in open-ocean ecosystems.

Large predators play significant roles in structuring open-ocean ecosystems' via top-down control** and are
capable of basin-scale movements that ecologically link distinct regions and ecosystems™*. Over the past few
decades, populations of many oceanic predators have declined due to various anthropogenic impacts including
overfishing and habitat loss/alteration>®. Because of this, an improved understanding of the drivers which sustain
oceanic predator populations, contribute to habitat quality, and influence movement/distribution is needed to
effectively conserve essential habitats and food webs critical to maintaining open-ocean ecosystems’.

Characterizing the diet of predators provides valuable information on foraging behavior, requisite prey assem-
blages, and the complex dynamics that support their populations®. While some predators are specialists and feed
on specific prey’, many taxa are generalists and opportunistically utilize a wider range of prey resources'’. As a
result, fluctuations in prey availability can lead to temporal shifts in the diets of opportunistic predators as they
exploit seasonally abundant and/or available resources''~'. This is particularly true in open-ocean ecosystems,
where the dynamic nature of physical and biological processes leads to spatial and temporal variability in habitat
and prey availability'>. Unfortunately, dietary studies are often limited in temporal resolution and lack the level
of repeated sampling needed to characterize diet shifts across the seasonal cycle!®. Thus, despite the importance
of oceanic predators in structuring open-ocean food webs, our understanding of seasonal foraging dynamics
and the suite of prey resources needed to support their populations remains limited"”.

Here, complementary analyses of stomach contents, DNA barcoding, and stable isotopes were used to charac-
terize seasonal variability in the feeding ecology of a model oceanic predator, yellowfin tuna (Thunnus albacares).
Yellowfin tuna are circumtropical oceanic predators that also inhabit marginal seas such as the Gulf of Mexico,
and are of considerable ecological and economic value'>!3-°. The northern Gulf of Mexico (nGoM) is charac-
terized by a temporally dynamic convergence of nutrient-rich water from the Mississippi River, strong oceanic
currents from the Loop Current (and associated eddies), and unique habitat features (i.e., oil and gas platforms*')
that provide ideal habitat for both foraging and spawning yellowfin tuna!**-2*, However, our understanding of
the prey resources and trophic interactions that support these populations remains limited®*?¢. The aim of this
study was to examine variability in yellowfin tuna diet at a high temporal resolution, while employing DNA
barcoding to increase the taxonomic resolution of the consumed prey assemblage. Specifically, our goal was to
characterize seasonal shifts in prey resources used by sub-adult and adult yellowfin tuna in the nGoM using
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stomach contents (short-term feeding: hours), stable isotope analysis of §'*C, §°N, and 6°*S (long-term feeding:
months), and Bayesian stable isotope mixing models.

Methods

Sample collection

Yellowfin tuna were sampled once a week in the nGoM over a one-year period (April 2019-March 2020) to
capture potential seasonal variability in their feeding ecology. Samples were obtained opportunistically from
recreational charter landings in Venice, Louisiana (rod-and-reel fishery) via dockside sampling. Although the
exact time and location of capture for each specimen was not recorded, a general area of capture was estimated
through conversations with the charter captains (Supplemental Fig. S1). Yellowfin tuna were caught from vari-
ous habitats in both oceanic and coastal ecosystems, primarily around offshore petroleum infrastructure such as
fixed platforms, floating platforms (e.g., tension leg, SPAR), and drill ships; hereafter, collectively referred to as
oil and gas platforms?’. Individuals were measured to the nearest 0.5 cm fork length and sexed before removing
the stomach and excising a 5 cm? section of white muscle tissue from the dorsal region. Because the recreational
charter fishery in the nGoM frequently uses live bait and/or chum (i.e., cut pieces of bait or chunks of fish car-
casses) to capture yellowfin tuna, the usage of bait and chum was recorded for each individual via conversations
with the charter captains. All samples were stored on ice (<6 h) and transported to the laboratory, where both
white muscle tissue and stomachs were stored at — 20 °C until later processing.

Stomach content analysis

Yellowfin tuna stomachs were thawed, opened, and all contents were sorted. Any contents identified as bait or
chum were discarded from further analyses. Prey items were identified as bait when accompanied with obvious
hook/knife marks or when reported as being used as bait by the charter captain, whereas chum was exclusively
cut pieces of muscle tissue (often from tuna carcasses) or cut bait. The remaining items were considered natu-
ral prey and were identified to the lowest possible taxonomic grouping. Prey items were blotted with Kimtech
Kimwipes to remove excess water and then weighed to the nearest 0.1 g*®. The approximate life-stage of prey
items was estimated based on their relative size and knowledge of their life-history; however, prey length and
girth was not recorded. Furthermore, tissues from several prey specimens were also sampled in preparation for
stable isotope analysis to assess the contribution of various prey sources to yellowfin tuna diets. A small sample of
muscle tissue was excised from fishes (epaxial) and squids (mantle), while crustaceans (solely amphipods) were
sampled whole. Prey items selected for stable isotope analysis were restricted to high-quality specimens, where
little or no digestion was observed. These samples were stored at — 20 °C for subsequent stable isotope analysis.

DNA barcoding was utilized to identify prey items that otherwise could only be assigned to broad taxonomic
groupings (e.g., unidentified fishes, squids, crustaceans, etc.) due to advanced stages of digestion in the stomach.
A small section (1 cm?) of muscle tissue was excised from these individuals, rinsed with deionized water to avoid/
limit cross-contamination, preserved in 95% ethyl alcohol, and then shipped to the Janosik Lab at the University
of West Florida. DNA of prey samples were extracted using a DNeasy Blood and Tissue Kit (Qiagen®, Hilden,
Germany), where a 655-base pair region of the mitochondrial COI gene was amplified using FishF2 and FishR2
primers®. Purified PCR products were then visualized on a 1.5% agarose gel stained with ethidium bromide.
Positive PCR reactions were purified using Exonuclease I and Fast Alkaline Phosphatase (ExoFAP, ThermoFisher
Scientific), bi-directionally sequenced by Arizona Research Laboratories (Tucson, AZ), edited in Sequencher
version 5.4.3 (Gene Codes Corporation), and checked against the BLAST nucleotide database (https://blast.ncbi.
nlm.nih.gov/Blast.cgi) to confirm species-level identity*.

Yellowfin tuna were examined across two size classes to account for the influence of body size on their diet!.
Size classes, representing approximate life stages, consisted of sub-adults (< 100 cm) and adults (> 100 cm)*>*.
Empty stomachs and those containing only parasites, Sargassum sp., and/or unidentified prey were not used for
statistical comparisons. For the purposes of this study, seasons were defined as spring (April-June), summer
(July-September), fall (October-December), and winter (January-March) to best represent changing air and
water temperatures in the nGoM. Prey items that did not achieve family-level (or more precise) taxonomic clas-
sification via morphological identification or during DNA barcoding were omitted from statistical analysis (sub-
adult and adult yellowfin tuna averaged 4.2 and 3.3 unidentified prey items per stomach, respectively). Percent
composition by number (%N), percent composition by wet weight (% W), and percent frequency of occurrence
(%FO) were calculated at both the lowest identifiable taxonomic rank and family-level for each strata examined:
size class and season. An index of relative importance (%IRI), using both weight and numerical-based metrics
of prey contribution, was then calculated from %N, %W, and %FO (1) and used to evaluate prey importance
within each season for each size class?.

IRI = (%N + %W) x %FO

and
IRI W
%IRl = ——— | x 100
¥ IRI
All statistical tests were performed in the R Statistical Programming Environment (Version 4.0.5)** using an

alpha value of 0.05. Species accumulation curves were constructed using the vegan package in R** and qualita-
tively assessed to determine if the sample size per season and size class was adequate in describing seasonal shifts
in yellowfin tuna diets®. Seasonal patterns in beta diversity of prey assemblages were distinguished using permu-
tational analysis of variance (PERMANOVA). To statistically assess differences in prey community composition,
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a weighted metric accounting for both percent composition by number and biomass of prey taxa was developed,
where Eq. (2):

(%N + %W)

%NW = — (2)
was calculated for each prey taxa per individual stomach and then used to create a Bray-Curtis dissimilarity
matrix. A PERMANOVA was performed on the matrix to evaluate the effects of season on prey composition for
sub-adult and adult yellowfin tuna using the vegan package®. To identify seasonal differences in the diets, pair-
wise comparisons were examined using the pairwise.adonis2() function developed by Martinez Arbizu®. Lastly,
seasonal patterns in the occurrence of prey taxa that were frequently observed in the overall diet of yellowfin tuna
(sub-adult and adult diets combined) were examined and visualized using generalized additive models (GAMs).
Prey occurrence (1 =present, 0 =absent) was modeled against day of year (1-366, where day 1 was April 1st) and
fitted with a binomial distribution using a logit link in the R package mgcv. Cyclic cubic regression splines were
penalized from a specified maximum basis dimension (k=6) with the degree of each penalty and smoothness
automatically selected by restricted maximum likelihood (REML).

Stable isotope analysis

In dietary studies, 8"°N values are often used to assess relative trophic position?*?’, while §**S values are used
to contrast contribution of benthic/pelagic and/or freshwater/marine sources to a consumer’s diet***. §*C
values are often used to examine basal sources of organic carbon in a consumer’s diet since 1*C fractionates little
between trophic steps?*’; however, given that the isotopic incorporation of organic carbon into a consumer’s
tissue spans large temporal scales’!, 8°C can also be used to assess long-term movement patterns*!. Here, stable
isotope analysis of §'°C, 8°N, and &**S was performed on a subset of sub-adult (n =120, 30 per season) and adult
(n=120, 30 per season) yellowfin tuna and select prey items (n=>50; excised during stomach content analysis) at
the Louisiana State University Stable Isotope Ecology Laboratory. To minimize the influence of body size on stable
isotope values, yellowfin tuna samples were systematically chosen to obtain a comparable fork length among sea-
sons for each size class. Prior to analysis, white muscle tissue of yellowfin tuna and prey items were freeze-dried
for 48 h and then homogenized using a mortar and pestle. Each homogenized tissue sample (1.5+0.025 mg),
accompanied with 3.0 £0.025 mg of vanadium pentoxide (a catalyst used in sulfur isotope analysis)*?, was loaded
into a 5x9-mm tin capsule for stable isotope analysis using an EA IsoLink IRMS System (Thermo Scientific)
interfaced with a Delta V Advantage continuous flow isotope ratio mass spectrometer (Thermo-Fisher). Stable
isotope values were normalized using a two-point system with glutamic acid reference materials (IAEA-S2 and
TAES-S3) for sulfur. Stable isotope values were expressed in delta notation (8) and per mil units (%o), relative
to international measurement standards Vienna Pee Dee Belemnite (carbon), atmospheric N, (nitrogen), and
Vienna Canyon Diablo troilite (sulfur), using Eq. (3), where R represents the ratio of heavy to light isotopes
(13C/12C, 1’N/MN, 45/325). Sample precision was+0.1%o for 8'3C, +0.2%o for §'°N, and +0.3%o for 8>S based
on repeated analysis of reference materials (i.e., USGS-40, USGS-41, IAEA-S-2, IAEA-S-3, and Louisiana State
University Stable Isotope Ecology Laboratory’s Sciaenops ocellatus muscle tissue).

24,37

Rsample

313C, 815N, or 534S (%0) = (
Rstandard

- 1) x 1000 3)

Because high lipid content in tissues can lead to inaccurate interpretations of 8'°C values®, a species-specific
arithmetic lipid correction equation [Eq. (4)] was used and applied to yellowfin tuna white muscle tissue sam-
ples with C:N ratios that exceeded 3.14 (x-intercept)*. Similarly, lipid correction equations referenced from the
best available literature (Supplemental Table S1)*-*” were applied to prey tissue samples with C:N ratios greater
than 3.5%.

((9.356 x C:N) — 29.359)
(C:N + 2.181)

813)Ccorrectecl = 613Cuntrea\ted + (4)

The response of 8°C, 8'°N, and %S values to season and size class were examined using generalized additive
mixed models (GAMMs). Modeling followed a hierarchical generalized additive model (HGAM) framework
as described by Pedersen et al.*®, which is helpful in identifying ecological patterns (i.e., seasonality) and dif-
ferences between groups (i.e., size classes). Models were developed for each isotopic ratio with isotope value as
the response variable, day of year (1-366, day 1= April 1st) as the explanatory variable, and size class included
as a random effect (5).

E(Stable Isotope Value) =f(Day of Year) +¢(Size Class) + ¢ (5)

Hierarchical generalized additive models were developed to allow the smooth term for each random effect
(i-e., Size Class) to vary independently in both shape and wiggliness (model I)*®. Smoothing parameters were
selected using REML since it produces less variability when smoothing and is more resistant to overfitting data®.
Models were fitted with a Gaussian distribution using the mgcv package in R*, in which cyclic cubic regres-
sion splines were penalized from a basis dimension (k) of 8 for all models to avoid overfitting and unrealistic
ecological interpretations®’.
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Bayesian stable isotope mixed modeling
The relative contribution of prey sources to the diets of sub-adult and adult yellowfin tuna in each season was
estimated with Bayesian stable isotope mixing models (BSIMMs) using the MixSIAR package in R*:. BSIMMs
incorporate predator stable isotope values (i.e., the consumer), prey stable isotope values (i.e., the sources),
trophic discrimination factors (TDFs), and also allow for the integration of prior information (often stomach
content data or fecal matter). Priors inform BSIMM:s on the expected proportional contribution of a source to a
consumer’s diet and ultimately improve model performance®>. In this study, informative priors were calculated
from stomach content data, following the recommendations of Stock et al. (2018, Eq. 4)*%. Additionally, to account
for turnover rates in yellowfin tuna muscle tissue and to align the BSIMM results with stomach content data, a
time lag of 6 and 9 months was applied to the isotope values of sub-adult and adult yellowfin tuna, respectively.
This time lag estimate was based on previous turnover rate studies for tunas and allometric scaling of body
Size2b3Al

Source data was obtained from stable isotope analyses of prey items found in the stomach contents of yel-
lowfin tuna. Before performing BSIMMs, prey taxa were split into three source groups (coastal nekton, oceanic
nekton, or oceanic plankton) based on a cluster analysis of their stable isotope values (Supplemental Table $2).
For the purposes of this study, nekton refers to various fishes and squids from both oceanic and coastal ecosys-
tems, while plankton refers to small-bodied prey, such as amphipods, gastropods, larval fishes, larval squids,
and other gelatinous organisms. Stable isotope data was pooled for each of the three source groups to generate a
specific mean, standard deviation (+ SD), and concentration dependency (Supplemental Table S3). TDFs (A*C
and AN) used in BSIMMs were based on values reported from previous studies on tuna, where white muscle
tissue TDFs and associated standard deviations (+ SD) were estimated to be 0.82 + 1.13 for §'*C (averaged 8"°C
TDF from Varela et al. and Madigan et al.)**** and 2.1 + 1.0 for §"*°N*°. Due to higher relative support (lower
LOOic score)*® for BSIMMs with §%S excluded and the lack of comparable §*4S TDFs for tuna-like species,
8%*S was not included in the final models. Priors were constructed for each source group in both sub-adult and
adult BSIMMs from stomach content data using the averaged %NW (2) of prey taxa across season. Priors were
incorporated into BSIMM:s and estimated to be 0.06 (coastal nekton), 2.02 (oceanic nekton), and 0.91 (oceanic
plankton) for the sub-adult BSIMM. The adult BSIMM priors were calculated to be 0.36 (coastal nekton), 2.32
(oceanic nekton), and 0.32 (oceanic plankton). Lastly, elemental concentration dependence® was incorporated
into both BSIMM, as well as residual and process error, with each model run being 1 million iterations (500,000
burn-ins) and thinned by 500. Model convergence and fit were checked using Gelman-Rubin diagnostic values
(i-e., Gelman-Rubin statistics < 1.1) and by plotting the posterior predictive distributions®®.

Results

Stomach contents

A total of 371 sub-adult and 206 adult yellowfin tuna (64.5-183.5 cm fork length) were collected during the study
period, of which 311 sub-adult and 178 adult stomachs were used in stomach content analyses to investigate
seasonal variability among prey assemblages within each size class (Supplemental Table S4). Collectively, 114
unique prey taxa representing 60 families (and the order Stomatopoda, Supplemental Tables S5 and S6) were
identified using taxonomic keys relevant to the nGoM>*-¢!. Overall, yellowfin tuna consumed a diverse array of
taxa including Actinopterygii (bony fishes), Crustacea (amphipods, crabs, lobsters, shrimps, and stomatopods),
Cephalopoda (squids and octopus), Echinodermata (sea stars), Gastropoda (solely marine snails), and Tunicata
(salps). A total of 43 samples were tested for DNA barcoding, of which 39 amplified successfully. Of the success-
ful amplifications, 36 samples had BLAST query coverages (the percent of the query sequence that overlaps the
reference sequence) greater than 95% (range 74-100%), while 35 of those samples had genetic matches greater
than 96.6% (range 84.3-100%). After DNA barcoding, prey items that were not identified to at least family-level
were reduced to 7% of the observed specimens.

Seasonal variability in prey assemblages (beta diversity) was observed for both sub-adult and adult yellowfin
tuna (PERMANOVA; p <0.001). Nearly all possible pairwise combinations of season and size class were sta-
tistically different (pairwiseAdonis; p <0.01) with the exception of sub-adult and adult diets during the spring
(p>0.05). These differences were largely driven by nine prey taxa (Carangidae, Coryphaenidae, Exocoetidae,
Nomeidae, Ommastrephidae, Phrosinidae, Scombridae, Serranidae, and Stomatopoda) which collectively
accounted for greater than 50% of the dissimilarity in diet across all size class and seasonal comparisons (SIM-
PER; Supplemental Table S7).

Although a wide range of prey were identified in the stomach contents, the majority of diets were character-
ized by relatively few prey taxa (Fig. 1). Spring prey assemblages for both sub-adult and adult yellowfin tuna
were largely represented by ommastrephid squids, exocoetids, and juvenile reef-associated fishes (e.g., serranids).
Ommastrephid squids contributed the most to %IRI for both sub-adult (34.1%IRI) and adult (46.3%IRI) diets
during spring, while exocoetids and serranids represented much of the remaining diet. Carangids (predominantly
juveniles) were the most abundant prey taxa for both sub-adult (84.6%IRI) and adult (54.2%IRI) yellowfin tuna
during summer, with blue runner (Caranx crysos) being the most frequently encountered species in both size
classes. Other prominent prey taxa during summer included pelagic-oriented stomatopod larvae (9.2%IRI)
for sub-adults and juvenile scombrids (35.7%IRI) for adults. Sub-adult diets during fall primarily consisted of
carangids (36.9%IRI), exocoetids (26.7%IRI), and brachyscelid amphipods (9.8%IRI). In contrast, adult yellow-
fin tuna consumed coastal fishes, such as mugilids (41.1%IRI), as well as carangids (16.1%IRI), ommastrephid
squids (11.9%IRI), and exocoetids (10.8%IRI). Finally, the winter prey assemblage of sub-adult yellowfin tuna was
characterized by phrosinid amphipods (65.4%IRI) followed by exocoetids (9.9%IRI), carangids (7.1%IRI), and
nomeids (6.5%IRI). Adult diets during winter were represented by juvenile coryphaenids (23.0%IRI), phrosinid
amphipods (19.2%IRI), exocoetids (11.9%IRI), salps (11.0%IRI), and carangids (10.7%IRI).
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Figure 1. Heat matrices showing the seasonal contribution of prey taxa that contributed at least 1% to %IRI
(within any given season) to the diets of sub-adult (A) and adult (B) yellowfin tuna from the northern Gulf of
Mexico (nGoM). Note, the %IRI legend for sub-adults and adults are on different scales. White regions represent
a contribution of 0%IRI to the diet, while colored regions (color scale of gray to blue or gray to red) represent a
contribution greater than 0%IRI. Darker shades of blue (A) and red (B) signify a higher contribution to %IRL
On the y-axis, prey taxa were categorized as coastal nekton (brown), oceanic nekton (blue), or oceanic plankton
(green).

The occurrence of prominent prey taxa in yellowfin tuna stomachs varied temporally, and significant seasonal
trends were evident for each taxa examined (GAM; p <0.05, Fig. 2, Supplemental Table S8). Strong seasonal-
ity was observed for several oceanic nekton, including serranids (spring), ommastrephid squids (spring), scom-
brids (summer), carangids (summer), enoploteuthid squids (winter), and nomeids (winter). Peak probability of
occurrence for phrosinid amphipods, brachyscelid amphipods, and stomatopod larvae was observed during early
winter; however, the probability of occurrence for many of these planktonic taxa was also high during spring and/
or fall. In contrast, mugilids (a coastal-oriented fish) did not exhibit strong seasonality, but were most likely to
be encountered in late fall. Exocoetids and larval stomatopods displayed bimodal trends, with peaks occurring
in two separate seasons. The probability of occurrence for exocoetids was greatest during spring with a second
peak in fall, while the probability of occurrence for stomatopod larvae was characterized by a stronger peak
during late fall to early winter and a weaker peak during summer.

Stable isotopes

Seasonal patterns in 8°C, 8"°N, and §**S values were examined in both sub-adult and adult yellowfin tuna
(Fig. 3). Sub-adult 8"°C values ranged from — 18.3%o to — 16.5%o, while adult §**C values ranged from — 18.2%o
to — 16.1%o. Significant seasonal trends in 8'3C values were observed for sub-adults (HGAM; p <0.001, Sup-
plemental Table S9), with values peaking during spring (- 17.1%o0) and declining through fall (- 17.5%o). In
contrast, no seasonal trend was detected for adult §*C values (HGAM; p > 0.05, Supplemental Table S9). Overall,
8N values for sub-adult yellowfin tuna ranged from 8.3 to 13.9%o, while adult values ranged from 7.6 to 14.7%o.
Significant seasonal trends in §'°N values were evident for both size classes (HGAM; p <0.05, Supplemental
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Figure 2. Response plots from generalized additive models (GAMs) showing seasonal trends in the probability
of occurrence of prominent prey taxa in stomachs of yellowfin tuna in the northern Gulf of Mexico

(nGoM). Shading (grey regions) separates the four seasons (spring, summer, fall, and winter). Note, y-axes
(probability of occurrence) are on different scales.

Table S9), with higher 8N values observed for both size classes during late winter/early spring. Minimum §'°N
values for sub-adults were observed during late summer (10.5%o), while adult §'°N values were lowest during
late fall/early winter (10.8%o). The observed range of §**S values were similar between size classes, where sub-
adult values ranged from 16.5%o to 20.0%o and adult values ranged from 16.6 and 19.8%o. Seasonal trends for
8*S values were significant (HGAM; p <0.05, Supplemental Table S9) for both size classes and followed similar
patterns. Sub-adult §*S values were relatively low in spring (18.2%o), but increased to a peak in late summer/early
fall (19.3%o) before declining again in winter. A comparable pattern was observed for adult yellowfin tuna, with
8**S values increasing from a low in spring (18.3%o) to a peak in late fall (19.0%o). Thus, adult §**S values peaked
1-2 months later than sub-adults; however, the magnitude of change in 6**S values was greater in sub-adults.

Bayesian stable isotope mixing models

BSIMMs were used to estimate the relative contribution (median and 95% confidence interval) of three prey
sources to the white muscle tissue of sub-adult and adult yellowfin tuna. Overall, the predicted relative contribu-
tion of prey sources to yellowfin tuna diets were seasonally variable between size classes (Fig. 4). Sub-adult diets
during spring were influenced by oceanic nekton (51%, CI 31-75%) and oceanic plankton (44%, CI 20-62%),
while adult yellowfin tuna diets were overwhelmingly characterized by oceanic nekton (80%, CI 44-97%). Dur-
ing summer, the influence of oceanic nekton (57%, CI 36-83%) increased for sub-adults, but decreased for adult
yellowfin tuna (48%, CI 19-70%). The greatest contribution of coastal nekton to sub-adult diets was observed
during fall (32%, CI 23-43%), while adults received the greatest coastal nekton contribution during both sum-
mer and fall (15%, CI 0-34% and 15%, CI 0-32%, respectively). A noticeable shift occurred during winter as
sub-adults received greater contribution from oceanic plankton (70%, CI 52-83%), which was also observed in
adult yellowfin tuna diets during winter (42%, CI 22-63%).

Discussion

Stomach contents

Yellowfin tuna are opportunistic generalists with a circumtropical distribution, yet previous feeding studies indi-
cate remarkable similarities in diet across multiple ocean basins*"*-%. Although yellowfin tuna consume a variety
of fishes, squids, and crustaceans, the bulk of the diet in all regions is typically characterized by ommastrephid
squids, exocoetids, and scombrids**¢>%>6¢. While these oceanic epipelagic prey were significant components
of yellowfin tuna diets in the current study, prey assemblages in the nGoM were notably distinct from other
regions®»*162-% with considerable contribution from planktonic (e.g., hyperiid amphipods, salps, and cavoliniid
gastropods), coastal (e.g., mugilids), and reef-associated prey (e.g., serranids, lutjanids, pomacanthids, balistids,
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Figure 3. Response plots from hierarchical generalized additive mixed models showing the effect of day-of-year
on §°C (A), 8"°N (B), and 8*S (C) values for sub-adult (blue) and adult (red) yellowfin tuna from the northern
Gulf of Mexico (nGoM). Tick marks along the inside of the x-axis represent exact days from which the samples
were collected. All seasonal trends were statistically significant (p <0.05) with the exception of §'*C values for
adult yellowfin tuna.

and monacanthids). It is possible that these differences simply reflect the high temporal resolution of sampling
in the current study (facilitated by a year-round fishery), as the temporal scope of many marine dietary studies is
often influenced by external factors (e.g., weather, fishery dynamics, cost, and timing of tournaments or directed
scientific sampling) that limit sampling. Another explanation may be the presence of oil and gas platforms, as the
aggregating effects of structured habitat on marine biomass is well documented, and the substantial midwater
habitat provides settlement structure that is highly accessible to pelagic recruits®’. Indeed, juveniles of structure-
dependent species (e.g., carangids, serranids, lutjanids) that recruit to oil and gas platforms®”*® were regularly
consumed by yellowfin tuna in the current study, suggesting they may forage more heavily on structure-associated
prey than those in other regions that rely on oceanic epipelagic prey*>. In the Central Pacific, the importance
of reef fish to yellowfin tuna diets increased near islands or FADs, where juvenile reef fish were more likely to
recruit****7, It should also be noted that the application of DNA barcoding greatly improved the identification of
several juvenile fishes, particularly post-settlement reef fishes (e.g., serranids, lutjanids, pomacanthids, balistids,
and monacanthids), which otherwise would have been categorized as unidentified fishes using visual techniques.
Still, the importance of structure-associated fishes and planktonic prey (that exhibit positive phototaxis towards
artificial lights on platforms)”* to nGoM yellowfin tuna suggests regional diet differences could be explained by
unique habitat features in the nGoM, such as oil and gas platforms®”*®, proximity to the Mississippi River Delta,
and detached mesoscale features (e.g., eddies) from the Loop Current?'.

Opportunistic consumption of (small-bodied) planktonic prey has been documented in a range of piscivo-
rous oceanic predators, including several species of tunas®’>7>. For example, small crustaceans, such as crab
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Figure 4. Boxplots (median, interquartile range, and 95% confidence interval error bars) showing the estimated
proportional contribution in each season of coastal nekton (brown), oceanic nekton (blue), and oceanic
plankton (green) to the diets of sub-adult (A) and adult (B) yellowfin tuna from the northern Gulf of Mexico
(nGoM) based on results of Bayesian stable isotope mixing models (BSIMMs).

megalopae, stomatopod larvae, and hyperiid amphipods, have previously been observed in the diets of yellowfin
tuna®!%6%6. However, the seasonal dominance of planktonic prey in the diets described here far exceeded that
of previous studies, suggesting planktonic prey resources play a prominent role in yellowfin tuna diets in the
nGoM. While several hyperiid amphipods (e.g., Phrosinidae, Brachyscelidae, Phronimidae, Platyscelidae, and
Oxycephalidae) were among the most frequently consumed taxa, the most important planktonic prey resource for
yellowfin tuna was Phrosina semilunata (recorded in 77% of sub-adult and 27% of adult stomachs). Although P
semilunata has been noted in yellowfin tuna diets from several regions®®>672, the species’ importance to yellowfin
tuna diets in the nGoM could be enhanced by the presence of artificial structures (i.e., oil and gas platforms),
as it also has been documented as an important prey resource for other large predators at artificial habitats in
the region’. The increased importance of planktonic taxa (e.g., P. semilunata, salps, cavoliniid gastropods, and
other hyperiid amphipods) as food resources for yellowfin tuna during winter may reflect opportunistic for-
aging behavior, with individuals taking advantage of planktonic prey that are abundant in the water column
during periods when other prey resources are relatively scarce. Similar behavior has been described for both
Pacific bluefin tuna (Thunnus orientalis) and Atlantic bluefin tuna (Thunnus thynnus), which fed increasingly on
planktonic prey in spawning grounds where food is believed to be infrequent”. Likewise, a recent study in the
northwest Atlantic with blackfin tuna (Thunnus atlanticus) documented a similar diet shift to small planktonic
crustaceans during the winter®.

The seasonal variability observed in the feeding ecology of yellowfin tuna in the nGoM demonstrates the
temporally dynamic foraging patterns of an opportunistic oceanic predator. While seasonal dietary shifts have
been described in several terrestrial predators!!~1*, documentation of such patterns in oceanic predators are
relatively limited due to complex life histories and sampling limitations (e.g., dependence on recreational/com-
mercial fisheries, seasonal closures, and weather). Temporal shifts in yellowfin tuna diets in the nGoM likely
mirrored the availability and abundance of prey®’, which may largely be influenced by several factors including
prey reproductive cycles (e.g., spawning migrations/aggregations and juvenile recruitment) and the associa-
tion of yellowfin tuna and their prey to structured habitats (i.e., oil and gas platforms)’®. The influence of prey
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reproductive cycles on the diet of aquatic, terrestrial, and avian predators is well documented, as predators often
preferentially target young and/or weak individuals”. The importance of prey reproductive cycles in the foraging
ecology of oceanic predators is likely enhanced by several unique reproductive strategies (e.g., aggregation of
individuals to spawn, batch spawning, production of hundreds of thousands of offspring, pelagic larvae, and lack
of parental care)’® of many marine fishes and invertebrates that lead to distinct temporal patterns in prey abun-
dance. Because many oceanic predators (including tunas) are opportunistic foragers, we might expect patterns of
relative abundance of prey taxa in stomachs to reflect in situ fluctuations of prey abundance in the surrounding
ecosystem”®. Indeed, yellowfin tuna in the nGoM foraged on juvenile prey such as post-settlement reef fish (i.e.,
serranids; late spring/early summer), scombrids (early summer), carangids (summer/fall), stomatopod larvae
(summer through late fall), and decapod megalopae (fall), which corresponded with the natural progression
(from spring to fall) of their settlement patterns®”. Interestingly, prominent open-water prey, such as exocoetids
and ommastrephid squids, were less important to yellowfin tuna diets during summer when juvenile fishes and
invertebrates recruit to structured habitat (i.e., Sargassum mats, oil and gas platforms)”, suggesting yellowfin
tuna may opportunistically switch from open-water prey to structure-associated prey to take advantage of the
seasonal abundance of this resource. Similarly, the consumption of larger coastal prey in the fall corresponded
with the timing of offshore spawning migrations for several inshore taxa (i.e., mugilids and clupeids)®®®!. As
the availability of juvenile fishes declined in late fall/winter”, both sub-adult and adult yellowfin tuna shifted
to planktonic prey (e.g., hyperiid amphipods, salps, and stomatopod larvae); however, adult yellowfin tuna also
foraged on a variety of open-water fishes (e.g., coryphaenids, nomeids, pomatomids, and exocoetids).

Ontogenetic diet shifts are common in marine fishes as rapid changes in body size during development
increase their ability to exploit larger prey resources®'. As a result, size-dependent differences in the feeding
ecology of yellowfin tuna might be expected'?. While a significant dietary shift for yellowfin tuna at 40-50 cm
has been linked to a transition from planktonic to piscivorous feeding?, individuals in our study were consider-
ably larger and had likely already made this transition. Still, significant diet differences were observed between
sub-adult and adult yellowfin tuna, which may be reflective of different habitat associations between the two
size classes. Sub-adult diets were characterized by several prey taxa that are strongly associated with structured
habitats. Sub-adult yellowfin tuna fed primarily on juvenile fishes (e.g., carangids and reef-associated fishes)
and invertebrates (e.g., stomatopod larvae and pelagic crabs) that recruit to platforms and/or sargassum mats
during summer and fall before shifting to hyperiid amphipods that are abundant around artificial structures
during winter’*. While adult yellowfin tuna also consumed these structure-associated prey, adult diets were
comprised of prey taxa from various habitats, including larger planktonic prey (e.g., salps), open-water fishes
(e.g., coryphaenids and scombrids), and coastal fishes (e.g., pomatomids and mugilids). Similar to other oceanic
predators in the nGoM, adult yellowfin tuna exploited shrimp fishery discards (largely sciaenids)®? and other
coastal prey resources during fall when many estuarine fishes (e.g., mugilids and clupeids) make offshore spawn-
ing migrations®*®!. Coastal fishes were less important to sub-adult diets, which could reflect differences in spatial
distribution with age or a size bias in the recreational fishery during fall when larger yellowfin tuna are more
common near the shelf break (Eddie Burger; Fish Venice Charters, personal communication). Still, our results
suggest that yellowfin tuna associated with structured habitat (e.g., fish aggregating devices—FADs, oil and gas
platforms) in the nGoM may forage more closely to structure at smaller sizes and expand their foraging range
as predation risk decreases with increasing size; a notion supported by previous studies®.

Stable isotopes and Bayesian mixing models

Seasonal cycles in nitrogen and sulfur stable isotope values in yellowfin tuna were similar for both size classes
and characterized by a seasonal minimum in §'°N values (maximum for §**S values) during late summer for sub-
adults and late fall for adults. Assuming a ~ 6- and 9-month turnover rate for sub-adults and adults, respectively®,
this pattern is in accord with the observed dietary shift to lower trophic prey (e.g., hyperiid amphipods and other
planktonic prey) during the previous winter. The fact lower 8'°N and 6°*S values were observed in fall rather than
summer for adult yellowfin likely reflects slower tissue turnover in larger fish®'. Alternatively, seasonal shifts in
nitrogen and sulfur could reflect seasonal differences in isotopic baselines for these elements®, caused by fluctua-
tions in freshwater input from the Mississippi River. River discharge is typically lowest during the winter®, thus
we might expect nitrogen isotopic baselines to be lower (higher sulfur isotopic baselines) in the winter, thereby
more reflective of oceanic water.

The seasonal stability of §'°C values observed in adult yellowfin tuna could suggest that sources of primary
production (largely phytoplankton) were temporally stable and that adults remained within this region for
an extended period of time, which is corroborated by long-term tracking studies that indicate adult yellowfin
tuna exhibit high fidelity to the nGoM!*¢2 In contrast, lower §'°C values observed in sub-adult yellowfin tuna
(relative to adults) from late summer through winter suggests that basal carbon sources may be more variable
for younger fish in the nGoM. It could also suggest that some individuals from this size class may have recently
inhabited a water mass with different primary producer composition and/or dissolved inorganic carbon pools.
This could reflect the contribution of recruits from the Atlantic Ocean in the sub-adult size class, as oceanic §'*C
values for phytoplankton are typically lower in the tropical Atlantic than in the nGoM?®. This is supported by
recent otolith chemistry studies that estimate up to 50% of yellowfin tuna in the nGoM originate from outside
the marginal sea®.

Seasonal patterns in the predicted relative contribution of coastal nekton, oceanic nekton, and oceanic plank-
ton sources to yellowfin tuna diets were largely supported by stomach content findings. The relatively high
estimated contribution of oceanic nekton to sub-adults during spring and summer and to adults during spring,
summer, and fall was in agreement with the abundance of carangids, scombrids, exocoetids, and ommastrephid
squids in yellowfin stomachs during this period. The contribution of oceanic plankton was more pronounced
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in sub-adult yellowfin tuna, and the highest contribution for both size classes was observed during winter
when greater proportions of hyperiid amphipods are consumed and platform-associated prey fishes are less
abundant™. Interestingly, the estimated contribution of oceanic plankton to adults during summer and fall
exceeded 30%, suggesting that planktonic prey may be more important components to adult diets than stomach
contents alone would suggest. While planktonic prey were indeed observed in stomach contents in all seasons,
the relative importance to the diet (%IRI) was much lower during the warmer months, particularly for adult
yellowfin tuna. This discrepancy may be explained by faster gastric evacuation rates of soft-bodied prey (e.g.,
salps, hyperiid amphipods) that are much smaller in size relative to that of larger fish prey®, as evacuation rates
typically decrease with increasing prey size. Furthermore, because metabolic rates of tunas are positively cor-
related with temperature®®, digestion rates are likely faster during summer and fall, which could explain why
smaller planktonic prey were less abundant in stomach contents during warmer months. While oceanic nekton
and oceanic plankton were the most important contributors to yellowfin tuna diets in all seasons, higher rela-
tive contribution of coastal nekton to sub-adults (fall) and adults (summer/fall) aligned with aforementioned
increases in the availability of coastal fishes duringe fall (due to offshore spawning migrations and trawl bycatch).
This seemingly contradicts the lack of coastal prey observed in sub-adult stomachs during fall and could sug-
gest that smaller individuals, foraging on spawning coastal fishes and shrimp bycatch, are underrepresented in
the recreational catch due to angler preference for larger yellowfin tuna. An alternative hypothesis may be that
the increased influence of coastal nekton in sub-adults during fall and adults during summer/fall reflects the
well-documented use of coastal fishes as chum in the recreational fishery, which is primarily comprised of gulf
menhaden (Brevoortia patronus) and Atlantic bumper (Chloroscombrus chrysurus).

There are several limitations which should be considered in dietary studies. Stomach content analysis is
commonly used to investigate feeding ecology’?, but accurate characterization is often limited by the ability to
identify digested prey®. In the current study, DNA barcoding was applied to aid in this limitation, resulting in
a reduction of unidentified prey from 20.9% (%N) to 7.2% (%N) and adds to a growing body of literature that
suggests the application of DNA barcoding can greatly improve diet interpretation in stomach content studies®.
Bayesian stable isotope mixed modeling has become increasingly common in ecological studies; however, the
unintended exclusion of prey sources is often a concern and can affect the interpretation of model results. While
it is difficult to account for all prey sources consumed by a generalist predator®, the current study evaluated
and incorporated isotopic data from a broad range of potential prey taxa (12 different families) to minimize this
limitation. Finally, the use of fishery-dependent samples could inflate the importance of prey associated with
habitats disproportionately targeted by anglers. However, satellite tagging data (Dance & Falterman, unpublished
data) suggests that yellowfin tuna move regularly between artificial structures and open-water habitats, and the
fact that dietary patterns observed in stomach contents (short-term measure of diet) were largely corroborated
by stable isotopes (long-term measure of diet), indicates such biases were likely minimal.

Conclusions

These findings highlight the seasonal and size-dependent variability that exists in the feeding ecology of a model
oceanic predator. Stomach contents of yellowfin tuna in the nGoM were characterized by seasonally distinct prey
assemblages that are influenced by prey reproductive cycles, unique habitat features (i.e., oil and gas platforms)
and numerous environmental factors (i.e., freshwater discharge and oceanic currents). Seasonal and size-based
variability in the utilization of coastal nekton, oceanic nekton, and oceanic plankton sources in the nGoM dem-
onstrates the complex food web dynamics supporting an opportunistic generalist in an open-ocean ecosystem.
This study represents a critical step in understanding the temporal and seasonal patterns of prey availability
and resource utilization of an oceanic predator. Given the increasing need for accurate dietary information and
trophic linkages to improve ecosystem models (e.g., Ecopath with Ecosim), which underpin ecosystem-based
management, future research focused on the application of similar high-resolution patterns in predator diets over
multiple years is needed to better characterize the complex temporal dynamics supporting oceanic food webs.

Data availability
Any data collected and/or used in this article will be available upon request by emailing lovellpublications@
gmail.com.
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