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Abstract

Yellowfin tuna (YFT, Thunnus albacares) is a commercially important species targeted
by fisheries in the Gulf of Mexico (GM). Previous studies suggest a high degree of resi-
dency in the northern GM, although part of the population performs movements to south-
ern Mexican waters. Whether YFT caught in southern waters also exhibit residency or
migrate to the northern gulf is currently uncertain, and little is known regarding their tro-
phic ecology. The isotopic composition (bulk & amino acids) of YFT muscle and liver tis-
sues were compared to a zooplankton-based synoptic isoscape from the entire GM to
infer feeding areas and estimate Trophic Position (TP). The spatial distribution of
5"*Npu and 5'°Nppe values of zooplankton indicated two distinct isotopic baselines: one
with higher values in the northern GM likely driven by denitrification over the continental
shelf, and another in the central-southern gulf, where nitrogen fixation predominates.
Based on the contribution of the two regional isotopic baselines to YFT tissues, broad
feeding areas were inferred, with a greater contribution of the northern GM (over a one-
year time scale by muscle), and to a lesser extent in the central-southern GM (over the
ca. 6-month scale by liver). This was corroborated by similarities in 3'°Nppe values
between YFT and the northern GM. TP estimates were calculated based on stable iso-
tope analysis of bulk (SIA) and compound-specific isotope analysis (CSIA-AA) of the
canonical source and trophic amino acids. Mean TP based on SIAwas 4.9+ 1.0 and
mean TP based on CSIA-A was 3.9 £ 0.2. YFT caught within the Mexican region seem to
feed in northern and in central and southern GM, while feeding in the northern GM has a
temporal component. Thus, management strategies need to consider that YFT caught in
US and Mexican waters are a shared binational resource that exhibit feeding migrations
within the GM.
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Introduction

Yellowfin tuna (YFT), Thunnus albacares, is a highly valuable resource that is fished world-
wide. It constitutes the second-largest tuna fishery in the world and represents a quarter of the
total catch globally [1]. In the Atlantic Ocean, YFT is the second most important species sup-
porting commercial and recreational fisheries, and it is currently managed as a single stock by
the International Commission for the Conservation of Atlantic Tunas [2]. In the Gulf of
Mexico (GM) and the Caribbean Sea, the fishery is carried out year-round, with a maximum
catch during the summer [3]. In the southern GM, within the Mexican Exclusive Economic
Zone (Fig 1A), it is the main targeted oceanic species by the local pelagic longline fishery
which is active year-round with higher captures during summer months [4, 5]. YFT is classi-
fied as near-threatened by the International Union for Conservation of Nature, and according
to the most recent stock assessment, the Atlantic Ocean stock is not overfished [2]. Therefore,
it is relevant to characterize their habitat use, migration patterns, and feeding ecology in order
to implement effective management strategies policies for this multi-national fishing resource
and continue with the current status.

Some YFT perform extensive transoceanic migrations that are mainly associated with
spawning and feeding. Although the specific migration routes remain unclear, YFT do serve as
ecological links and means of energy transfer between ocean basins [6-8]. According to several
studies, four spawning areas are recognized within the Atlantic Ocean: two in the eastern
Atlantic (Cape Verde and the Gulf of Guinea) and two in the western Atlantic (the GM and
the Caribbean Sea) [9-11]. In the GM the spawning season occurs between May and August,
as indicated by the presence of spawning females and high larval abundance in the northern
gulf [11-12]. Recently, the natal origin of adults and subadults of YFT captured in the northern
GM were determined based on otolith microchemistry (8'*C and §'®0 analysis and trace ele-
ments). Half of the YFT analyzed are originated in the GM and appear to be permanent resi-
dents, while the rest were inferred to come from the eastern Atlantic [13, 14]. Hence, different
subpopulations with specific migration patterns may exist throughout the Atlantic Ocean.

In the northern GM, YFT seem to have some degree of residency, although part of the pop-
ulation migrates to the central and southern GM seasonally [15-18]. Rooker et al. [19] tracked
the horizontal movements of 54 individuals tagged with pop-up archival satellite tags over 6 to
12 months in the northern shelf waters of the GM during 2008-2016, and found limited spatial
displacement within the U.S. Exclusive Economic Zone. Nonetheless, a few individuals did
migrate to Mexican waters during fall and winter (see also Hoolihan et al. [17]). However, the
lack of long-term (> 12 months) and system-wide tracking resulted in a limited characteriza-
tion of the full range of migratory pathways within the GM over the annual cycle [19]. In the
central southern GM, the YFT Mexican fishery register captures year-round within the Mexi-
can Exclusive Economic Zone, indicating that YFT are present throughout the year and likely
performing movements within the basin to meet breeding and foraging requirements [4, 5].

Tunas invest much of their energy in the search for food in oligotrophic pelagic habitats,
where food availability is scarce [20, 21]. YFT is an opportunistic predator with a generalist
foraging strategy, feeding on a wide variety and size of pelagic prey found in warmer surface
waters [22-24]. The habitat preferences of YFT are linked to high prey densities that occur in
association with specific oceanographic features such as fronts, eddies, and steep bathymetry
(i.e., near continental slopes and seamounts), where phytoplankton production is enhanced
and therefore, higher concentrations of prey occur [15, 16, 22]. Hence, spatial variation in
food web structure and availability are likely to influence YFT tuna distribution and foraging.

During the last 50 years, fishery landings in the northern hemisphere have changed from
large piscivorous fish to fish species that are planktivorous or that feed on small invertebrates,
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Fig 1. Location of sample collection sites in the Gulf of Mexico. (A) Sampling location of yellowfin tuna (Thunnus albacares) in the
Bay of Campeche (brown dots, 2017; n = 14) and the Bay of Campeche and northwest of the Yucatan shelf (light grey dots, 2018;

n = 58). The brown shaded areas illustrate higher surface chlorophyll mean concentrations associated with the Atchafalaya-
Mississippi, and Grijalva-Usumacinta river systems during the zooplankton sampling period. (B) Location of zooplankton sampling
stations in the Gulf of Mexico. Stations sampled during the GOMECC-3 cruise (July- August, 2017) are indicated with orange dots,
and stations covered during the XIXIMI-06 cruise (August-September, 2017) are indicated in dark blue dots. Bathymetry,
chlorophyll-a means, rivers, and country limits used to build maps were downloaded from free licensed data bases available at:
https://www.ngdc.noaa.gov/mgg/ibcca/, https://www.inegi.org.mx/app/mapas/, https://oceancolor.gsfc.nasa.gov/13/, http://www.cec.
org/es/atlas-ambiental-de-america-del-norte/lagos-y-rios-2009/, http://www.diva-gis.org/gdata.

https://doi.org/10.1371/journal.pone.0246082.9001

which implies drastic changes in the structure of marine trophic food webs [25-27]. One way
to characterize these changes is by examining the trophic position (TP) of top predators since
they integrate the energy flow within the ecosystem in which they forage [28]. The TP of top
predators, such as YFT from the GM, provide an indicator of the integrity and health of eco-
systems [29], and thus must be documented over the long term. Currently, there is limited
knowledge regarding the foraging ecology, and TP of YFT caught in the central and southern
GM.

TP has been traditionally assessed through stomach content analysis. However, this analysis
only allows for inferences regarding the most recently ingested diets and is labor intensive due
to the need for taxonomic identification of prey sampled from the stomachs of many individu-
als (i.e., Hyslop [30]). Biochemical intrinsic tracers such as bulk stable isotopes analysis (SIA)
and compound-specific stable isotope analysis of amino acids (CSIA-AA) are complementary
approaches to stomach content analysis because they provide information on TP that is inte-
grated over time.

SIA of bulk tissues, particularly of carbon (8"3C) and nitrogen (8'°N), have been used to
elucidate migratory pathways and habitat use patterns [31-33]; both elements reflect the isoto-
pic composition of the assimilated diet in metabolically active consumer tissues [34]. The inte-
gration time of a tissue’s isotopic composition depends on the rate of isotopic turnover, which
is largely a function of its metabolic activity, as well as an individual’s life stage and growth
rates [33, 35, 36]. Isotope discrimination leading to enrichment in 15N or *C in consumer tis-
sues relative to assimilated prey [37, 38] is commonly reported as the trophic enrichment fac-
tor (TEF) [39, 40]. Because bulk 8'°N values become consistently enriched in >N with each
trophic level, it allows for estimates of TP if the isotopic composition at the base of the food
web (the isotopic baseline) is adequately characterized [32, 41].

In addition, since consumers reflect the isotopic composition at the base of the food web,
bulk tissue SIA and CSIA-AA can yield insight into the migration patterns of organisms that
feed in areas differing in baseline isotopic composition [42, 43]. Regional biochemical pro-
cesses cause spatial differences in the isotopic composition of nutrient sources and primary
producers, resulting in isotopic gradients that can be used to infer feeding habitat and migra-
tory pathways [44, 45]. Carbon baseline values reflect the isotopic composition of primary pro-
ducers and the dissolved inorganic carbon pool [46], whereas nitrogen depends mainly on
nitrogen sources and the regionally predominant biogeochemical process such as N fixation
and denitrification [47]. The spatial distribution of isotopic values, depicted as an isoscape, is
often constructed using the isotopic composition of primary consumers (e.g., zooplankton,
benthic filter feeders), since they tend to smooth out the temporal variability exhibited by pro-
ducers, particularly phytoplankton [45, 48]. By serving as the spatial reference of the isotopic
baseline, isoscapes can be used to infer feeding habitats and movement of animals over various
spatial scales [44, 45]. If consumer 8'°N values are consistent with those of a local baseline,
then an individual can be considered a resident that has partially or fully equilibrated to the
isotopic composition of local prey, whereas recent immigrants will exhibit distinct isotopic
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values [44, 49]. A correct characterization of the isotopic baseline is crucial, because otherwise
the interpretation of migration patterns, diet shifts, or both can be confounded, and the TP of
a consumer can be under or over-estimated [50-52].

Compound-specific analysis of amino acids (CSIA-AA) is a complementary approach to
bulk SIA for estimating TP and inferring foraging ecology [53-55], with the advantage that the
isotopic baseline and TP can be inferred from a single tissue sample [43, 56]. AAs that exhibit
little or no discrimination, known as source AAs, reflect the isotopic baseline as synthesized by
primary producers and assimilated by consumers. Phenylalanine (Phe) shows low and some-
what consistent TEFs in a diverse array of consumer-diet relationships and is considered the
canonical source AA (reviewed by O’Connell [57]). For this reason, several studies have used
8" Nppe values to estimate 8" Ny celine successfully [48, 58, 59]. AA with high isotope discrimi-
nation are considered trophic AAs [53], and reflect a consumer’s trophic position. Glutamic
acid (Glu) shows high and relatively consistent isotope discrimination and is considered the
canonical trophic AA [57, 59]. Based on the isotopic composition of source and trophic AAs,
and empirical estimates of TEFs, the TP of consumers can be estimated [42, 56].

Here, the foraging habitat and TP of YFT caught in the south-central GM is inferred based
on both bulk §°C and §"°N values and the §'°N values of Phe and Glu measured in muscle
and liver tissues, which integrate different feeding periods. We hypothesized that the isotopic
composition of YFT captured in the south-central GM would be indicative of feeding habitat
in that region. A zooplankton-based synoptic isoscape was generated for the entire GM, result-
ing in the characterization of two distinct regional isotopic baselines. A two-source Bayesian
mixing model was applied to estimate the relative contribution of each baseline to YFT tissues
to infer foraging habitat, and TP was assessed with bulk SIA considering both regional base-
lines and CSIA-AA.

Methods

The government of Mexico allowed for research within their Exclusive Economic Zones dur-
ing the GOMECC-3 cruise (PPFE/DGOPA-137/17, EG0082017). No permits are required for
sampling of zooplankton in Mexican waters (XIXIMI-06 cruise). Yellowfin tuna were collected
during permitted commercial fishing operations within the Mexican EEZ.

Study area

The GM is a semi-enclosed basin located in the western Atlantic with a maximum width of
1,500 km (18 to 30°N, 82 to 98°W). One of the major drivers of mesoscale circulation in the
GM is the Loop Current, which penetrates the GM through the Yucatan Strait. The northern
GM shelf is heavily influenced by the inflow of the Mississippi River system that discharges
freshwater and sediments to the gulf [60]. Local wind stress and tidal currents provide forcing
mechanisms for the mixing of freshwater and seawater, enhancing primary and secondary
production in the region [61].

In the southern GM, the Bay of Campeche (south of 22°N) is a semi-closed region that
encompasses the deep water region as well as the continental shelves of the states of Veracruz,
Tabasco, and Campeche in Mexico (Fig 1A). The bay is characterized by a semi-permanent
cyclonic gyre in its southwestern reaches, within which upwelled nutrient-rich waters sustains
phytoplankton production that supports high prey biomass for top predators [62, 63]. The pro-
ductivity of the continental shelves in the southern Bay of Campeche is strongly influenced by
the freshwater discharge of the Grijalva-Usumacinta river system, which also increases
regional productivity [64]. The Campeche Bank (or Yucatan shelf), located east of the Bay of
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Campeche, receives nutrient-rich water throughout the year due to regional upwellings [65,
66].

Sample collection

YFT samples were collected during the summers of 2017 and 2018 (n = 72). The 2017 sampling
(June 12 to July 2) took place on board the longline fishing vessel "Skypjack", and 14 tunas
were captured within the Bay of Campeche (Fig 1A). In 2018 (August 7-20), 58 tunas were
sampled within the Bay of Campeche and northwest of the Yucatan shelf on board the longline
fishing vessel "O-toro". Tuna were measured for curved fork length (cm), and ~3 cm® samples
of white muscle (hereafter muscle) and liver were dissected [67]. The muscle was extracted
from the central epaxial area dorsal to the ocular cavities to preserve the integrity of tuna des-
tined for the commercialization of high-quality fillets. Both tissue samples were placed in
labeled plastic bags and frozen at -20°C for transport to the laboratory and subsequent isotope
analysis.

Zooplankton were collected throughout the GM during two concurrent oceanographic
cruises held during the summer of 2017. The XIXIMI-06 cruise, conducted by CIGoM (Con-
sorcio de Investigacion del Golfo de México), was held from August 18 to September 10 and
covered the deep water region of Mexico’s Exclusive Economic Zone (Fig 1B). The Gulf of
Mexico Ecosystems and Carbon Cycle 2017 Cruise (GOMECC-3) was held from July 20 to
August 20 by the NOAA (National Oceanic and Atmospheric Administration). GOMECC-3
covered stations that ran along nine transects within the gulf as well as the Yucatan Channel,
Florida Straits, and Bahamas Channel [68]. A total of 44 and 55 stations were covered during
the XIXIMI-06 and GOMECC-3 cruises, respectively, for a total of 95 stations.

Zooplankton collections were identical on both cruises. At each station, oblique tows to 200
m (depth permitting) were performed with 60 cm bongo nets fitted with 335 um mesh nets.
Twenty percent by volume of one of the net samples was separated for subsequent zooplank-
ton isotope analysis by gaging to 500 ml, swirling, and withdrawing two 50 ml subsamples
with a Hensel-Stempel pipette. Samples were frozen immediately in WhirlPack bags without
preservatives. Zooplankton community composition was dominated by copepods, chaeto-
gnaths, ostracods, rhizarians, and polychaetes.

Bulk stable isotope and CSIA-AA analyses

YFT muscle and liver tissue samples were thawed and rinsed with distilled water. From each
sample, a small ~1 cm” portion was extracted, placed in aluminum trays and dried in a Fisher
Scientific® drying oven at 60°C for 48 hours. Dried samples were ground using an agate mor-
tar to a fine homogeneous powder. For bulk SIA, a 0.8-1.2 mg subsample was weighed on an
analytical balance, packaged in 5x9 mm Costech® tin capsules and stored in plastic trays. For
8'°N CSIA-AA, a subset of muscle and liver tissues from 36 tunas (from all the samples col-
lected in 2017 plus 22 samples chosen randomly from 2018) was selected. A subsample of 7-10
mg was weighed and stored in pre-combusted 5 ml glass vials with a plastic cap.

Zooplankton samples were thawed, and size fractions of <1000 pm and >2000 pum were
separated with a NITEX sieve, dried, and processed as described above. Bulk §'°C and §"°N
values were analyzed on the smaller size fraction for all zooplankton samples. For CSIA-AA, a
subset of 22 samples of zooplankton >2000 um were analyzed; stations were chosen based on
a preliminary analysis of the spatial distribution of zooplankton bulk §'°N values. For some
stations, the minimum weight required for CSIA-AA analysis was not obtained, and samples
from neighboring stations with similar bulk §'°N values were combined and homogenized.
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Carbon and nitrogen SIA and nitrogen CSIA-AA analysis were performed at the Stable Iso-
tope Facility of the University of California at Davis, U.S.A. For SIA, samples were analyzed
using a PDZ Europe ANCA-GSL elemental analyzer with an interface to a PDZ Europe 20-
8'°N 20 ratio mass spectrometer (Sercon Ltd., Cheshire, UK). Methodology applied for the
CSIA-AA analysis is as described in Yarnes & Herszage [69]. The standard deviations (SD) of
the laboratory’s quality assurance material (bovine liver) for SIA were 0.02%o for 8'°N and
<0.03%o for "°C. The standard deviation of individual AA isotope ratios from multiple (usu-
ally 2) injections of single samples for zooplankton, muscle, and liver samples were 0.5%o and
0.4%o for Phe and Glu, respectively.

The isotopic composition of the tissue and individual AA values are reported in delta (8)
notation relative to Vienna PeeDee Belemnite for '°C and atmospheric nitrogen for 8"°N [70]
using the following Eq (1):

R
8 X (%o) = [(—"’"1—1” x 1000 (1)
standard

where X is either '>C or '°N, and R is the relative abundance of the heavy to light isotope ratio
of the sample or standard. Isotopic values are expressed in per mil (%o).

Mapping of zooplankton "Ny and 8" Nopj,e isoscapes

The latitude and longitude of the sample locations were transformed to decimal degrees, and a
Z field was generated by interpolation of the "Ny, values for each sampling station. The
interpolation was performed using a non-statistical model, the IDW (Inverse Distance
Weighting) method; entry values were assumed by the default functions in ArcMap (Version
10.7), and a search distance of five times the cell size of the output raster and a power adjust-
ment of 2 was used. To evaluate whether 8'°Npy,. values of zooplankton (fraction size of
>2000 pm) reflected the bulk 8"°N values of zooplankton (fraction size of <1000 um), a Pear-
son’s linear correlation analysis was performed. The 8" Npuk and 8'°Npy,. values of zooplank-
ton were highly correlated (r = 0.96 p<0.001; S1 Fig), although §'°Npy,. values were depleted in
>N by ca. 2 %o relative to bulk measurements. Hence, a linear model (8"°Npy,. = 0.87*
8'°Nbulk- 2.74) was used to calculate 8'°Npy,. values for stations for which CSIA-AA measure-
ments were not performed, allowing for an 8" Npy, based isoscape for the entire GM. Since
zooplankton sampling took place in 2017, the same isotopic baseline was assumed for both
YFT sampling years. The maps are in-house products constructed with the

toolbox "Geostatistical Analyst" of ArcMap (Version 10.7). Shapes used to build maps were
downloaded from free licensed databases [71-75].

Bayesian stable isotope mixing model to estimate the proportional
contribution of two baselines to yellowfin tuna tissues

Based on the spatial distribution of the zooplankton isotope composition, two baselines were
considered: one for the northern GM and another for the central-southern GM (see Results).
To assess the relative contribution of these two regions to YFT tissues, while considering vari-
ability in the isotopic composition of zooplankton collected in each region, a Bayesian stable
isotope mixing model was applied.

The stable isotope mixing model is used to estimate the proportional contribution of differ-
ent prey sources to consumer (YFT) tissues based on the carbon and nitrogen isotopic compo-
sition of the consumer and their prey sources, along with a TEF [76]. The trophic position for
YFT was estimated as 4.2 using a Bayesian approach (see results). Their prey should occupy
one trophic level lower (3.2). We assumed zooplankton are at a TP of 2, and hence their
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isotope ratios were used as a baseline for calculating the isotopic composition of YFT prey by
correcting with the expected isotopic trophic enrichment. TEFs used in the model were the
empirically derived TEFs for Pacific bluefin tuna (Thunnus orientalis; 62.5-75.0 cm curved
fork length) held in captivity: A"°C = 1.8%0 and AN = 1.9%o for muscle and A"°C = 1.2%o and
A "N = 1.1%o for liver [77].

The parameters of the Bayesian mixing model were estimated through a Markov Chain
Monte Carlo procedure implemented in the language Just Another Gibbs Sampler (JAGS) in
Rstudio. We ran 10,000 iterations in four independent chains, with a burn-in phase of 1,000
samples to calculate the posterior distribution, and Bayesian credibility intervals were calcu-
lated. Results are reported as a proportional contribution of each baseline (%) at mode 95%.
Mixing model results were estimated with the SIMMR package as an upgrade to the SIAR
package [76] in Rstudio Version 1.1.463 —-© 2009-2018 (R development Core Team 2008).

Trophic position estimates

To estimate discrete TP of YET based on §'°Ny values of muscle and liver (hereafter referred
to as TPyup) Post’s [31] equation was used (2):

515N _ 515N )
TPx = < - 3“5311”e> + TPBuseline (2)

TEF

where x is YFT, the 8" Ny acline corresponds to the isotopic composition of primary consumers
(inferred based on the isotopic mixing model), and TPp,seline is the TP of primary consumers.
For this study, a TPy,seline Of 2 Was used based on Basedow et al. [78] for the 200-1000 um size
fraction of zooplankton in the North Atlantic. In calculating TPy for YFT, we used TEF val-
ues of Pacific bluefin tuna (Thunnus orientalis) held in captivity and fed with natural diet [77]
and compared the results with previous reports based on stomach content analysis (54 Table).

Additionally, a Bayesian approach was implemented to estimate TPgyyesian Of YFT. This
two-source mixing model incorporates two isotopic baselines and two elements (C and N) in
calculating TP. 8!3C and 8'°N values of zooplankton from the northern (n = 28) and central-
southern (n = 61) region of the GM were used as baselines (see Results). TPgayegian Was esti-
mated for YFT muscle by assuming a baseline TP of 2 and the TEFs for Pacific bluefin tuna
muscle [77]. The Bayesian model was run with uninformative priors, two MCMC chains,
20,000 iterations. The tRophic Position package (version 0.7.7) was used in Rstudio Version
1.1.463 -© 2009-2018 (R Development Core Team 2008) [79].

To estimate the TP based on nitrogen CSIA-AA (TPcg4), the equation of Chikaraishi et al.
[40] was used (3):

(3N, — 8N, ~ )

TP, = 1 3
1y (TEF, — TEF,) + 3)

where x is the canonical trophic AAs (Glu), y is the canonical source AA (Phe), and  repre-
sents the difference between the 8'°N values of trophic and source AAs in primary producers
(B = 3.4% 0.9%o estimate based on 17 aquatic photoautotrophs; Chikaraishi et al. [40]). This
value has been used in other TPcgr5 estimates for YFT and Pacific bluefin tuna [80, 81]. The
trophic discrimination factor (TDF) reflects the cumulative isotope discrimination of the
source and trophic AA per trophic level [44, 55]. Some studies suggest that TDF values may be
taxon-specific and that they may vary as a function of protein quantity and quality, as well as
an organism’s TP [82, 83]. Hence, we calculated TPcg4 using literature-derived TDFsand
compared the results to those obtained using bulk 8'°N values and the results of stomach con-
tent analysis in other studies.
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Specifically, we used TEF estimates for muscle tissue based on bluefin tuna fed in captivity
and wild captures from marine teleosts combined with diet information from the literature
[52, 84]. We used TEFs for liver for the carnivorous yellowtail (Seriola lalandi) fed under con-
trolled feeding conditions because that is the only study to date reporting on that tissue [85].

The propagated errors for Eqs 2 and 3 were calculated by combining the analytical repro-
ducibility of isotopic measurements (SD of 0.2, 0.4, and 0.5%o for bulk, Phe and Glu 8'°N val-
ues, respectively), variation in trophic enrichment or discrimination factors and 8 (0.9%o from
Chikaraishi et al. [40], following Choy et al. [86].

Statistical analyses

Curved fork length, 8"3C, 8"°N, 8" Npp,e, and 8"’ Ny, values were tested for normality by
groups (year or tissue type) using the Shapiro-Wilk test. Homoscedasticity of variance was
evaluated with Bartlett’s test for groups exhibiting normality and with Levene’s test for those
that failed to show normality. Differences in mean curved fork length, §"°C, '°N, §'°Npy,,
and 8"°Ngy, values between either years or tissues were tested using one-way ANOVA with
post hoc Tukey’s or Dunn’s tests for groups with a normal distribution, and with a nonpara-
metric Kruskal-Wallis test (KWt) with a post hoc Mann-Whitney-U test (MWUt) when data
failed to exhibit normality. The level of significance of all statistical tests was o = 0.05. Linear
regression analyses of 3'°C and 8'°N values of muscle and liver with tuna curved fork length
were done to evaluate whether the isotopic composition was correlated to YFT size. A linear
regression was applied to zooplankton 5'°N vs §'°Npy,. values to evaluate the level of correla-
tion between these measurements and derive a model with which to estimate zooplankton
8"°Npp values for stations for which CISA-AA were not analyzed. Analyses were performed
with the pgirmess package in Rstudio Version 1.1.463 -© 2009-2018 (R Development Core
Team 2008) and JASP Version 0.11.1.

Results
Bulk (6"°C and 8"°N) and amino acids (8"°N) analyses of yellowfin tuna

There were significant differences in the mean curved fork length of YFT caught in 2017 and
2018 (one-way ANOVA, p = 0.009), although mean sizes differed by only 5 cm and the range
of sizes overlapped (Table 1; S1 Table). Bulk 8'°C values were more variable in muscle than in
liver tissue within a single year, and 8'°C values exhibited a narrower range (-20.1 to -17.1%o)
than 8"°N values (6.2 to 12.9%o; Fig 2). When comparing means of the isotopic composition
measured in liver tissue, there were significant differences between years for §'°C values
(MWUt, p<0.001) but not for §'°N values (one-way ANOVA, p = 0.70). For muscle tissue,
there were significant differences for mean §'°C values (MWU, p = 0.007), but not for §'°N
values (one-way ANOVA, p = 0.77). A mathematical correction was refrained from 813C val-
ues because C:N ratios indicated a relatively low lipid content, and corrections would have a
limited (< 0.9 %o) impact on carbon isotope ratios (see Post et al. [31]).

When comparing tissues, there were significant differences between both mean §'°C and
8'"°N values of bulk muscle and liver (MW Ut, both p<0.001), and muscle tissue showed higher
values for both elements. No linear relationship was found between curved fork length and
8'3C values for either tissue (Fig 3A). In contrast, there was a weak but significant correlation
(r = 0.34 and 0.03 for muscle and liver tissue, respectively) between CFL and §"°N values (Fig
3B). However, the best fit relationship indicates a limited (<1 %o) difference between the
smallest and largest YFT samples each year.

For CSIA-AA, no significant differences were found between mean 8" Npy, values of mus-
cle and liver tissues between years (one-way ANOVA p = 0.28 and p = 0.70, respectively;
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Table 1. Isotopic composition of soft tissues of YFT caught in the central and southern GM.

Year CFL (cm) Tissue
2017 134.9 + 8.0(123 to Muscle
(n=14) 146)**

Liver
2018 140.5 + 6.9(128 to Muscle
(n=58) 160) **

Liver

Bulk isotope ratios

8"3C (%) "N (%0)
-18.5+0.8*"* (-20.1to | 10.0 0.4 (9.3 to
-17.1) 10.9)
-19.3+£0.4** (-20.1to | 7.8+0.5(7.1to
-18.7) 8.9)
-17.8 £ 0.4 (-193t0 | 10.1+0.8(9.1to
-17.1) 12.9)
-18.7 £ 0.4 (-20.0 to 7.8+0.7 (62 to
-17.9) 10.9)

8"°N of canonical 8"°N of canonical trophic C:N
source AA AA
Phe (%o) Glu (%o)

6.0+ 1.2(44t08.7) 26.4+ 0.5 (25.7 to 36+04(3.1t0
27.1) 4.4)

4.6+0.6(3.5t05.9) 20.2+0.67(18.9t021.8) | 41+0.3(3.8t0
4.7)

6.5+ 1.4(4.0t09.1) 253+ 1.4 (23.1t0 | 33+02(3.1to
28.6) 3.9)

41+13(1.7t06.8) 19.1+0.8(17.4to 21.4) 42+03(3.7to
5.2)

Number (n) of yellowfin tuna sampled in 2017 and 2018 and curved fork length (CFL) in centimeters. Isotopic composition (8"C and 8'°N) of bulk tissues, §'°N values
of the canonic source and trophic amino acid (AA) phenylalanine (Phe) and glutamic acid (Glu), respectively, and carbon vs nitrogen ratio (C:N). Values are

means + one standard deviation; ranges are in parenthesis. Units are in per mil (%o). *Indicates significant differences in the same tissue between years and differences
in CFL between years tested with Kruskal-Wallis and Mann-Whitney post hoc tests. Significance levels are indicated as: *p < 0.05,"* for 0.01, and *** for p < 0.001.

https://doi.org/10.1371/journal.pone.0246082.t001

5N (%o)

Table 15 S1 Table). However, there was a significant difference between 8'°Ny, values of mus-
cle and liver between years (MWUt, p<0.001, and one-way ANOVA, p<0.001, respectively;
Fig 4). Both §'°Npy, and 8'°Ny, values were higher in muscle than in liver tissue. Isotopic
datasets that did not exhibit statistical differences between years were pooled for subsequent

analyses.
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Fig 2. Scatterplot of bulk carbon vs. nitrogen isotope ratios. Isotopic composition of muscle (WM) and liver (LVR) tissues
of 72 yellowfin tuna (T. albacares) caught in the southern (2017) and southern-central (2018) Gulf of Mexico.

https://doi.org/10.1371/journal.pone.0246082.9002
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Fig 3. Relationship between YFT curved fork length and bulk 8"*C and 8"°N values of muscle and liver tissues. (A) YFT curved fork length in cm vs. bulk
3"C values of muscle and liver tissue. (B) 5'°N values of muscle and liver tissue; solid lines indicate a significant linear relationship between curved fork length
and 8"°N values in muscle (r = 0.34, p = 0.003) and liver (r = 0.03, p = 0.02).

https://doi.org/10.1371/journal.pone.0246082.9003

Isoscapes and region-specific baseline values

The mean (+SD) bulk 8'°C values for zooplankton collected throughout the GM in 2017 was
-20.3 + 1.1%o, ranging from -22.7 to -14.8%o (S2 Table). Stations sampled in the northwestern
shelf had isotope ratios that were relatively depleted in '>C compared to the central and south-
ern GM (-22.7 to -21.0%o; Fig 5A). The mean zooplankton bulk §'°N value was 3.5 + 2.1%o,
with a very broad range of isotope ratios (0.9 to 11.6%o). The 8'°N isoscape showed a strong
latitudinal gradient from the northern to central-southern GM (Fig 5B). Higher 8'°N values
were observed in the coastal waters and shelf off Texas, Louisiana, and Mississippi, and lower
values were measured in the deep water region of the central gulf. The eastern portion of the
Bay of Campeche had more enriched §'°N values than the central gulf (4.5 to 6.8%o), but the
isotopic composition was not as enriched in '°N as that of those sampled from the coast and
shelf of the northern gulf.

Based on the marked north-to-south spatial gradient in baseline isotope ratios, the GM was
divided into two regions: the northern GM (n = 28) and the central-southern GM (n = 61).
Mean baseline values for each region were calculated. For the northern GM, mean §'°C and
8"°N values for zooplankton were -21.3 + 0.9%o (range -22.7 to -19.9%o) and 6.8 + 2.6%o (3.1 to
11.6%o), respectively, and for the central-southern GM -20.1 + 0.8%o (-21.9 to -17.3%o) and
2.7 £ 0.9%0 (0.9 to 5.5%o), respectively (S2 Table).

Similar to the patterns observed for the S1°N isoscape, the 8" Nppe isoscape exhibited a
strong gradient from north to south (Fig 5C). Northern GM 8" Nppe values decreased latitudi-
nally from 8.5%o near the coast of Louisiana and Texas to 3.2%o southward (S6 Table). In the
deep water region of the GM, 8'°Npy,. values were between -2.0 and 0%, while in the south-
eastern Campeche Bay, 8" Nppe values were somewhat higher (ca. 1.9%o).

Yellowfin tuna foraging habitat within the Gulf of Mexico

Bayesian mixing models were used to estimate the relative contribution of the TEF-corrected
baselines of the northern and central-southern GM to YFT tissues. Results for muscle tissue
(estimated isotope integration time of ~334 days [77]) indicate that the contribution of the
northern GM to YFT nitrogen values was 54.9% [48.7-62.1%], compared to 45.1% [37.9-
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Fig 4. Comparison of 3'°N of bulk tissues, phenylalanine and glutamic acid in liver and muscle tissues of YFT. Due to differences between
8N values of glutamic acid, these were separated for analysis. Boxplots display the median (bold middle line), the interquartile range (box), and
the minimum and maximum observations that extend to the whiskers and outlier points beyond the whiskers.

https://doi.org/10.1371/journal.pone.0246082.9004

51.3%] for the central-southern region. On the other hand, results for liver tissue (estimated
isotope integration time of ~172 days [77]) suggest that more recently, YFT fed to a greater
extent in the central-southern GM; the contribution of the southern baseline was higher,
63.7% [55.0-71.7%] compared with that for the northern GM of 36.3% [28.3-45.0%] (Fig 6).

There were significant differences between mean YFT muscle and liver tissues and cen-
tral-southern GM 8'°Nypy, values (Tukey test, both p<0.001). No statistical differences were
found between mean zooplankton 8'°Npy,. values of the northern GM baseline and muscle
and liver tissues (Tukey test, p = 0.25 and p = 0.31, respectively), suggesting that the isotopic
composition of the source AA in YFT tissues reflects the isotopic baseline of the northern
GM (Fig 7).
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Fig 5. Gulf of Mexico isoscapes. Gulf of Mexico (GM) zooplankton-based (A) 5*Cand (B) $"°N isoscape generated
from 335-1000 um zooplankton using an IDW interpolation. The solid black polygon delimits the stations
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encompassed in each of the two baseline regions: the northern (NGM) and central-southern gulf (CSGM). (C) 8" Nphe
isoscape using an IDW interpolation, based on direct measurements of Phe in zooplankton size > 2000 um (orange
triangles) and completed with data from a linear regression model relating 8" Npun and 8" Npy, (dark dots). The grey
line delineates the Mexican Exclusive Economic Zone. Layers of country limits used to build maps were downloaded
from free licensed data bases available at: https://www.inegi.org.mx/app/mapas/, http://www.diva-gis.org/gdata.

https://doi.org/10.1371/journal.pone.0246082.9005

Yellowfin tuna trophic position estimates

Because there were no significant differences in the 8" Ny uic values of muscle and liver tissues
between years (one-way ANOVA, p =0.77 and p = 0.70, respectively), data for each tissue
were pooled for estimating TPy, Estimates of TPy based on 8"°N values of YFT muscle
and liver and the northern GM zooplankton as the sole isotopic baseline were 4.1 + 0.4 and
5.7 £ 0.7, respectively (Table 2, S3 Table). Estimates of TPy, based on the central-southern
GM region baseline were markedly higher, with values of 5.8 + 0.4 for muscle and 8.6 + 0.7 for
liver tissue, which is well above the estimates previously reported for this species. TPy, esti-
mates based on liver 5'°N values were higher and more variable than those based on muscle
(S3 Table). Uncertainty in TP based on bulk SIA analysis of muscle tissue and propagated
error calculations were +1.8 and 0.9 when using the northern and southern isotopic baseline,
respectively. For liver tissue, the uncertainty was substantially higher (+3.8 and 3.1, respec-
tively). For CSIA, it was 1.0 and 0.7 TP for muscle tissue estimated using tuna and marine tel-
eost TDFs, respectively, and +2.5 for liver tisse.

In contrast, TP calculated with the Bayesian approach and considering both isotopic base-
lines as source contributions was 4.2 [4.0-4.4]. This value and the credibility interval is highly
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Fig 6. Relative contribution of two regional baselines to yellowfin tuna tissues. Isotopic baseline contributions (%)
of the northern (black) and central-southern (white) Gulf of Mexico to yellowfin tuna caught in the southern and
central region of the GM, muscle and liver tissues based on a two-source Bayesian mixing model.

https://doi.org/10.1371/journal.pone.0246082.g006
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Fig 7. Comparison of 8'°Npy, values of zooplankton and yellowfin tuna liver and muscle tissues. Purple and yellow
box plots represent the central-southern (n = 14) and northern (n = 6) GM baselines, respectively. Light grey and dark
grey are 8" Nppe values of liver and muscle of yellowfin tuna, respectively (n = 36). Boxplots display the median (bold
middle line), the interquartile range (box), minimum and maximum observations that extend to the whiskers and outlier
points beyond the whiskers. Stars show statistical differences in the central-southern GM baseline value with the
northern GM baseline and yellowfin tuna tissues based on post-hoc Tukey’s tests.

https://doi.org/10.1371/journal.pone.0246082.9007

consistent with TP estimates for YFT derived from the literature that are based on SIAy i (4.1)
and stomach content analysis (4.0, S4 Table). There was a significant but low correlation
between curved fork length and all TPy, estimates (for all TEFs applied and both tissues)
with an overall r<0.34 (Pearson’s correlation p< 0.006 for all cases, S5 Table).

TPcs1a estimates based on YFT muscle values had a mean of 3.8 £ 0.3. Applying the only
available TDF for fish liver tissues yielded a mean TP of 3.9 + 0.2 (53 Table). Overall, TPcgia
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Table 2. Mean trophic position (TP) estimates for yellowfin tuna caught in the central and southern Gulf of Mexico (GM) based on muscle tissue.

TP estimation Source Organism and approach for estimations of TEFs or TEF (bulk) or TDF (CSIA-AA) Calculated TP
method TDFs (%o0) (Mean * SD) Northern Central-
GM southern GM
Bulk §'°N values Madigan et al. | Pacific bluefin tuna (Thunnus orientalis) held in 1.9+0.4 41+04 5.8+0.4
Bayesian (Bulk §°C [77] captivity and fed with natural diet N=19+04C=1.1+06 4.2 [4.0-4.4]
and 5'°N)
CSIA-AA Bradley etal. | Pacific bluefin tuna (Thunnus orientalis) held in 6.3+04 3.5+0.2
[52] captivity and fed with natural diet
Bradley etal. | Wild captures from marine teleosts combined with 57+0.3 3.8+0.3
[84] diet information from the literature

TP calculated from three approaches: (1) using YFT 8'°Nyy values and the northern GM and central-southern GM regional isotopic baselines with mean 5'°N values of
6.0 % 3.1%o0 and 2.8 + 1.0%o, respectively; (2) a Bayesian analysis that integrates YFT bulk 3'°N and 8"°C values and two regional baselines and YFT tissues; and (3)
8" Nppe of YFT and zooplankton. TEFs for TPy, estimates and trophic discrimination factors (TDF = TEF,, TEFpy,) for TPcg4 estimates derived from the literature.

https://doi.org/10.1371/journal.pone.0246082.t002

estimates (coefficient of variation, 7.8%) were less variable than those of TPy (CV = 28.1%).
There was no correlation between curved fork length and TP¢g;4 (Pearson’s correlation p>
0.31 for all correlations, S5 Table).

Discussion

The 8" Ny and 8"°N py,. values of zooplankton measured throughout the GM showed a
strong geographical gradient that allowed for the separation of the basin into two regions. Spe-
cifically, the 8'°N based isoscape exhibited a clear latitudinal gradient, with higher values in
the north (3.1 to 11.6%o and 3.2 to 8.5%o for bulk and Phe, respectively) and lower values in the
central-southern region (0.9 to 5.5%o and -2.0 to 1.9 %o for bulk and Phe, respectively). The
regional differences in nitrogen isotopic composition of secondary consumers (zooplankton)
indicate that in order to make reliable inferences about the feeding history and TP of YFT
within the GM, the '°N variability in these biogeochemical regions must be considered.

The 8"°N values of zooplankton samples collected near the Mississippi River plume and on
the Texas and Louisiana shelves (3.3 to 8.9%o) were similar to those reported (2.6 to 7.8%o) by
Dorado et al. [61]. High 8'°N values in the northern gulf have been associated with high inputs
of freshwater discharge transporting high concentrations of dissolved nitrate from anthropo-
genic activities such as intensive livestock production in the central United States, inputs of
treated wastewater and N derived from manure [87-90]. In addition, large inputs of nutrients
to coastal and shelf waters can also result in an enhancement of primary and often secondary
production, which aggravates hypoxia and intensifies denitrification [87, 91, 92]. This process
has a large fractionation of ~25%o that leads to a marked enrichment of "N in the isotopic
composition of the inorganic nitrogen pool [47]. The high "°N values observed in the north-
ern GM have been shown to reflect intense denitrification, leading to nitrate enriched in >N
[93, 94]. Hence, high 8'°N values of zooplankton in the shelf and coastal areas of the northern
GM lead to a region with a distinct isotopic baseline.

In contrast to the northern GM, in the central oceanic region, very low zooplankton &'°N
values of 0 to 2%o were measured. Low 8'°N values at the base of the food web in the GM have
been linked to oligotrophic conditions, particularly anticyclonic eddies that are characterized
by a deepening of the thermocline that limits the subsurface transport of new nitrogen (nitrate)
to the surface [61, 95, 96]. Trichodesmium, a diazotrophic nitrogen-fixing bacteria, is abundant
in the surface waters of anticyclonic eddies and in the deep water region (depths > 1000 m) of
the GM [95, 97]. Diazotrophic bacteria are responsible for nitrogen inputs to the surface via
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atmospheric N, fixation, a process that leads to minimal isotope discrimination. Hence, fixed
nitrogen has an isotopic composition of ~0%eo, similar to atmospheric nitrogen [47]. These rel-
atively low values are reflected in the zooplankton collected in the central and southern GM.

Zooplankton from a few stations within the Bay of Campeche exhibited 8'°N values
enriched in "N relative to the central gulf (2.9 to 5.5%o and -0.7 to 1.3%o for bulk and Phe,
respectively), although they were not as high as those observed in the northern GM. These
regionally higher values were observed only in the southwestern reaches of the bay, where the
Grijalva-Usumacinta river system discharges onto the continental shelf and cross-shelf trans-
port has been documented in late summer and early fall [98]. In this region, upwelled water
that is transported across the Yucatan shelf can also be found [64, 65]. Upwelled water has a
high nitrate concentration, with an isotopic composition presumably similar to that reported
for eastern Atlantic subsurface waters (~4.7%o [99]). Nevertheless, the 8'°N values of zooplank-
ton from the southern bay of Campeche are not as enriched as those found in the northern
GM regardless of the source of nitrogen enriched in "°N, also these are limited in spatial distri-
bution. Hence, they are unlikely to contribute substantially to the isotopic composition of
YFT.

Yellowfin tuna foraging habitat in the Gulf of Mexico

One key aspect to making inferences about the origin and timing of previous feeding habitats
of animals that move between isotopically distinct regions is to have adequate estimates of the
isotopic integration time (a function of isotopic turnover rate) of the tissue of interest [42].

Based on the 8'°N values of muscle tissue, the Bayesian mixing model indicated that the
northern GM baseline contributed a higher proportion (54.9%) than the southern GM (45.1%)
to YFT. Assuming that the isotopic composition of the baselines does not change substantially
over the year, this implies that YFT fed to a greater extent in the northern gulf. On the other
hand, the more recent feeding habitat, as reflected by liver tissue with a shorter time to equilib-
rium, exhibited a higher contribution of the central-southern GM baseline (63.7%) compared
to the northern GM (36.3%). Hence, YFT had fed more recently in the central-southern GM
in which they were caught.

Given the strong correlation between zooplankton 8" Ny ui and 8" Npy,e, the range of
8" Nppe values of both muscle and liver tissue also indicate that the northern gulfis an impor-
tant feeding habitat. As a source AA with little or no isotope discrimination [59], 8" Npp, val-
ues of YFT tissues should reflect those of primary producers and secondary consumers. The
8" Nphe of YFT muscle (6.2 + 1.3%o) and liver (4.1 + 1.3%o) were not significantly different
from the northern GM isotopic baseline values, consistent with feeding in the region. How-
ever, mean liver 8'°Nypy,. values were lower (2.2%o lower) than those of muscle tissue, which
implies more recent feeding in the central-southern GM, as was found with the bulk data.
Therefore, both the bulk SIA and CSIA-AA suggest that the main foraging ground of the YFT
within the GM is the northern region, although feeding occurs in the central and southern gulf
as well. Unfortunately, inferences about the time-integrated could not be assessed with the
source AA, since there are no published isotope turnover rates for '°Npy, of large pelagic spe-
cies such as YFT.

The findings of this study suggest that the northern GM is an important foraging region for
YFT, as has been documented for other highly migratory pelagic species that use the northern
GM as spawning and feeding ground [100, 101]. In the case of YFT, tagging studies in this
region show limited movements (<150 km) and a high degree of regional residency [17, 19].
In addition, the presence of nearly 4,000 oil rigs in the northern gulf may serve as areas of
aggregation and provide foraging opportunities that may contribute to the residency of YFT in
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the northern gulf [17, 102]. The northern GM also provides optimal conditions for the success-
ful growth and survival of YFT larvae, such as high values of surface chlorophyll-a (i.e., high
productivity) and intermediate salinities. These conditions are observed near the Mississippi
River plume, where freshwater and oceanic waters mix, and where a high abundance of YFT
tuna larvae has been found [11, 12].

Within the Mexican Exclusive Economic Zone, YFT supports an important fishery that
operates year-round [4]. This may be due to the high productivity of the Bay of Campeche [62,
98]. During winter, the Mexican fleet from the southern GM moves northwards toward U.S.
waters, presumably "following" the abundance of YFT (Zurisaday Ramirez, Personal commu-
nication with the Mexican fishermen). Abad-Uribarren et al. [5] report an increase in catch
per unit effort in the southern GM during summer months, whereas a second increase occurs
during November in the northern-central GM, which supports the anecdotal information pro-
vided by Mexican fishermen. Rooker et al. [19] documented the southward movement in the
fall of some of the YFT caught and tagged in the northern GM, as well as the northward migra-
tion from the south of other individuals. Together, results suggest a certain degree of seasonal-
ity in feeding.

However, there are no studies focusing on YFT foraging migrations relative to the distribu-
tion of their potential prey at a basin-wide scale. Elucidating the role of prey distribution on
migration patterns can be challenging since YFT is a generalist predator that feeds on a wide
array of prey [103-105]. Nevertheless, more research is necessary to understand what drives
the movement patterns within the GM, especially in the central and southern gulf. Electronic
tagging in the southern GM would elucidate movement patterns and habitat use, as has been
achieved in the north [19].

In the temporal context of liver tissue (~6 months), our results indicate that YFT had been
foraging mainly in central-southern GM. Given that the tuna in this study were caught and
sampled in July and August, the feeding period reflected by liver tissue partially overlaps with
the species spawning season within the gulf (May through August). The southern GM may
thus serve as an important spawning and foraging ground for YFT, although larval surveys are
scarce in this region. Evaluation of the spatial and temporal distribution of the larvae would
help determine whether the southern GM should be reconsidered as an important spawning
ground. It is important to note that our interpretation assumes a closed population of tuna
within the gulf (all tuna sampled were GM residents). However, there is overlap in the bulk
isotopic baselines between oceanic regions that could confound our interpretation. Similar
8"°N values (~3 to 8%o) to those of the northern GM have been recorded in one of the YFT
Eastern Atlantic spawning grounds, the Gulf of Guinea [106]. The possibility of YFT migration
to the GM from the Eastern Atlantic cannot be discarded and should be evaluated using addi-
tional intrinsic tracers such as otolith microchemistry [14].

Yellowfin tuna trophic position in the Gulf of Mexico

In fish, length is positively related to TP and gape size (i.e., larger fish can feed on larger prey
[107]). The low correlation and high variability in YFT §'°N values of both tissues as a function
of size are in agreement with previous reports for this species in other regions of its distribu-
tion [108-111]. For example, Ménard et al. [104] found that the size distribution of prey in
YFT stomachs was very asymmetrical, and that large YFT continue to feed on small prey dur-
ing their life. This could be due to the higher availability of smaller prey relative to larger prey
in the oligotrophic surface layer, where YFT spend more time [17]. In addition, the size range
of the fish sampled in this study was small (123-160 cm curved fork length), which should
limit the relationship between TP and size. The lack of a strong relationship between curved

PLOS ONE | https://doi.org/10.1371/journal.pone.0246082 February 24, 2021 18/27


https://doi.org/10.1371/journal.pone.0246082

PLOS ONE

Yellowfin tuna foraging habitat and trophic position

fork length and 8'°N values of muscle and liver tissues allowed us to disregard size when esti-
mating TP.

Differences in the isotopic baselines contribute to variation in bulk '°N values of YFT that
inhabit a particular region, and thus impact TP estimates [44, 53, 80, 110, this study]. TPy
estimates using 8'°N values of muscle tissue and the mean isotopic composition of northern
GM as baseline yielded a TP of 4.1, which is similar to that reported for other regions through-
out the species distribution (range 3.3 to 4.7; S4 Table). Estimates were likely reasonable
because, for muscle tissue, the dominant source of N was estimated to be the northern GM.
Hence, a single baseline yielded an adequate first approximation to TP. Nevertheless, the TP
estimate based on the results of the Bayesian model yielded a more robust estimate. This
approach performs a simple mixing model that allows for differentiation between two sources
of N, and considers the heterogeneity of the two baselines [79]. The result was a mean TP of
4.2 [4.0-4.4], which is highly consistent with the global TP range of 3.3 to 4.7 from the litera-
ture. Hence, this approach proved to provide the most realistic approximation. As has been
previously noted for other regions throughout the broad distribution of YFT, bulk §"°N values
of muscle tissue provide robust TP estimates when the isotopic baseline is well characterized
[i.e.24, 29, 110].

In contrast, when TPy is calculated based on muscle tissue and the mean central-southern
GM baseline values, TP estimates was higher (TP 5.8) than those calculated with the northern
baseline. Likewise, when the central-southern GM baseline and §'°N values of liver tissue are
used, TPy, was unreasonably high and well above TP estimates for YFT reported for other
regions of its distribution (TP 8.6 vs. global range from 3.3 to 4.7). Liver TEF values are lower
and more variable than those of muscle, which contributed to the higher estimates of TPs. The
lower TEF in the liver may be due to differences in its AAs composition compared with mus-
cle, as well as its higher metabolic rate [111]. These unreasonably high TP calculated for liver
tissue suggest that 5'°N values of this tissue may not be a good predictor of TP.

TPcs1a 0f the source and trophic AA yielded a TP range of 3.5 to 3.9. These TP are similar
to those reported for YFT in other regions of its distribution based on stomach content analy-
sis (range 3.7 to 4.3; S4 Table) but were slightly lower than those estimated with S Npulk-
TPcs1a appears to underestimate the TP of taxa at or near the top of the food web, Bradley
et al. [84] suggested that the enrichment between trophic and source AAs is lower in higher TP
consumers compared with those that feed at lower trophic levels, which may be due to a higher
protein consumption of carnivorous diets [82, 112, 113]). Although ideally species and tissue
specific-TEFs should be used to estimate TP, these empirical estimates are challenging to
obtain for large predators such as YFT, and we used the best available estimates.

TP estimates also varied among individuals, which likely variability reflects a varied diet on
prey of different trophic levels, rather than the feeding habits of a strict tertiary carnivore
(commonly represented by the discrete trophic level of 4, Madigan et al., [114]). YFT feeds on
a wide variety and sizes of prey, from small low TP pelagic crustaceans and gelatinous organ-
isms, as well as on higher TP organisms, such as fishes and cephalopods, that explain the
inshore-offshore TP pattern observed in other oceans [109, 111]. YFT can also feed on meso-
pelagic prey by occasionally expanding their vertical feeding range, although to a lesser extent
than bigeye or bluefin tuna [24, 115]. Although stomach content analysis was not performed
in this study, given the strong similarity with TP between YFT populations in other regions of
its distribution, similar prey items are expected in the YFT diet within the GM.

Seasonal variation in baseline isotope ratios will impact TP estimates [116]. However, sam-
pling of zooplankton in the central and southern Gulf of Mexico conducted during 5 cruises
spanning 2010 to 2016 during different times of year indicate limited variation in mean §'°N
values (differences in mean values < 0.5 %o; S. Z. Herzka unpublished data). Hence, temporal
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variation in zooplankton values in the Gulf of Mexico will likely have less of an impact on TP
estimates than spatial variation.

Additionally, Some research has documented shifts in YFT feeding patterns over decadal
time scales, which may be due to changes in food web structure due to overfishing and/or cli-
mate change [27]. Sibert et al. [117] analyzed the TP of exploited tunas in the Pacific Ocean
and found that TP did not show an overall temporal decline over the last 60 years. In the
northwestern Atlantic, tuna diets and TP have remained stable for the last 50 years [111].
However, a different pattern was observed for YFT in the eastern tropical Pacific during the
early 1990s to 2000s, where a diet shift from larger epipelagic fish to a smaller mesopelagic spe-
cies was documented over decadal time scales [27]. Although past estimates of TP are unavail-
able for YFT in the GM, the results derived from this study provides a useful baseline for
future studies on their trophic ecology.
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acid (Glu), respectively. Units are in per mil (%o).

(DOCX)

S2 Table. Summary of zooplankton sampling cruises. Cruise name, stations, coordinates in
decimal degrees, and 8'"°C and §'°N values of zooplankton (fraction size 335-1000 pum).
*Stations used as northern Gulf of Mexico (GM), "Stations used as central-southern GM.
(DOCX)

$3 Table. Mean trophic position based on liver tissue. Estimates for yellowfin tuna caught in
the central and southern Gulf of Mexico (GM).
(DOCX)

S$4 Table. Mean trophic position (TP) estimates for yellowfin tuna sampled throughout its
distribution. Estimates based on stomach content analysis (SCA), bulk 5'°N analysis, and
CSIA-AA 3N of muscle tissue. The standard deviation is presented when reported by the
authors or when it could be calculated from the raw data.

(DOCX)

S5 Table. Pearson’s correlation between curved fork length (CFL) and each trophic posi-
tion (TP). Estimates using five literature derived TEFs using bulk 8N analyses (SIA) and two
baselines and TP derived from §'°N values of Glu and Phe (CSIA). *indicates a significant rela-
tionship between curved fork length (CFL) and trophic position (TP).

(DOCX)

S6 Table. Zooplankton isotopic composition by regions of the Gulf of Mexico (GM). Sta-
tions classified as northern GM and central-southern GM, and outside the GM (OGM). §'°N
values of zooplankton (fraction size >2000 um) of the canonical source amino acid (Phe).
(DOCX)

PLOS ONE | https://doi.org/10.1371/journal.pone.0246082 February 24, 2021 20/27


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0246082.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0246082.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0246082.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0246082.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0246082.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0246082.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0246082.s007
https://doi.org/10.1371/journal.pone.0246082

PLOS ONE

Yellowfin tuna foraging habitat and trophic position

Acknowledgments

We thank the crew of the B/O Justo Sierra for their dedicated assistance during the XIXIMI-06
cruise and specially to Reyna Barradas and Oscar Herndndez for their help in processing zoo-
plankton samples for SIA and CSIA-AA analyses. Also, we thank the crew of the “Skypjack”
and “O-toro” longline fishing vessels from the company K & B Tuna S.A. de C.V. for the assis-
tance. Zurisaday Ramirez, Arturo Fajardo and Felipe Rocha collected samples during fishing
operations. Data reported in this work were partially collected under the auspices of the
National Oceanic and Atmospheric Administration (NOAA) ’s’s Ocean Acidification Program
(OAP). We are grateful to the government of the United Mexican States for fishing licenses
and research permission allowing us to conduct our research within their Exclusive Economic
Zones during the GOMECC-3 cruise (PPFE/DGOPA-137/17, EG0082017). Three reviewers
provided constructive and thoughtful comments that strengthened the manuscript, for which
we are grateful.

Author Contributions

Conceptualization: Meliza Le-Alvarado, Alfonsina E. Romo-Curiel, Oscar Sosa-Nishizaki,
Sharon Z. Herzka.

Data curation: Meliza Le-Alvarado, Alfonsina E. Romo-Curiel, Oscar Hernandez-Sanchez,
Sharon Z. Herzka.

Formal analysis: Meliza Le-Alvarado, Oscar Hernandez-Sanchez, Sharon Z. Herzka.
Funding acquisition: Oscar Sosa-Nishizaki, Leticia Barbero, Sharon Z. Herzka.
Investigation: Meliza Le-Alvarado, Alfonsina E. Romo-Curiel, Sharon Z. Herzka.
Supervision: Alfonsina E. Romo-Curiel, Sharon Z. Herzka.

Writing - original draft: Meliza Le-Alvarado.

Writing - review & editing: Alfonsina E. Romo-Curiel, Oscar Sosa-Nishizaki, Oscar Hernan-
dez-Sanchez, Leticia Barbero, Sharon Z. Herzka.

References

1. Pecoraro C, Zudaire |, Bodin N, Murua H, Taconet P, Diaz-Jaimes P, et al. Putting all the pieces
together: integrating current knowledge of the biology, ecology, fisheries status, stock structure and
management of yellowfin tuna ( Thunnus albacares). Rev Fish Biol Fish. 2017; 27: 811-841. https:/
doi.org/10.1007/s11160-016-9460-z

2. ICCAT (2019). Report of the 2019 ICCAT yellowfin tuna stock assessment meeting. International
Commission for the Conservation of Atlantic Tunas, 8—16 July, Madrid, Spain. Available: https://www.
iccat.int/Documents/SCRS/DetRep/YFT_SA_ENG.pdf

3. ICCAT (2016). ICCAT Manual. International Commission for the Conservation of Atlantic Tuna. In:
ICCAT Publications [online] Available: https://www.iccat.int/Documents/SCRS/Manual/CH2/2_1_1_
YFT_ENG.pdf Accessed: 2018 February 19

4. Diario oficial de la federacion. Plan de manejo pesquero de atun aleta amarilla (Thunnus albacares)
en el Golfo de México. 2015; 1-68.

5. Abad-Uribarren A, Ortega-Garcia S, March D, Quiroga-Brahms C, Galvan-Magana F, Ponce-Diaz G.
Exploring spatio-temporal patterns of the mexican longline tuna fishery in the Gulf of Mexico: A com-
parative analysis between yellowfin and bluefin tuna distribution. Turkish J Fish Aquat Sci. 2019; 20:
113-125. https://doi.org/10.4194/1303-2712-v20_2_04

6. YoungJW, Hunt BPV, Cook TR, Llopiz JK, Hazen EL, Pethybridge HR, et al. The trophodynamics of
marine top predators: Current knowledge, recent advances and challenges. Deep Sea Res Part Il Top
Stud Oceanogr. 2015; 113: 170-187. https://doi.org/10.1016/j.dsr2.2014.05.015

PLOS ONE | https://doi.org/10.1371/journal.pone.0246082 February 24, 2021 21/27


https://doi.org/10.1007/s11160-016-9460-z
https://doi.org/10.1007/s11160-016-9460-z
https://www.iccat.int/Documents/SCRS/DetRep/YFT_SA_ENG.pdf
https://www.iccat.int/Documents/SCRS/DetRep/YFT_SA_ENG.pdf
https://www.iccat.int/Documents/SCRS/Manual/CH2/2_1_1_YFT_ENG.pdf
https://www.iccat.int/Documents/SCRS/Manual/CH2/2_1_1_YFT_ENG.pdf
https://doi.org/10.4194/1303-2712-v20%5F2%5F04
https://doi.org/10.1016/j.dsr2.2014.05.015
https://doi.org/10.1371/journal.pone.0246082

PLOS ONE

Yellowfin tuna foraging habitat and trophic position

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

Richardson AJ, Downes KJ, Nolan ET, Brickle P, Brown J, Weber N, et al. Residency and reproductive
status of yellowfin tuna in a proposed large-scale pelagic marine protected area. Aquat Conserv Mar
Freshw Ecosyst. 2018; 28: 1308—1316. https://doi.org/10.1002/aqc.2936

Ortiz M. Review and Analyses of Tag Releases and Recaptures of Yellowfin Tuna Iccat Db. Collect
Vol Sci Pap ICCAT. 2017. Available: https://www.iccat.int/Documents/CVSP/CV073_2017/n_1/
CV073010228.pdf

Richards WJ. An hypothesis on yellowfin tuna migrations in the eastern Gulf of Guinea. Océanogra.
1969; VII: 3-7.

Arocha F, Lee DW, Marcano LA, Marcano JS. Update information on the spawning of yellowfin tuna,
Thunnus albacares, in the western central Atlantic. Collect Vol Sci Pap ICCAT. 2001; 52: 167—176.
Available: https://www.iccat.int/Documents/CVSP/CV052_2001/n_4/CV052041395.pdf

Lang KL, Grimes CB, Shaw RF. Variations in the age and growth of yellowfin tuna larvae, Thunnus
albacares, collected about the Mississippi River plume. Environ Biol Fishes. 1994; 39: 259-270.
https://doi.org/10.1007/BF00005128

Cornic M, Smith BL, Kitchens LL, Alvarado Bremer JR, Rooker JR. Abundance and habitat associa-
tions of tuna larvae in the surface water of the Gulf of Mexico. Hydrobiologia. 2018; 806: 29—46.
https://doi.org/10.1007/s10750-017-3330-0

Kitchens LL. Origin and population connectivity of Yellowfin tuna ( Thunnus albacares) in the Atlantic
ocean. Texas A & M. 2017. Available: https://oaktrust.library.tamu.edu/bitstream/handle/1969.1/
161411/KITCHENS-DISSERTATION-2017.pdf?sequence = 1&isAllowed = y

Kitchens LL, Rooker JR, Reynal L, Falterman B, Saillant E, Murua H. Discriminating among yellowfin
tuna (Thunnus albacares) nursery areas in the Atlantic Ocean using otolith chemistry. Mar Ecol Prog
Ser. 2018; 603: 201-213. https://doi.org/10.3354/meps12676

Weng KC, Stokesbury MJW, Boustany AM, Seitz AC, Teo SLH, Miller SK, et al. Habitat and behaviour
of yellowfin tuna Thunnus albacares in the Gulf of Mexico determined using pop-up satellite archival
tags. J Fish Biol. 2009; 74: 1434—1449. https://doi.org/10.1111/j.1095-8649.2009.02209.x PMID:
20735644

Teo SLH, Block BA. Comparative influence of ocean conditions on yellowfin and atlantic bluefin tuna
catch from longlines in the Gulf of Mexico. PLoS One. 2010; 5: e10756. https://doi.org/10.1371/
journal.pone.0010756 PMID: 20526356

Hoolihan JP, Wells RJD, Luo J, Falterman B, Prince ED, Rooker JR. Vertical and horizontal move-
ments of yellowfin tuna in the Gulf of Mexico. Mar Coast Fish. 2014; 6: 211-222. https://doi.org/10.
1080/19425120.2014.935900

Abad-Uribarren A, Ortega-Garcia S, March D, Medina A. Modeling environmental influence on Atlantic
bluefin tuna bycatch by Mexican longliners in the Gulf of Mexico. Fish Oceanogr. 2019; 28: 672—685.
https://doi.org/10.1111/fog.12446

Rooker JR, Dance MA, Wells RJD, Ajemian MJ, Block BA, Castleton MR, et al. Population connectivity
of pelagic megafauna in the Cuba-Mexico-United States triangle. Sci Rep. 2019; 9: 1663. https:/doi.
org/10.1038/s41598-018-38144-8 PMID: 30733508

Olson RJ, Boggs CH. Apex Predation by Yellowfin Tuna (Thunnus albacares): independent estimates
from gastric evacuation and stomach contents, bioenergetics, and cesium concentrations. Can J Fish
Aquat Sci. 1986; 43: 1760-1775.

Dickson KA. Unique adaptations of the metabolic biochemistry of tunas and billfishes for life in the
pelagic environment. Environ Biol Fishes. 1995; 42: 0—1.

Holland KN, Brill RW, Chang RKC. Horizontal and vertical movements of yellowfin and bigeye tuna
associated with fish aggregating devices. Fish Bull. 1990; 88: 493-507.

Dambacher JM, Young JW, Olson RJ, Allain V, Galvan-Magana F, Lansdell MJ, et al. Analyzing
pelagic food webs leading to top predators in the Pacific Ocean: A graph-theoretic approach. Prog
Oceanogr. 2010; 86: 152—165. https://doi.org/10.1016/j.pocean.2010.04.011

Houssard P, Lorrain A, Tremblay-Boyer L, Allain V, Graham BS, Menkes CE, et al. Trophic position
increases with thermocline depth in yellowfin and bigeye tuna across the western and central Pacific
Ocean. Prog Oceanogr. 2017; 154: 49-63. https://doi.org/10.1016/j.pocean.2017.04.008

Pauly D, Christensen V, Dalsgaard J, Froese R, Torres F. Fishing down marine food webs. Intergov-
ernmental panel on climate change. Science. 1998; 279: 860—863. https://doi.org/10.1126/science.
279.5352.860 PMID: 9452385

Myers RA, Worm B. Rapid worldwide depletion of predatory fish communities. Nature. 2003; 423:
280-283. https://doi.org/10.1038/nature01610 PMID: 12748640

PLOS ONE | https://doi.org/10.1371/journal.pone.0246082 February 24, 2021 22/27


https://doi.org/10.1002/aqc.2936
https://www.iccat.int/Documents/CVSP/CV073_2017/n_1/CV073010228.pdf
https://www.iccat.int/Documents/CVSP/CV073_2017/n_1/CV073010228.pdf
https://www.iccat.int/Documents/CVSP/CV052_2001/n_4/CV052041395.pdf
https://doi.org/10.1007/BF00005128
https://doi.org/10.1007/s10750-017-3330-0
https://oaktrust.library.tamu.edu/bitstream/handle/1969.1/161411/KITCHENS-DISSERTATION-2017.pdf?sequence
https://oaktrust.library.tamu.edu/bitstream/handle/1969.1/161411/KITCHENS-DISSERTATION-2017.pdf?sequence
https://doi.org/10.3354/meps12676
https://doi.org/10.1111/j.1095-8649.2009.02209.x
http://www.ncbi.nlm.nih.gov/pubmed/20735644
https://doi.org/10.1371/journal.pone.0010756
https://doi.org/10.1371/journal.pone.0010756
http://www.ncbi.nlm.nih.gov/pubmed/20526356
https://doi.org/10.1080/19425120.2014.935900
https://doi.org/10.1080/19425120.2014.935900
https://doi.org/10.1111/fog.12446
https://doi.org/10.1038/s41598-018-38144-8
https://doi.org/10.1038/s41598-018-38144-8
http://www.ncbi.nlm.nih.gov/pubmed/30733508
https://doi.org/10.1016/j.pocean.2010.04.011
https://doi.org/10.1016/j.pocean.2017.04.008
https://doi.org/10.1126/science.279.5352.860
https://doi.org/10.1126/science.279.5352.860
http://www.ncbi.nlm.nih.gov/pubmed/9452385
https://doi.org/10.1038/nature01610
http://www.ncbi.nlm.nih.gov/pubmed/12748640
https://doi.org/10.1371/journal.pone.0246082

PLOS ONE

Yellowfin tuna foraging habitat and trophic position

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

Olson RJ, Duffy L, Kuhnert P, Galvan-Magaria F, Bocanegra-Castillo N, Alatorre-Ramirez V. Decadal
diet shift in yellowfin tuna Thunnus albacares suggests broad-scale food web changes in the eastern
tropical Pacific Ocean. Mar Ecol Prog Ser. 2014; 497: 157—178. https://doi.org/10.3354/meps10609

Camphuysen CJ. Top Predators in Marine Ecosystems. In: Top Predators in Marine Ecosystems. Edi-
tors. Boyd IL, Wanless S,. |. Cambridge: Cambridge University Press; 2006. pp. 1-9. https://doi.org/
10.1017/CB0O9780511541964

Pethybridge H, Choy CA, Logan JM, Allain V, Lorrain A, Bodin N, et al. A global meta-analysis of
marine predator nitrogen stable isotopes: Relationships between trophic structure and environmental
conditions. Glob Ecol Biogeogr. 2018; 27: 1043—1055. https://doi.org/10.1111/geb.12763

Hyslop EJ. Stomach contents analysis—a review of methods and their application. J Fish Biol. 1980;
17: 411-429. https://doi.org/10.1111/j.1095-8649.1980.tb02775.x

Post DM. Using stable isotopes to estimate trophic position: Models, methods, and assumptions. Ecol-
ogy. 2002; 83: 703. https://doi.org/10.2307/3071875

Peterson BJ, Fry B. Stable isotopes in ecosystem studies. Annu Rev Ecol Syst. 1987; 18: 293-320.
https://doi.org/10.1146/annurev.es.18.110187.001453

Vander Zanden J, Rasmussen Joseph. Primary consumer 5'3C and 5'°N and the trophic of aquatic
consumers. Ecology. 1999; 80: 1395-1404. https://doi.org/10.1890/0012-9658(1999)080[1395:
PCCANA]2.0.CO;2

Martinez del Rio C, Carleton SA. How fast and how faithful: the dynamics of isotopic incorporation into
animal tissues. J Mammal. 2012; 93: 353-359. https://doi.org/10.1644/11-mamm-s-165.1

Hesslein RH, Hallard KA, Ramlal P. Replacement of sulfur, carbon, and nitrogen in tissue of growing
broad whitefish (Coregonus nasus) in response to a change in diet traced by 5**C, 5'°C, and '°N.
Can J Fish Aquat Sci. 1993; 50: 2071-2076. https://doi.org/10.1139/f93-230

Herzka SZ. Assessing connectivity of estuarine fishes based on stable isotope ratio analysis. Estuar
Coast Shelf Sci. 2005; 64: 58—69. https://doi.org/10.1016/j.ecss.2005.02.006

DeNiro MJ, Epstein S. Influence of diet on the distribution of carbon isotopes in animals. Geochim Cos-
mochim Acta. 1978; 42: 495-506. https://doi.org/10.1016/0016-7037(78)90199-0

Minagawa M, Wada E. Stepwise enrichment of °N along food chains: Further evidence and the rela-
tion between &'°N and animal age. Geochim Cosmochim Acta. 1984; 48: 1135—1140. https://doi.org/
10.1016/0016-7037(84)90204-7

Adams TS, Sterner RW. The effect of dietary nitrogen content on trophic level '®N enrichment. Limnol
Oceanogr. 2000; 45: 601-607. https://doi.org/10.4319/10.2000.45.3.0601

Chikaraishi Y, Ogawa NO, Kashiyama Y, Takano Y, Suga H, Tomitani A, et al. Determination of
aquatic food-web structure based on compound-specific nitrogen isotopic composition of amino acids.
Limnol Oceanogr Methods. 2009; 7: 740—750. https://doi.org/10.4319/lom.2009.7.740

Fry B. Food web structure on Georges Bank from stable C, N, and S isotopic compositions. Limnol
Oceanogr. 1988; 33: 1182—1190. https://doi.org/10.4319/10.1988.33.5.1182

Hobson KA. Tracing origins and migration of wildlife using stable isotopes: a review. Oecologia. 1999;
120: 314-326. https://doi.org/10.1007/s004420050865 PMID: 28308009

Hobson KA, Norris R. Animal migration: A context for using new techniques and approaches. In: Hob-
son, Keith A., Wassenaar LI, editor. Tracking animal migration with stable isotopes. Saskatoon: Else-
vier; 2008. pp. 1-20.

Graham B, Koch PL, Newsome SD, McMahon KW, Aurioles D. Using isoscapes to trace the nove-
ments and foraging behavior of top predators in oceanic ecosystems. I. In: West JB, Bowen GJ, Daw-
son TE, Tu KP, editors. Isoscapes. |I. Dordrecht: Springer Netherlands; 2010. pp. 299-318. https:/
doi.org/10.1007/978-90-481-3354-3_14

McMahon KW, Hamady LL, Thorrold SR. A review of ecogeochemistry approaches to estimating
movements of marine animals. Limnol Oceanogr. 2013; 58: 697—714. https://doi.org/10.4319/10.2013.
58.2.0697

Fry B, Sherr EB. 5'3C Measurements as indicators of carbon flow in marine and freshwater ecosys-
tems. 1989. pp. 196-229. https://doi.org/10.1007/978-1-4612-3498-2_12

Sigman DM, Casciotti KL. Nitrogen isotopes in the ocean. Encyclopedia of ocean sciences. Elsevier;
2001. pp. 1884—1894. https://doi.org/10.1006/rwos.2001.0172

Vokhshoori NL, McCarthy MD. Compound-specific 3'°N amino acid measurements in littoral mussels
in the california upwelling ecosystem: a new approach to generating baseline 15N isoscapes for
coastal ecosystems. Anil AC, editor. PLoS One. 2014; 9: e98087. https://doi.org/10.1371/journal.
pone.0098087 PMID: 24887109

PLOS ONE | https://doi.org/10.1371/journal.pone.0246082 February 24, 2021 23/27


https://doi.org/10.3354/meps10609
https://doi.org/10.1017/CBO9780511541964
https://doi.org/10.1017/CBO9780511541964
https://doi.org/10.1111/geb.12763
https://doi.org/10.1111/j.1095-8649.1980.tb02775.x
https://doi.org/10.2307/3071875
https://doi.org/10.1146/annurev.es.18.110187.001453
https://doi.org/10.1890/0012-9658%281999%29080%5B1395%3APCCANA%5D2.0.CO%3B2
https://doi.org/10.1890/0012-9658%281999%29080%5B1395%3APCCANA%5D2.0.CO%3B2
https://doi.org/10.1644/11-mamm-s-165.1
https://doi.org/10.1139/f93-230
https://doi.org/10.1016/j.ecss.2005.02.006
https://doi.org/10.1016/0016-7037%2878%2990199-0
https://doi.org/10.1016/0016-7037%2884%2990204-7
https://doi.org/10.1016/0016-7037%2884%2990204-7
https://doi.org/10.4319/lo.2000.45.3.0601
https://doi.org/10.4319/lom.2009.7.740
https://doi.org/10.4319/lo.1988.33.5.1182
https://doi.org/10.1007/s004420050865
http://www.ncbi.nlm.nih.gov/pubmed/28308009
https://doi.org/10.1007/978-90-481-3354-3%5F14
https://doi.org/10.1007/978-90-481-3354-3%5F14
https://doi.org/10.4319/lo.2013.58.2.0697
https://doi.org/10.4319/lo.2013.58.2.0697
https://doi.org/10.1007/978-1-4612-3498-2%5F12
https://doi.org/10.1006/rwos.2001.0172
https://doi.org/10.1371/journal.pone.0098087
https://doi.org/10.1371/journal.pone.0098087
http://www.ncbi.nlm.nih.gov/pubmed/24887109
https://doi.org/10.1371/journal.pone.0246082

PLOS ONE

Yellowfin tuna foraging habitat and trophic position

49.

50.

51.

52,

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Fodrie FJ, Herzka SZ. A comparison of otolith geochemistry and stable isotope markers to track fish
movement: describing estuarine ingress by larval and post-larval halibut. Estuaries and Coasts. 2013;
36: 906-917. https://doi.org/10.1007/s12237-013-9612-5

Dale J, Wallsgrove N, Popp B, Holland K. Nursery habitat use and foraging ecology of the brown sting-
ray Dasyatis lata determined from stomach contents, bulk and amino acid stable isotopes. Mar Ecol
Prog Ser. 2011; 433: 221-236. https://doi.org/10.3354/meps09171

Seminoff JA, Benson SR, Arthur KE, Eguchi T, Dutton PH, Tapilatu RF, et al. Stable isotope tracking
of endangered sea turtles: validation with satellite telemetry and 5'°N analysis of amino acids. Reina
R, editor. PLoS One. 2012; 7: €37403. https://doi.org/10.1371/journal.pone.0037403 PMID: 22666354

Bradley CJ, Madigan DJ, Block BA, Popp BN. Amino acid isotope incorporation and enrichment fac-
tors in Pacific bluefin tuna, Thunnus orientalis. MacKenzie BR, editor. PLoS One. 2014; 9: e85818.
https://doi.org/10.1371/journal.pone.0085818 PMID: 24465724

Popp BN, Graham BS, Olson RJ, Hannides CCS, Lott MJ, Lopez-lbarra GA, et al. Insight into the tro-
phic ecology of yellowfin tuna, Thunnus albacares, from compound-specific nitrogen isotope analysis
of proteinaceous amino acids. Isotopes as indicators of ecological change. 2007. pp. 173-190. https:/
doi.org/10.1016/S1936-7961(07)01012-3

Ohkouchi N, Chikaraishi Y, Close HG, Fry B, Larsen T, Madigan DJ, et al. Advances in the application
of amino acid nitrogen isotopic analysis in ecological and biogeochemical studies. Org Geochem.
2017; 113: 150-174. https://doi.org/10.1016/j.orggeochem.2017.07.009

McMahon KW, Newsome SD. Amino Acid Isotope Analysis. In: Tracking animal migration with stable
isotopes. Elsevier; 2019. pp. 173-190. https://doi.org/10.1016/B978-0-12-814723-8.00007—-6

McClelland JW, Montoya JP. Trophic relationships and the nitrogen isotopic composition of amino
acids in plankton. Ecology. 2002; 83: 2173. https://doi.org/10.2307/3072049

O’Connell TC. ‘Trophic’ and ‘source’ amino acids in trophic estimation: a likely metabolic explanation.
Oecologia. 2017; 184: 317-326. https://doi.org/10.1007/s00442-017-3881-9 PMID: 28584941

Lorrain A, Graham B, Ménard F, Popp B, Bouillon S, van Breugel P, et al. Nitrogen and carbon isotope
values of individual amino acids: a tool to study foraging ecology of penguins in the Southern Ocean.
Mar Ecol Prog Ser. 2009; 391: 293-306. https://doi.org/10.3354/meps08215

McMahon KW, McCarthy MD. Embracing variability in amino acid &'°N fractionation: mechanisms,
implications, and applications for trophic ecology. Ecosphere. 2016; 7: e01511. https://doi.org/10.
1002/ecs2.1511

Milliman JD, Meade RH. World-wide delivery of river sediment to the oceans. J Geol. 1983; 91: 1-21.
https://doi.org/10.1086/62874

Dorado S, Rooker J, Wissel B, Quigg A. Isotope baseline shifts in pelagic food webs of the Gulf of
Mexico. Mar Ecol Prog Ser. 2012; 464: 37—49. https://doi.org/10.3354/meps09854

Pérez-Brunius P, Garcia-Carrillo P, Dubranna J, Sheinbaum J, Candela J. Direct observations of the
upper layer circulation in the southern Gulf of Mexico. Deep Sea Res Part |l Top Stud Oceanogr. 2013;
85: 182—194. https://doi.org/10.1016/j.dsr2.2012.07.020

Godg OR, Samuelsen A, Macaulay GJ, Patel R, Hjgllo SS, Horne J, et al. Mesoscale eddies are
oases for higher trophic marine life. PLoS One. 2012; 7: 1-9. https://doi.org/10.1371/journal.pone.
0030161 PMID: 22272294

Zavala-Hidalgo J, Gallegos-Garcia A, Martinez-Lépez B, Morey SL, O’'Brien JJ. Seasonal upwelling
on the Western and Southern Shelves of the Gulf of Mexico. Ocean Dyn. 2006; 56: 333-338. https:/
doi.org/10.1007/s10236-006-0072-3

Merino M. Upwelling on the Yucatan Shelf: hydrographic evidence. J Mar Syst. 1997; 13: 101-121.
https://doi.org/10.1016/S0924-7963(96)00123-6

Reyes-Mendoza O, Marifio-Tapia |, Herrera-Silveira J, Ruiz-Martinez G, Enriquez C, Largier JL. The
Effects of wind on upwelling off Cabo Catoche. J Coast Res. 2016; 319: 638—650. https://doi.org/10.
2112/JCOASTRES-D-15-00043

Scida P, Rainosek A, Lowery T. Length conversions for yellowfin tuna ( Thunnus albacares) caught in
the western north Atlantic Ocean. Int Comm Conserv Atl Tunas Collect Bull. 2001; 52: 528-532.

Barbero L, Pierrot D, Wanninkhof R, Baringer M, Hooper J, Zhang JZ, et al. Third Gulf of Mexico Eco-
systems and Carbon Cycle (GOMECC-3) Cruise. 2019. https://doi.org/10.25923/y6m9-fy08

Yarnes CT, Herszage J. The relative influence of derivatization and normalization procedures on the
compound-specific stable isotope analysis of nitrogen in amino acids. Rapid Commun Mass Spec-
trom. 2017; 31: 693-704. https://doi.org/10.1002/rcm.7832 PMID: 28168754

Sulzman EW. Chapter 1: Stable isotope chemistry and measurement: a primer. Second. In: Michener
R, Lajtha K, editors. Ecological methods and concepts series. Second. Blackwell; 2007. pp. xxvi, 566
p. https://doi.org/10.1899/0887-3593-028.002.0516

PLOS ONE | https://doi.org/10.1371/journal.pone.0246082 February 24, 2021 24/27


https://doi.org/10.1007/s12237-013-9612-5
https://doi.org/10.3354/meps09171
https://doi.org/10.1371/journal.pone.0037403
http://www.ncbi.nlm.nih.gov/pubmed/22666354
https://doi.org/10.1371/journal.pone.0085818
http://www.ncbi.nlm.nih.gov/pubmed/24465724
https://doi.org/10.1016/S1936-7961%2807%2901012-3
https://doi.org/10.1016/S1936-7961%2807%2901012-3
https://doi.org/10.1016/j.orggeochem.2017.07.009
https://doi.org/10.1016/B978-0-12-814723-8.00007%26%23x2013%3B6
https://doi.org/10.2307/3072049
https://doi.org/10.1007/s00442-017-3881-9
http://www.ncbi.nlm.nih.gov/pubmed/28584941
https://doi.org/10.3354/meps08215
https://doi.org/10.1002/ecs2.1511
https://doi.org/10.1002/ecs2.1511
https://doi.org/10.1086/62874
https://doi.org/10.3354/meps09854
https://doi.org/10.1016/j.dsr2.2012.07.020
https://doi.org/10.1371/journal.pone.0030161
https://doi.org/10.1371/journal.pone.0030161
http://www.ncbi.nlm.nih.gov/pubmed/22272294
https://doi.org/10.1007/s10236-006-0072-3
https://doi.org/10.1007/s10236-006-0072-3
https://doi.org/10.1016/S0924-7963%2896%2900123-6
https://doi.org/10.2112/JCOASTRES-D-15-00043
https://doi.org/10.2112/JCOASTRES-D-15-00043
https://doi.org/10.25923/y6m9-fy08
https://doi.org/10.1002/rcm.7832
http://www.ncbi.nlm.nih.gov/pubmed/28168754
https://doi.org/10.1899/0887-3593-028.002.0516
https://doi.org/10.1371/journal.pone.0246082

PLOS ONE

Yellowfin tuna foraging habitat and trophic position

71.

72.
73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

INEGI (2018). Areas Geoestadisticas estatales 1:250000. Available: https://www.inegi.org.mx/app/
mapas/ Accessed 02 October 2018

DIVA-GIS (2020). Available: http://www.diva-gis.org/gdata Accessed 27 April 2018

Comision para la Cooperacion Ambiental (2020). Available: http://www.cec.org/es/atlas-ambiental-de-
america-del-norte/lagos-y-rios-2009/ Accessed 02 de October 2018

IBCCA (2020). I0C IHO-International Bathymetric Chart of the Caribbean Sea and the Gulf of Mexico |
NCEI. Available: https://www.ngdc.noaa.gov/mgg/ibcca/ Accessed 9 June 2018.

NASA Goddard Space Flight Center, Ocean Biology Processing Group (2014): Sea-viewing Wide
Field-of-view Sensor (SeaWiFS) Ocean Color Data, NASA OB. DAAC, Greenbelt, MD, USA. Avail-
able: https://oceancolor.gsfc.nasa.gov/I3/ Accesed 25 october 2020.

Parnell AC, Phillips DL, Bearhop S, Semmens BX, Ward EJ, Moore JW, et al. Bayesian stable isotope
mixing models. Environmetrics. 2013; n/a-n/a. https://doi.org/10.1002/env.2221

Madigan D, Litvin SY, Popp BN, Carlisle AB, Farwell CJ, Block BA. Tissue turnover rates and isotopic
trophic discrimination factors in the endothermic teleost, Pacific bluefin tuna ( Thunnus orientalis). Pla-
nas J V., editor. PLoS One. 2012; 7: €49220. https://doi.org/10.1371/journal.pone.0049220 PMID:
23145128

Basedow SL, de Silva NAL, Bode A, van Beusekorn J. Trophic positions of mesozooplankton across
the North Atlantic: estimates derived from biovolume spectrum theories and stable isotope analyses. J
Plankton Res. 2016; 38: 1364—1378. https://doi.org/10.1093/plankt/fow070

Quezada-Romegialli C, Jackson AL, Hayden B, Kahilainen KK, Lopes C, Harrod C. tRophicPosition,
an r package for the Bayesian estimation of trophic position from consumer stable isotope ratios. Gol-
ding N, editor. Methods Ecol Evol. 2018; 9: 1592—-1599. https://doi.org/10.1111/2041-210X.13009

Lorrain A, Graham BS, Popp BN, Allain V, Olson RJ, Hunt BPV, et al. Nitrogen isotopic baselines and
implications for estimating foraging habitat and trophic position of yellowfin tuna in the Indian and
Pacific Oceans. Deep Sea Res Part || Top Stud Oceanogr. 2015; 113: 188—-198. https://doi.org/10.
1016/j.dsr2.2014.02.003

Madigan D, Chiang W, Wallsgrove N, Popp B, Kitagawa T, Choy C, et al. Intrinsic tracers reveal recent
foraging ecology of giant Pacific bluefin tuna at their primary spawning grounds. Mar Ecol Prog Ser.
2016; 553: 253—-266. https://doi.org/10.3354/meps11782

Hoen DK, Kim SL, Hussey NE, Wallsgrove NJ, Drazen JC, Popp BN. Amino acid N trophic enrich-
ment factors of four large carnivorous fishes. J Exp Mar Bio Ecol. 2014; 453: 76-83. https://doi.org/10.
1016/j.jembe.2014.01.006

Nielsen JM, Popp BN, Winder M. Meta-analysis of amino acid stable nitrogen isotope ratios for esti-
mating trophic position in marine organisms. Oecologia. 2015; 178: 631-642. https://doi.org/10.1007/
s00442-015-3305-7 PMID: 25843809

Bradley CJ, Wallsgrove NJ, Choy CA, Drazen JC, Hetherington ED, Hoen DK, et al. Trophic position
estimates of marine teleosts using amino acid compound specific isotopic analysis. Limnol Oceanogr
Methods. 2015; 13: 476—493. https://doi.org/10.1002/lom3.10041

Nuche-Pascual MT, Lazo JP, Ruiz-Cooley RI, Herzka SZ. Amino acid-specific 5'°N trophic enrich-
ment factors in fish fed with formulated diets varying in protein quantity and quality. Ecol Evol. 2018; 8:
9192-9217. hitps://doi.org/10.1002/ece3.4295 PMID: 30377494

Choy CA, Davison PC, Drazen JC, Flynn A, Gier EJ, Hoffman JC, et al. Global Trophic Position Com-
parison of Two Dominant Mesopelagic Fish Families (Myctophidae, Stomiidae) Using Amino Acid
Nitrogen Isotopic Analyses. PLoS One. 2012; 7: €50133. https://doi.org/10.1371/journal.pone.
0050133 PMID: 23209656

Rabalais NN, Turner RE, Dortch Q, Justic D, Bierman VJ Jr., Wiseman WJ Jr. Nutrient-enhanced pro-
ductivity in the northern Gulf of Mexico: Past, present and future. Hydrobiologia. 2002; 475: 39-63.
https://doi.org/10.1023/A:1020388503274

Bateman AS, Kelly SD. Fertilizer nitrogen isotope signatures. Isotopes Environ Health Stud. 2007; 43:
237-247. https://doi.org/10.1080/10256010701550732 PMID: 17786669

Szpak P. Complexities of Nitrogen Isotope Biogeochemistry in Plant-Soil Systems: Complexities of
nitrogen isotope biogeochemistry in plant-soil systems: implications for the study of ancient agricultural
and animal management practices. 2014. https://doi.org/10.3389/fpls.2014.00288 PMID: 25002865

Savage C. Tracing the influence of sewage nitrogen in a coastal ecosystem using stable nitrogen iso-
topes. Ambio. 2017; 34: 145-150.

Cloern J. Our evolving conceptual model of the coastal eutrophication problem. Mar Ecol Prog Ser.
2001; 210: 223-253. https://doi.org/10.3354/meps210223

Rabalais NN, Turner RE, Wiseman WJ. Gulf of Mexico hypoxia, a.k.a. “The dead zone.” Annu Rev
Ecol Syst. 2002; 33: 235-263. https://doi.org/10.1146/annurev.ecolsys.33.010802.150513

PLOS ONE | https://doi.org/10.1371/journal.pone.0246082 February 24, 2021 25/27


https://www.inegi.org.mx/app/mapas/
https://www.inegi.org.mx/app/mapas/
http://www.diva-gis.org/gdata
http://www.cec.org/es/atlas-ambiental-de-america-del-norte/lagos-y-rios-2009/
http://www.cec.org/es/atlas-ambiental-de-america-del-norte/lagos-y-rios-2009/
https://www.ngdc.noaa.gov/mgg/ibcca/
https://oceancolor.gsfc.nasa.gov/l3/
https://doi.org/10.1002/env.2221
https://doi.org/10.1371/journal.pone.0049220
http://www.ncbi.nlm.nih.gov/pubmed/23145128
https://doi.org/10.1093/plankt/fbw070
https://doi.org/10.1111/2041-210X.13009
https://doi.org/10.1016/j.dsr2.2014.02.003
https://doi.org/10.1016/j.dsr2.2014.02.003
https://doi.org/10.3354/meps11782
https://doi.org/10.1016/j.jembe.2014.01.006
https://doi.org/10.1016/j.jembe.2014.01.006
https://doi.org/10.1007/s00442-015-3305-7
https://doi.org/10.1007/s00442-015-3305-7
http://www.ncbi.nlm.nih.gov/pubmed/25843809
https://doi.org/10.1002/lom3.10041
https://doi.org/10.1002/ece3.4295
http://www.ncbi.nlm.nih.gov/pubmed/30377494
https://doi.org/10.1371/journal.pone.0050133
https://doi.org/10.1371/journal.pone.0050133
http://www.ncbi.nlm.nih.gov/pubmed/23209656
https://doi.org/10.1023/A%3A1020388503274
https://doi.org/10.1080/10256010701550732
http://www.ncbi.nlm.nih.gov/pubmed/17786669
https://doi.org/10.3389/fpls.2014.00288
http://www.ncbi.nlm.nih.gov/pubmed/25002865
https://doi.org/10.3354/meps210223
https://doi.org/10.1146/annurev.ecolsys.33.010802.150513
https://doi.org/10.1371/journal.pone.0246082

PLOS ONE

Yellowfin tuna foraging habitat and trophic position

93.

94,

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112,

Heaton TH. Isotopic studies of nitrogen pollution in the hydrosphere and atmosphere: A review. Chem
Geol Isot Geosci Sect. 1986; 59: 87—102. https://doi.org/10.1016/0168-9622(86)90059-X

Hansson S, Hobbie JE, EImgren R, Larsson U, Fry B, Johansson S. The stable nitrogen isotope ratio
as marker of food-web interactions and fish migration. Ecology. 1997; 78: 2249-2257. https://doi.org/
10.1890/0012-9658(1997)078[2249: TSNIRA]2.0.CO;2

Biggs DC, Ressler PH. Distribution and abundance of phytoplankton, zooplankton, ichthyoplankton,
and micronekton in the deepwater Gulf of Mexico. Gulf Mex Sci. 2001; 19: 7-29. https://doi.org/10.
18785/goms.1901.02

Wells RJD, Rooker JR, Quigg A, Wissel B. Influence of mesoscale oceanographic features on pelagic
food webs in the Gulf of Mexico. Mar Biol. 2017; 164: 1-11. https://doi.org/10.1007/s00227-016-3030-
8 PMID: 27980349

Holl CM, Villareal TA, Payne CD, Clayton TD, Hart C, Montoya JP. Trichodesmiumin the western Gulf
of Mexico: °N, -fixation and natural abundance stable isotopic evidence. Limnol Oceanogr. 2007; 52:
2249-2259. https://doi.org/10.4319/10.2007.52.5.2249

Martinez-Lépez B, Zavala-Hidalgo J. Seasonal and interannual variability of cross-shelf transports of
chlorophyll in the Gulf of Mexico. J Mar Syst. 2009; 77: 1-20. https://doi.org/10.1016/j.jmarsys.2008.
10.002

Altabet MA. Isotopic Tracers of the Marine Nitrogen Cycle: Present and Past. In: V J.K., editor. Marine
Organic Matter: Biomarkers, Isotopes and DNA. Springer, Berlin, Heidelberg; 2006. pp. 251-293.
https://doi.org/10.1890/1051-0761(2006)016[2091:mfmdda]2.0.co;2 PMID: 17205891

McKinney J, Hoffmayer E, Wu W, Fulford R, Hendon J. Feeding habitat of the whale shark Rhincodon
typus in the northern Gulf of Mexico determined using species distribution modelling. Mar Ecol Prog
Ser. 2012; 458: 199-211. https://doi.org/10.3354/meps09777

Butler CM, Logan JM, Provaznik JM, Hoffmayer ER, Staudinger MD, Quattro JM, et al. Atlantic bluefin
tuna Thunnus thynnus feeding ecology in the northern Gulf of Mexico: A preliminary description of diet
from the western Atlantic spawning grounds. J Fish Biol. 2015; 86: 365-374. https://doi.org/10.1111/
jfb.12556 PMID: 25418682

Franks J. A review: pelagic fishes at petroleum shelfs in the northern Gulf of Mexico; diversity, interre-
lationships, and perspective. Péche thoniere Dispos Conc Poisson Caribbean-Martinique, 15-19 Oct
1999. 2000; 502-515. Available: http://archimer.ifremer.fr/doc/00042/15301/

Vaske T Jr, Vooren CM, Lessa RP. Feeding strategy of yellowfin tuna (Thunnus albacares), and
wahoo (Acanthocybium solandri) in the Saint Peter and Saint Paul Archipelago, Brazil. Bol Do Inst
Pesca. 2003; 29: 173-181.

Ménard F, Labrune C, Shin Y, Asine A, Bard F. Opportunistic predation in tuna: a size-based
approach. Mar Ecol Prog Ser. 2006; 323: 223-231. https://doi.org/10.3354/meps323223

Varela JL, Intriago KM, Flores JC, Lucas-Pilozo CR. Feeding habits of juvenile yellowfin tuna (Thun-
nus albacares) in Ecuadorian waters assessed from stomach content and stable isotope analysis.
Fish Res. 2017; 194: 89-98. https://doi.org/10.1016/j.fishres.2017.05.017

Sandel V, Kiko R, Brandt P, Dengler M, Stemmann L, Vandromme P, et al. Nitrogen fuelling of the
pelagic food web of the tropical atlantic. Anil AC, editor. PLoS One. 2015; 10: e0131258. https://doi.
org/10.1371/journal.pone.0131258 PMID: 26098917

McGarvey R, Dowling N, Cohen JE. Longer food chains in pelagic ecosystems: trophic energetics of
animal body size and metabolic efficiency. The American Naturalist. 2016. https://doi.org/10.1086/
686880 PMID: 27322123

Ménard F, Lorrain A, Potier M, Marsac F. Isotopic evidence of distinct feeding ecologies and move-
ment patterns in two migratory predators (yellowfin tuna and swordfish) of the western Indian Ocean.
Mar Biol. 2007; 153: 141—-152. https://doi.org/10.1007/s00227-007-0789-7

Logan JM, Lutcavage ME. Assessment of trophic dynamics of cephalopods and large pelagic fishes in
the central North Atlantic Ocean using stable isotope analysis. Deep Sea Res Part || Top Stud Ocea-
nogr. 2013; 95: 63—73. https://doi.org/10.1016/j.dsr2.2012.07.013

Olson RJ, Popp BN, Graham BS, Lopez-Ibarra GA, Galvan-Magara F, Lennert-Cody CE, et al. Food-
web inferences of stable isotope spatial patterns in copepods and yellowfin tuna in the pelagic eastern
Pacific Ocean. Prog Oceanogr. 2010; 86: 124—138. https://doi.org/10.1016/j.pocean.2010.04.026

Olson RJ, Young JW, Ménard F, Potier M, Allain V, Gofii N, et al. Bioenergetics, trophic ecology, and
niche separation of tunas. Advances in marine biology Volume 35. 2016. pp. 199-344. https://doi.org/
10.1016/bs.amb.2016.06.002 PMID: 27573052

Sweeting CJ, Jennings S, Polunin NVC. Variance in isotopic signatures as a descriptor of tissue turn-
over and degree of omnivory. 2005; 777-784. https://doi.org/10.1111/j.1365-2435.2005.01019.x

PLOS ONE | https://doi.org/10.1371/journal.pone.0246082 February 24, 2021 26/27


https://doi.org/10.1016/0168-9622%2886%2990059-X
https://doi.org/10.1890/0012-9658%281997%29078%5B2249%3ATSNIRA%5D2.0.CO%3B2
https://doi.org/10.1890/0012-9658%281997%29078%5B2249%3ATSNIRA%5D2.0.CO%3B2
https://doi.org/10.18785/goms.1901.02
https://doi.org/10.18785/goms.1901.02
https://doi.org/10.1007/s00227-016-3030-8
https://doi.org/10.1007/s00227-016-3030-8
http://www.ncbi.nlm.nih.gov/pubmed/27980349
https://doi.org/10.4319/lo.2007.52.5.2249
https://doi.org/10.1016/j.jmarsys.2008.10.002
https://doi.org/10.1016/j.jmarsys.2008.10.002
https://doi.org/10.1890/1051-0761%282006%29016%5B2091%3Amfmdda%5D2.0.co%3B2
http://www.ncbi.nlm.nih.gov/pubmed/17205891
https://doi.org/10.3354/meps09777
https://doi.org/10.1111/jfb.12556
https://doi.org/10.1111/jfb.12556
http://www.ncbi.nlm.nih.gov/pubmed/25418682
http://archimer.ifremer.fr/doc/00042/15301/
https://doi.org/10.3354/meps323223
https://doi.org/10.1016/j.fishres.2017.05.017
https://doi.org/10.1371/journal.pone.0131258
https://doi.org/10.1371/journal.pone.0131258
http://www.ncbi.nlm.nih.gov/pubmed/26098917
https://doi.org/10.1086/686880
https://doi.org/10.1086/686880
http://www.ncbi.nlm.nih.gov/pubmed/27322123
https://doi.org/10.1007/s00227-007-0789-7
https://doi.org/10.1016/j.dsr2.2012.07.013
https://doi.org/10.1016/j.pocean.2010.04.026
https://doi.org/10.1016/bs.amb.2016.06.002
https://doi.org/10.1016/bs.amb.2016.06.002
http://www.ncbi.nlm.nih.gov/pubmed/27573052
https://doi.org/10.1111/j.1365-2435.2005.01019.x
https://doi.org/10.1371/journal.pone.0246082

PLOS ONE

Yellowfin tuna foraging habitat and trophic position

113.

114.

115.

116.

117.

Germain L, Koch P, Harvey J, McCarthy M. Nitrogen isotope fractionation in amino acids from harbor
seals: implications for compound-specific trophic position calculations. Mar Ecol Prog Ser. 2013; 482:
265-277. https://doi.org/10.3354/meps10257

Madigan DJ, Carlisle AB, Dewar H, Snodgrass OE, Litvin SY, Micheli F, et al. Stable isotope analysis
challenges wasp-waist food web assumptions in an upwelling pelagic ecosystem. Sci Rep. 2012; 2: 1—-
10. https://doi.org/10.1038/srep00654 PMID: 22977729

Walli A, Teo SLH, Boustany A, Farwell CJ, Williams T, Dewar H, et al. Seasonal movements, aggrega-
tions and diving behavior of Atlantic bluefin tuna (Thunnus thynnus) revealed with archival tags. PLoS
One. 2009; 4. https://doi.org/10.1371/journal.pone.0006151 PMID: 19582150

Bode A, Alvarez-Ossorio MT. Taxonomic versus trophic structure of mesozooplankton: a seasonal
study of species succession and stable carbon and nitrogen isotopes in a coastal upwelling ecosys-
tem. ICES J Mar Sci. 2004; 61: 563-571. https://doi.org/10.1016/j.icesjms.2004.03.004

Sibert J, Hampton J, Kleiber P, Maunder M. Biomass, size, and trophic status of top predators in the
Pacific Ocean. Science. 2006; 314: 1773-1776. https://doi.org/10.1126/science.1135347 PMID:
17170304

PLOS ONE | https://doi.org/10.1371/journal.pone.0246082 February 24, 2021 27/27


https://doi.org/10.3354/meps10257
https://doi.org/10.1038/srep00654
http://www.ncbi.nlm.nih.gov/pubmed/22977729
https://doi.org/10.1371/journal.pone.0006151
http://www.ncbi.nlm.nih.gov/pubmed/19582150
https://doi.org/10.1016/j.icesjms.2004.03.004
https://doi.org/10.1126/science.1135347
http://www.ncbi.nlm.nih.gov/pubmed/17170304
https://doi.org/10.1371/journal.pone.0246082

