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Western Atlantic bluefin tuna (ABT) undertake long-distance migrations from rich feeding grounds in the North
Atlantic to spawn in oligotrophic waters of the Gulf of Mexico (GoM). Stock recruitment is strongly affected by
interannual variability in the physical features associated with ABT larvae, but the nutrient sources and food-web
structure of preferred habitat, the edges of anticyclonic loop eddies, are unknown.Here, we describe the goals, physical
context, design andmajor findings of an end-to-end process study conducted during peak ABT spawning inMay 2017
and 2018.Mesoscale features in the oceanicGoMwere surveyed for larvae, and fivemulti-day Lagrangian experiments
measured hydrography and nutrients; plankton biomass and composition from bacteria to zooplankton and fish larvae;
phytoplankton nutrient uptake, productivity and taxon-specific growth rates; micro- and mesozooplankton grazing;
particle export; and ABT larval feeding and growth rates. We provide a general introduction to the BLOOFINZ-
GoM project (Bluefin tuna Larvae in Oligotrophic Ocean Foodwebs, Investigation of Nitrogen to Zooplankton)
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and highlight the finding, based on backtracking of experimental waters to their positions weeks earlier, that lateral
transport from the continental slope region may be more of a key determinant of available habitat utilized by larvae
than eddy edges per se.

KEYWORDS: food web; productivity; lateral transport; feeding; larval growth; blue fin tuna; phytoplankton;
zooplankton

INTRODUCTION

Understanding the ecology of pelagic ecosystems is a
central goal of both fisheries oceanography and biological
oceanography, although their approaches and emphases
differ. From a fisheries perspective, feeding, growth and
survival of larval fishes during their planktonic phase
have long been considered key determinants of recruit-
ment success and stock fluctuations (Hjort, 1914; Houde,
1987). Nevertheless, while larval fish studies generally
consider the prey resources for larvae, they seldom extend
to the complexities of lower food-web structure and func-
tion that determine how these resources arise. In con-
trast, studies from the biological oceanography perspec-
tive focus on details of lower-level processes—from nutri-
ent sources and uptake to phytoplankton biomass and
production to grazing interactions—but generally stop
at the roles of zooplankton as consumers or mediators
of organic matter export. While zooplankton provide
the obvious link between these two perspectives, they
are rarely connected in end-to-end system studies (Mitra
et al., 2014), making it difficult to move beyond historical
correlative relationships between fish larvae and their
environments that may lose predictive power as systems
are impacted by warming, stratification and altered phe-
nology due to climate change (Rykaczewski and Dunne,
2010; Doney et al., 2012; Muhling et al., 2020). Progress
toward mechanistic understanding that can be modeled
and possibly used in future management tools will require
the combined efforts and expertise of pelagic food-web
ecologists and fisheries oceanographers working together
to solve problems of mutual interest (Llopiz et al., 2014;
Landry et al., 2019).
This issue contains papers from such a collaborative

effort focusing on the larvae of Atlantic bluefin tuna (ABT,
Thunnus thynnus) in the Gulf of Mexico (GoM) conducted
on two cruises during the peak May spawning seasons
in 2017 and 2018. Prior to this study, historical surveys
of larval ABT in the GoM, beginning in the 1970s,
had established a strong association between larvae and
the outer edges of anticyclonic eddies that circulate in
offshore oligotrophic waters of the Gulf (Muhling et al.,

2010; Lindo-Atichati et al., 2012). A non-dimensional
index of ABT larval habitat quality developed from these

relationships had further been shown to account for the
majority (58%) of interannual stock recruitment variabil-
ity over a two-decade period (Domingues et al., 2016).
However, despite this success in demonstrating the poten-
tial relevance of larval habitat variability to stock fore-
casting, the ecological characteristics of the larval habitat,
beyond its general physical properties (temperature, salin-
ity, depth), have not been investigated. Similarly, previous
process-based ecological studies in GoM have mainly
focused on the dynamics of the productive coastal mar-
gins, leaving the food-web relationships of the oceanic
region largely unexplored. Our study sought to address
knowledge gaps in both areas—ecological characteristics
of ABT larval habitat and the general paucity of plankton
food web and process studies in the oceanic GoM.
The BLOOFINZ-GoM project (Bluefin Larvae in

Oligotrophic Ocean Foodwebs, Investigation of Nitrogen
to Zooplankton) was designed to include traditional
larval ABT surveys of abundance, feeding and growth
rate measurements within the broader scope of system-
level Lagrangian experiments focusing on nutrient
sources, productivity and trophic interactions in eddy-
edge habitats where larvae are generally found. While
the oceanic GoM is highly oligotrophic, on average
(Hidalgo-González et al., 2005; Hidalgo-González and
Alvarez-Borrego, 2008), we hypothesized that eddy
edges might have unique characteristics that enhance
productivity, prey resources or food-web efficiencies in
ways that benefit feeding and growth of larvae. Both
nitrate and nitrogen fixation were considered viable
sources of new N for productivity at eddy edges and
evaluated for their respective contributions to 15N isotope
budgets and export rates. Additional component studies
included the quantification of carbon biomass and
community composition from bacteria to zooplankton,
assessments of trophic pathways from production to
micro- and mesozooplankton grazing, predation pref-
erences and growth rates of ABT larvae, and several
modeling syntheses of food-web flows, zooplankton
biomass distributions, lateral transport and starvation-
predation tradeoffs for larvae. In the sections below,
we provide general overviews of ABT larval ecology,
the GoM study site, sampling and experimental design,
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characteristics and sources of the experimental water
parcels and, finally, a summary of study components and
their findings.

ABT IN THE GoM

ABT is one of the three large and broadly migrat-
ing bluefin species that exploit rich feeding grounds
throughout temperate and subpolar regions of the major
oceans (Pacific Ocean—Thunnus orientalis; Southern
Ocean—Thunnus maccoyii). Unlike tropical tunas, which
can reproduce over extensive areas throughout much
of the year (Nishikawa et al., 1985; Schaefer, 2001),
bluefin species make long-distance migrations to spawn
during relatively short periods in small geographical areas
generally of the oligotrophic tropical/subtropical seas
(Block et al., 2001; Shimose and Farley, 2016; Muhling
et al., 2017). Growth and survival during the first few
weeks of life thus depend critically on the conditions that
larvae experience within these specific habitats and times
of year. Due to their shallow vertical distributions (0–
25 m) in the mixed layer (Davis et al., 1990; Habtes et al.,

2014), bluefin tuna larvae are also directly exposed to the
impacts of projected climate change—warmer surface
temperature, stratification-diminished productivity and
increased acidity (Bopp et al., 2001; Behrenfeld et al.,

2006; Doney et al., 2012; Chust et al., 2014; Fu et al.,

2016), whereas juveniles and adults can more easily
mitigate such impacts by active thermoregulation, deeper
distributions or relocation to more suitable habitats with
shifting ocean province boundaries. Larvae thus represent
an especially vulnerable life history period that can impact
interannual recruitment variability and long-term trends
of the bluefin species.
The International Commission for the Conservation

of Atlantic Tunas (ICCAT) divides ABT into two man-
agement units, eastern and western stocks, conventionally
separated by the 45◦W meridian. While the stocks mix
in North Atlantic feeding grounds, they spawn separately
(Carlsson et al., 2007; Boustany et al., 2008). The western
stock spawns almost exclusively in the GoM (Richards,
1977; Scott et al., 1993), although some larvae have also
been found along the Yucatan Peninsula (Muhling et al.,

2011), the Bahamas (Lutcavage et al., 1999; Goldstein
et al., 2007; Rooker et al., 2007) and the western Slope
Sea (Richardson et al., 2016). The eastern stock, currently
about an order of magnitude more abundant than the
western stock, spawns in the Mediterranean Sea (García
et al., 2004; Alemany et al., 2010). However, strong
connectivity between ABT stocks is indicated by genetic
evidence (Carlsson et al., 2004, 2007; Boustany et al., 2008;
Puncher et al., 2018; Johnstone et al., 2021) as well as from

otolith microchemistry (Rooker et al., 2003, 2008), otolith
isotopes (Rodríguez-Ezpeleta et al., 2019), electronic
tagging (Block et al., 2005) and parasite studies (Rodríguez–
Marín et al., 2008).
Plankton surveys targeting larval ABT have been

undertaken annually in the northern GoM by the NOAA
National Marine Fisheries Service since 1977 following
a coarse fixed-grid station plan, producing distributional
relationships that link habitat structure in the GoM to
recruitment variability of the western ABT stock. Adult
ABT spawn in waters within well-defined ranges of sea
surface temperature (SST= 24–28◦C) and salinity (35.5–
37.0 psu) (Muhling et al., 2010, 2011). ABT larvae are also
quantitatively more abundant in the outer boundaries of
anticyclonic mesoscale eddies and hydrographic fronts
in both the GoM (Lindo-Atichati et al., 2012) and the
Mediterranean Sea (Garcia et al., 2005; Alemany et al.,

2010). Building upon these relationships, Domingues
et al. (2016) developed a dimensionless index of larval
presence/absence using larval survey data and satellite
measurements of SST and sea surface height (SSH)
that successfully captured the general features of larval
spatial distributions and temporal variability in the GoM.
Interannual mean differences determined from that
physical habitat index explained 58% of western ABT
stock recruitment variability over the two-decade period
from 1993 to 2011, demonstrating the relevance of larval
habitat quality in theGoM toABT fisheriesmanagement.
Despite the strong correlation, however, no mechanisms
were advanced to connect larval feeding, growth or sur-
vival to specific ecological or biogeochemical properties
of the favorable habitats.
Larval cooperative studies in the GoM have provided

insights into multiple aspects of tuna larval ecology and
biology, particularly growth and food web dynamics
(Laiz-Carrión et al., 2015, 2019; Malca et al., 2017).
Similarly, while prior studies of feeding and growth of
larval ABT in the GoM have contributed substantial
new knowledge to understanding mean rates and
variability during early life history, they have largely
been done outside of the broader context of system-
level production and trophic investigations. For example,
growth relationships for larvae based on analysis of daily
otolith rings have shown large individual variability, with
8-day-old larvae ranging in length from 4 to 9 mm and
5 mm larvae varying in age from 5 to 10 days (Scott
et al., 1993), that has not been explained by adequate
sampling of feeding rates or prey availability. Malca
et al. (2017) also found significant differences in growth
strategies of ABT larvae in the GoM and Mediterranean
Sea (Balearic Islands), with the former growing faster
in length (long and skinny) and the latter adding more
biomass, but the influences of food or feeding differences
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were unclear. In GoM larval feeding studies, Llopiz et al.

(2015) and Tilley et al. (2016) both reported variable diets
during larval development, with young larvae feeding
on copepod nauplii and gradually transitioning to larger
prey categories as the larvae developed. Larval feeding
success, defined as the percentage of larvae with at least
one ingested prey, was observed to increase rapidly with
size, from ∼17% for 3 mm larvae to 50–70% for 4–
5 mm larvae to ∼100% for >6-mm larvae (Tilley et al.,

2016). Llopiz et al. (2015) provided the first evidence of
significant ABT larval feeding on appendicularians and
the early onset of piscivory. The 2010 data from Tilley
et al. (2016) are also confounded by large numbers of
barnacle larvae consumed in the downstream flow from
the Deepwater Horizon oil spill, suggesting opportunistic
feeding on an unusual mass spawning event of barnacles
from numerous oil derricks in the region that may have
been precipitated by the spill or cleanup chemicals.
Additionally, neither Llopiz et al. (2015) nor Tilley et al.

(2016) reported ambient abundances of zooplankton prey
from field sampling; thus, it is not known whether the
consumed prey in their studies were strongly selected for,
reflecting larval feeding preference, or eaten based on
availability. These are all areas where concurrent studies
of pelagic ecosystem ecology and larval ABT feeding and
growth would help to advance understanding of habitat
quality effects on larval success in the GoM.

THE STUDY AREA

The GoM is a small marginal sea surrounded almost
entirely by the southern USA, eastern Mexico and the
island of Cuba; almost half of its 1.6× 106 km2 surface
area is continental shelf (Fig. 1). Large inputs of fresh-
water and nutrients from 22 rivers, most notably the
Mississippi-Atchafalaya complex in the northern Gulf,
contribute to high productivity and pronounced biolog-
ical variability on and along the Gulf shelf (Fahnenstiel
et al., 1995; Lohrenz et al., 1999, 2008; Rabalais et al.,

2002; Liu and Dagg, 2003; Qian et al., 2003; Wawrik
and Paul, 2004) that contrast sharply with the general
oligotrophy of the oceanic GoM (Hidalgo-González et al.,

2005). Despite high productivity, however, physical condi-
tions of the shelf regions are typically outside of the nar-
row environmental envelopes associatedwith the presence
of ABT larvae (Muhling et al., 2010). This likely reflects
the distributional preferences, physiological constraints or
sensory capabilities of adult ABT that aggregate along
deeper slope waters prior to spawning (Teo et al., 2007),
but it is also seen as a significant survival advantage for
larvae to avoid the high-risk predatory environment of the

Fig. 1. Schematic representation of the GoM study region illustrating
flow of the LC, warm-core anticyclonic (AC, red) loop eddies, cool-core
cyclonic (C, blue) eddies and major constraints of regional geography.
Continental shelf margin (<200-m depth) is light shaded. Flow field
details are from satellite image of 12 May 2017.

more productive waters (Bakun and Broad, 2003; Bakun,
2006).
The Loop Current (LC) is a major driver of circulation

in the oceanic GoM, both directly and indirectly through
its role in generating eddies (Fig. 1). The rapidly moving
current enters the GoM along the Yucatan Peninsula,
turns eastward and southward (the “loop”) in the NE
Gulf and exits as the Florida Current via the Florida
Straight (Leipper, 1970; Elliott, 1982; Vukovich, 2007).
When the LC extends northward into the GoM, large
anticyclonic loop eddies break off periodically to become
major westward-propagating features of mesoscale cir-
culation with lifespans of many months to a year (Maul
and Vukovich, 1993; Bracco et al., 2016). LC interac-
tions with bathymetry of the Yucatan Peninsula also shed
cyclonic eddies that contribute to mesoscale variability in
the offshore waters (Chérubin et al., 2006).
The LC core flow and the very warm water that it

transports into the GoM from the Caribbean Sea are
not ideal larval ABT habitat (Muhling et al., 2010) and
appear to be avoided by ABT adults, which dive deeply
(>500 m) under that area during entry and exit from
the Gulf (Teo et al., 2007). Within the remaining GoM
domain that constitutes larval habitat (i.e. not LC or
shelf), several mechanisms associated with eddy edges
or circulation effects might benefit larvae, including
direct nutrient stimulation of productivity (Biggs, 1992;
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Biggs and Ressler, 2001; Brannigan, 2016), convergent
flows that enhance densities and encounter rates of larvae
with zooplankton prey (Bakun, 2006, 2013) and physical
transport of shelf productivity into the central Gulf
region (Biggs and Müller-Karger, 1994; Merino, 1997;
Melo Gonzalez et al., 2000). Model simulations have
demonstrated that submesoscale symmetric instabilities
in anticyclonic eddies can draw nutrients up from the
thermocline and distribute the nutrients in rings around
the eddy core (Brannigan, 2016). Flow interactions of
eddy pairs have been observed to transport filaments
of shelf productivity 100–200 km into the central Gulf
waters (Biggs and Müller-Karger, 1994), and even small
intrusions of the Mississippi River plume offshore (3% of
surface area) can account for a large fraction (43%) of
the oceanic region’s production (Wawrik and Paul, 2004).
However, how such hypothetical enhancement effects are
actually manifested in the lower level food web dynamics
of ABT larval habitat are unstudied and unknown.
While significant environmental heterogeneity along

the GoM margins and eddy features are well recognized
(Zimmerman and Biggs, 1999; Biggs and Ressler, 2001),
previous research has characterized the oceanic GoM
as a stratified oligotrophic system with low biomass,
low productivity and distinct communities, on average,
compared with the shelf region (Wawrik and Paul,
2004; Hidalgo-González et al., 2005; Hidalgo-González
and Alvarez-Borrego, 2008; Chakraborty and Lohrenz,
2015). It is nonetheless a very sparsely studied region,
especially with respect to trophic processes. The literature
reveals no prior estimates of mesozooplankton carbon
biomass and community grazing in the deep GoM, and
only two experiments have measured microzooplankton
grazing rates in waters with oceanic surface salinity
≥35 psu (Strom and Strom, 1996). Similarly, most
estimates of phytoplankton production in the oceanic
GoM come from models and satellite data rather than
direct field measurements (Hidalgo-González et al.,

2005; Hidalgo-González and Alvarez-Borrego, 2008;
Müller-Karger et al., 2015; Gomez et al., 2018). Hidalgo-
-González et al. (2005), for example, used a general non-
spectral photosynthetic model with SeaWIFS monthly
averaged Chla and light extinction values to determine
a∼2-fold seasonal cycle in primary production in the
oceanic GoM, averaging 370–440 mg C m−2 d−1 during
“cool” winter–spring months and 220–240 mg C m−2

d−1 during “warm” summer–fall months. The May–June
ABT spawning season occurs critically at the end of the
cool period where details of the productivity transition
and spatial variability are potentially important. Model
estimates of new production (NP) in the oceanic GoM,
based on mean nitrate profiles and parameterizations

from other regions (13–26 mg C m−2 d−1; Hidalgo–
González et al., 2005), are two orders-of-magnitude lower
than rates on the Mississippi River-influenced shelf and
also 2–5 times lower than measured rates of carbon
export inGoMeddies (Hung et al., 2004, 2010), suggesting
poorly known relationships or missing terms.
Beyond potential relevance to ABT larvae, the N

sources and magnitude of NP are first-order questions for
understanding lower food-web structure, productivity and
trophic interactions in the oceanic GoM. A substantial
role of nitrogen fixation is suggested in the oceanic GoM
by significantly lower average δ15N values for oceanic
(2.8± 1.4‰) versus neritic zooplankton (5.5± 1.1‰)
(Dorado et al., 2012). Modest rates of N2 fixation
have been measured on the GoM coastal margins
(Mulholland et al., 2006, 2014; Holl et al., 2007) but could
be greatly enhanced in convergent eddy fronts where
large buoyancy-regulating and diazotrophy-associated
phytoplankton, such as Trichodesmium and Rhizosolenia, are
known to concentrate (Yoder et al., 1994; Olson et al.,

2015). Eddy boundaries, however, are also complicated
areas where vertical mixing processes, nitrogen fixation
and horizonal advection may all contribute importantly
as N sources (Mulholland et al., 2006).

SAMPLING AND EXPERIMENTAL
PROGRAM

The BLOOFINZ-GoM cruise plan combined two main
activities. The first was to survey areas to locate patches
of ABT larvae to study. The second was to conduct
Lagrangian experiments, termed cycles, during which cho-
sen water parcels were marked by satellite-tracked drifters
and sampled repeatedly over 2–4 days to assess bio-
geochemical and community characteristics, productivity
and trophic interactions.
ABT larvae were surveyed according to established

protocols, using standardized 10-min oblique tows (∼2.2
kts) in the upper 25 m with a 90-cm diameter bongo
frame with two 505-μm Nitex mesh nets (Habtes et al.,

2014; Laiz-Carrión et al., 2015). These were generally
followed by a 300-m CTD cast, while the net collection
was processed. The content of one of the bongo nets was
immediately preserved in 95% ethanol for later sorting.
The other net was rinsed with seawater, concentrated
with a 333-μm sieve, cooled on ice and examined live
by experienced ichthyoplankton taxonomists. Larval ABT
were identified by their dorsal melanophore pattern that
distinguishes ABT from other Thunnus species or similarly
shaped scombrids (Richards, 2005). Larvae-positive areas
were defined by finding at least five ABT larvae in the one
net examined on two consecutive tows.
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Larval surveys were guided by Bluefin Index habitat
maps refreshed daily from the satellite measurements
of SSH, temperature and currents following the criteria
of Domingues et al. (2016). Figures 2 and 3 show
sampling locations for cruises NF1704 and NF1802,
respectively, along with habitat maps illustrating system
features at times when cycle experiments were conducted.
Details of sampling locations, larval abundances and
mean temperature, salinity and chlorophyll a fluorescence
from CTD casts are given in Supplementary Table S1
(see online supplementary data for a color version of
this table). NF1704 departed Key West, Florida, on 5
May 2017. After crossing the LC, abundant ABT larvae
were encountered in the first area sampled, the NW
edge of a weak anticyclonic loop eddy on the western
side of the LC with an above-average, but not high,
habitat index (Fig. 2A and B). Experimental Cycle 1 (C1)
was initiated in this larvae-positive patch and ran from
10 to 14 May, with larval abundances averaging ∼29
per tow through the first two days. Larval abundances
decreased subsequently, and we believe that the drifter
had slipped out of the patch by the end of the cycle
(Supplementary Table S1, see online supplementary data
for a color version of this table). We next surveyed both
the western and eastern edges of the AC eddy with high
index scores in the vicinity of 26◦N, 90◦W (Fig. 2C).
While only one larva was found in both areas, a short
2-day cycle experiment (C2, 16–18 May) was conducted
on the southeastern of this high-quality habitat without
larvae, as a contrast to C1. Following a mid-cruise port
stop in Progresso, Mexico (Yucatan), additional survey
transects were made across the eastern and northern
edges of the prominent AC eddy with high habitat
scores in the western GoM (vicinity of 26◦N, 94◦W)
and then across the northwestern edge of the same eddy
investigated previously for C2 (Fig. 2D). None of these
latter survey sites were larvae positive, but, with limited
cruise time remaining, the C3 experiment was conducted
(26–30 May) in the latter area. On return transit, three
stations sampled at∼26.3◦N, 88.67◦W, slightly to the west
of the original location of the C1 experiment, showed
that the area still had relatively high larval abundances
(17.5–24.5 larvae per tow; Supplementary Table S1, see
online supplementary data for a color version of this
table).
Cruise activities for NF1802 were limited to US waters

and shortened by a long transit (27 April departure from
Jacksonville, FL) at the start of the cruise and a premature
ending for repairs. Nonetheless, all features in the study
area with high index scores were surveyed at least briefly.
The high index area off the southern Florida shelf was
sampled from 30 April to 1 May (Fig. 3A and B). Two
areas of high index north of the EEZ border (26–27◦N,

88◦W) and the eastern side of the major AC eddy fea-
ture (∼27◦N, 88–89◦W) were sampled on 1–2 May. The
northern edge of the AC eddy adjacent to the northern
Gulf slope was sampled in three transects on 3–4 May
(Fig. 3A and B). Larvae were found in stations sampled
on two crossings of the northwestern edge of the eddy
(27.5◦N, 89.7◦W; Fig. 3A), but we missed the opportunity
to conduct an experiment in this vicinity. C4 experiments
were subsequently initiated without larvae on the north-
eastern edge of the same feature and followed a rapidly
moving southward flow that connected two eddies with
high index scores (5–9 May; Fig. 3A and B). After a port
stop in Pensacola, Florida, sampling of a newly revealed
area of above-average habitat index in the northeast-
ern Gulf (14 May; Fig. 3A and C) yielded the highest
recorded ABT larval catches for GoM ichthyoplankton
surveys in over a decade. C5 experiments were conducted
in these larvae-positive waters with slow westward flow
from 15 to 19 May and additional larval-positive stations
were sampled before ending the cruise in Pascagoula,MS,
on 20 May.
Each of the five cycles conducted involved a coordi-

nated series of sampling and experimental activities to
measure hydrography, nutrient concentrations, biomass
and composition of the plankton community, and process
rates (phytoplankton nutrient uptake, productivity and
growth; micro- and mesozooplankton grazing; export;
andABT larval feeding and growth rates when present). A
sediment trap array with a mixed-layer (15 m) drogue was
deployed the full duration of each cycle tomeasure export
fluxes at three depths (Stukel et al., 2015, 2016). A second
array was also deployed to mark the patch and to serve as
a platform for daily 24-h bottle incubation experiments
under in situ temperature and light conditions in net bags
attached to a wire hanging below the surface float (Landry
et al., 2009). Daily pre-dawn CTD casts collected water
from 6 depths over the euphotic zone (EZ) for measur-
ing daily profiles of nutrients and microbial community
biomass and composition (Chla, HPLC pigments, partic-
ulate C and N, flow cytometry andmicroscopy) and filling
bottles for experimental measurements of primary pro-
duction (13C-bicarbonate), nitrate-based NP (15N nitrate)
and rates of phytoplankton growth and microzooplank-
ton grazing (dilution experiments). Additional CTD casts
were done for shipboard experiments of ammonium and
nitrate uptake and primary production, for large-volume
samples for Trichodesmium abundance and for 238U-234Th
disequilibrium estimates of export fluxes. Net tow sam-
ples (200-μm mesh) were collected daily at midday and
midnight for biomass and grazing assessments (gut flu-
orescence) of size-fractioned mesozooplankton. Bongo-
net sampling for ABT larvae continued throughout the
cycles at ∼3–4 h intervals, with daylight noon samplings
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Fig. 2. Sampling locations and ABT larval habitat maps that guided survey sampling for cruise NF1704 in May 2017. (A) Sampling locations with
bubble plots showing ABT larvae catches in standard survey bongo tows (one net or mean of both sides). Cycles 1–3 (C1–C3) are denoted by red,
orange and purple symbols, respectively. Fine lines mark the cruise path. (B) Habitat map for 12 May during C1 experiment. (C) Habitat map for
17 May representing conditions during the C2 experiment. (D) Habitat map for 27 May during sampling of the western AC loop eddy and the
start of C3. Boundaries of national and international waters are shown as the irregular lines that bisect the habitat maps.

generally paired with tows with a fine (53 μm) mesh net
to collect the size range of available prey for larvae in the
upper 25 m.

CHARACTERISTICS AND SOURCE
WATERS OF ABT LARVAL HABITAT

Although ABT larvae were found in abundance at only
two of the experimental cycles, C1 and C5, overall
sampling of all sites for both cruises shows narrow

ranges of temperature (24–27◦C) and salinity (35.5–
36.5 psu) variability in the upper 25 m, whether larvae
were present or not (Fig. 4). C1 environmental conditions
were on the cooler and more saline sides of these ranges
compared with C5, but these differences are unlikely to
be meaningful to habitat quality for larvae. Our survey
sampling results were notable in finding very few to
no larvae at the edges of mesoscale eddies with the
highest predicted Bluefin Index habitat quality scores
based on prior research (the red-to-brown colored rings
in Figs 2A–C and 3B). This prompted consideration of
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Fig. 3. Sampling locations and ABT larval habitat maps that guided survey sampling for cruise NF1802 in April–May 2018. (A) Sampling locations
with bubble plots showing ABT larvae catches in standard survey bongo tows (one net or mean of both sides). Cycles 4–5 (C4–C5) are denoted by
green and blue symbols, respectively. Fine lines mark the cruise path. (B) Habitat map for 8 May during early sampling off the south Florida slope
and the central AC loop eddies leading to the C4 experiment. (C) Habitat map for 17 May representing conditions during the C5 experiment in
the northeastern GoM. Boundaries of national and international waters are shown as the irregular lines that bisect the habitat maps.

other factors, particularly the source of waters of larval
patches, that might be more important determinants of
larval presence or absence in the different sites examined
than the specific physical properties in the Domingues
et al. (2016) index. One contributing factor could be
depletion of the spawning stock of large ABT adults in
the GoM to the point where only a small fraction of the
favorable habit can be occupied, with spawning locations
contracted to narrow favorable areas.
To investigate the source locations for water parcels

sampled in cycle experiments, we conducted a backtrack-
ing modeling analysis in which we released 500 virtual

floats (i.e. 2D Lagrangian particles) at the locations and
times of the recorded drifter positions from each of
the cycle experiments. To isolate dispersion related to
observed non-Lagrangian motions (i.e. “slippage”) of the
drift array, floats were launched uniformly along the drift
path during the first 24 h of each cycle. Surface velocity
fields were provided by the reanalysis data product
OSCAR (ESR, 2009), and the floats were tracked back-
ward in time using a 4th-order Runge–Kutta algorithm
with a 1-h time step and a model duration of ∼8 weeks
total (April–June), or 6 weeks for each individual
experiment. Subgrid scale dispersion was parameterized
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Fig. 4. Mean temperature and salinity characteristics of GoM waters where ABT larvae were collected on 2017 and 2018 cruises. Larval
abundances are for standard 10-min oblique tows in the upper 25 m with a 90-cm bongo net frame with 505-μm mesh nets (one net side or
mean of both sides). Temperature and salinity are mean values for the 0–25 m depth stratum from CTD casts taken immediately after the net tows
or interpolated from adjacent casts for the two locations.

with a random-walk perturbation corresponding to
a horizontal eddy diffusivity of 20 m2 s−1, a value
consistent with previous regional biogeochemical models
(Shropshire et al., 2020). This approach assumes that
the floats stay within the surface mixed layer, which
may not be representative of actual particle behaviors
in convergence or divergence zones. Nonetheless, the
approach does quantify lateral length scales and the
general degree of connectivity within the basin flows
yielding a reasonably well-resolved picture for how water
parcels would have been transported in the GoM prior to
our experiments.
C1 and C5 demonstrate strong coastal connectivity

with >50% of floats tracking back to the near-coastal
slope-margin domain along the northeastern GoM
(Fig. 5). Circulation patterns for C5 show that nearly
all particles clustered ∼50 km southwest of the Florida
panhandle 2–4 weeks prior to our initial sampling
(Fig. 5F), indicating an especially strong coastal coupling
for this cycle with very high larval abundances. C1 also
shows strong connectivity to this area 2–4 weeks prior to
our sampling of these waters far out in the central GoM
(Fig. 5B). Despite their different locations, the shared
feature of these two cycles with abundant ABT larvae
is that they trace back to the same general area over the
approximate duration of a larvae’s planktonic existence,

which we interpret as pointing to a hot spot of spawning
activity along the northeastern slope.
In comparison, back-trajectories for water parcels

of the C2 and C3 experiments, which contained
little to no larvae, were retained within the central
GoM region for the extent of their prior histories of
2–6 weeks (Fig. 5C and D). Experiment C4 shows large-
scale connectivity and dispersion patterns throughout the
central GoM, with floats covering ∼1000 km over the
modeled timeframe (horizontal currents of 0.5–1 m s−1)
(Fig. 5E). Some C4 water parcels come from as far as the
Campeche Bank to the south, but most cycle rapidly off
the northern slope south of Louisiana.While we observed
some larvae close to the shelf break on northwestern slope
in this flow regime (Fig. 3A), our choice of C4 starting site
appears to have missed connecting to these source waters
during at least the previous two weeks.
We conclude from this retrospective back-trajectory

analysis that the physical (or ecological) characteristics of
the anticyclonic loop eddy edges may be less important in
defining ABT larval habit quality per se compared with
their roles as physical transport mechanisms entraining
or moving source water from major spawning locations.
As will be further noted below, several other findings
from the experimental and modeling results also point to
the importance of lateral transport from the near-shelf
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Fig. 5. Retrospective analyses of source water flows based on back-trajectories of virtual surface floats released along the drift path of C1–
C5 experiments. (A) Locations and drift trajectories of C1–C5. (B–F) Backward projections of surface source waters to C1–C5, respectively, for
2–6 weeks prior to initial sampling based on surface velocity fields of the OSCAR reanalysis data product.

environment as a significant factor in resolving predation
and export balances.

OVERVIEW OF MAJOR STUDY RESULTS

For this section, we divide results of the BLOOFINZ-
GoM cruises into three broad themes: (i) plankton
dynamics and flux relationships; (ii) the oceanic GoM
as a larval habitat for ABT and (iii) comparisons of the
GoM to other open-ocean systems. Under each theme,
we first give a brief overview of the components of the
project that relate to the theme, then present a bullet-
point summary of key findings that can be found in the
noted component publications.

Plankton dynamics and flux relationships

The BLOOFINZ cruises differ from previous GoM stud-
ies in taking a system-level, process-oriented approach
involving complementary measurements of phytoplank-
ton and zooplankton community biomass, composition
and process rates over the EZ at several locations. These
data provide the first depth-integrated assessments of
phytoplankton group contributions to carbon standing
stocks, productivity and grazing in the region, as well

as site-integrated assessments of primary production, NP
and export. Selph et al. (2022) provide details of the
phytoplankton community biomass, size structure, com-
position, depth distribution and spatial variability based
on complementary analyses by microscopy, flow cytom-
etry and HPLC pigments. Yingling et al. (2022) present
estimates of net primary production (NPP) and NP based
on uptake rates of H13CO3

−,15NO3
− and 15NH4

+ and
use a Bayesian Markov Chain Monte Carlo approach to
parameterize nutrient and light effects on growth rates
of five phytoplankton taxa. Landry et al. (2022) report
community and group-specific rate estimates for phyto-
plankton growth and microzooplankton grazing based
on depth profiles of dilution experiments. Landry and
Swalethorp (2022) provide size-fractioned biomass, iso-
topes and grazing rates for mesozooplankton and assess
trophic structure and growth-grazing balances for the
phytoplankton community. Stukel et al. (2022a) evaluate
the efficiency of the GoM biological carbon pump based
on export measurements from 234Th-238U disequilibrium
and sediment trap collections at three depths. Knapp
et al. (2022) apply a δ15N budgeting approach to eval-
uate the relative importance of subsurface NO3

− and
N2 fixation for supporting net food web process and
export in the oceanicGoM. In additional synthetic studies
presented elsewhere, Shropshire et al. (2020) configure a
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physical-biogeochemical model (NEMURO-GoM) that
is validated against mesozooplankton biomass and graz-
ing rates and other constraints from the BLOOFINZ
cruises, and Kelly et al. (2021) evaluate the contribu-
tion of laterally sourced organic matter to export using
the NEMURO-GoM model and satellite remote sensing
products. Significant findings from the dynamics and flux
portion of the study include the following:

• Euphotic-zone integrated values of Chla aver-
aged 10.3–10.4 mg m−2 on the two cruises, and
autotrophic carbon ranged from460 to 1 270mgm−2,
with ∼2-fold higher carbon in the DCM compared
with ML values (Selph et al., 2022). Biomass was
dominated by the picophytoplankton size class, with
Prochlorococcus and prymnesiophytes the major taxa
throughout the EZ but a more diverse assemblage in
the DCM.

• Integrated NPP for the EZ ranged from 292 to
352 mg C m−2 d−1 (Yingling et al., 2022). Nitrate
uptake showed a strong daytime maximum, while
ammonium uptake exhibited no diel variability. The
portion of production supported by NO3

− uptake
was low (1–14%) for the upper EZ and 3–44% in the
lower EZ.

• Prochlorococcus was a major contributor (113–204 mg
C m−2 d−1) to productivity, but prymnesiophytes (34–
134 mg C m−2 d−1) co-dominated in 2017 (Landry
et al., 2022). Diatom and dinoflagellate contribu-
tions to production were consistently low (gener-
ally <10 mg C m−2 d−1). Microzooplankton grazing
accounted for a mean overall rate of loss of 68± 6%
of phytoplankton carbon growth but fell far short of
balancing the growth rates of bacterial populations.

• Euphotic-zone biomass of mesozooplankton ranged
from 101 to 513 mg C m−2 during the day and 216
to 798 mg C m−2 at night (Landry and Swalethorp,
2022). Grazing on phytoplankton was low (1–3%
of Chla consumed d−1), but estimated trophic fluxes
from microzooplankton consumption and carnivory
were sufficient to satisfy the C demand for respiration
and growth of suspension-feeding mesozooplankton
estimated from empirical relationships.

• A NEMURO-based (Kishi et al., 2007) physical-
biogeochemical model parameterized with
BLOOFINZ-GoM rate and relationship data cap-
tured broad ecosystem attributes including phy-
toplankton and mesozooplankton biomass, depth
of the DCM and nutricline, and growth and
grazing patterns (Shropshire et al., 2020). Regional
mesozooplankton production estimated from the
model average 66± 8× 109 kg C y−1.

• Carbon export efficiency (export/NPP) measured by
sediment traps at the EZ base varied from 11 to 25%
(Stukel et al., 2022a). Nitrogen export from the EZ
base averaged 520 μmol N m−2 d−1 (range: 462–1
144 μmol N m−2 d−1). Changes in pigments, elemen-
tal fluxes and isotopic composition of sinking parti-
cles indicate substantial particle transformation dur-
ing transit from the upper EZ into the mesopelagic.

• A nitrogen isotope budget comparing the δ15N of
nitrate with that of sinking particulate N demon-
strated that export production is mostly (>80%) sup-
ported by subsurface nitrate, with an inconsequential
role of N2 fixation (Knapp et al., 2022). The low δ15N
nitrogen that supports primary production primarily
derives from recycled ammonium.

• Stratification strength assessed by Thorpe-scale anal-
yses of vertical eddy diffusivity prevents adequate
delivery of nitrate into the EZ to balance N export.
Estimates of net lateral transport of organic matter
from the outer GoM shelf to the oceanic region,
derived independently from satellite-derived remote
sensing products and the NEMURO-GoM model,
resolve this export balance (Kelly et al., 2021). Lateral
transport of zooplankton production from the outer
shelf to open ocean is also needed to satisfy the
estimated carbon demands of offshore carnivorous
zooplankton (Landry and Swalethorp, 2022).

Habitat quality for larval bluefin tuna

Four BLOOFINZ studies evaluate the feeding and growth
of ABT larvae within the broader context of food web
fluxes in the oceanic GoM. Shiroza et al. (2022) investigate
the zooplankton prey and ontogenetic feeding selectivity
of larvae relative to the availability of prey taxa and sizes
during the Lagrangian studies. Malca et al. (2022) deter-
mine age-length relationships and daily somatic growth
estimates based on otolith analysis of the same speci-
mens. Stukel et al., 2022b assimilate process data from
the Lagrangian field experiments into a linear inverse
ecosystem model to generate mass-balance constrained
food-web fluxes for the study region that highlight the
flows to ABT larvae. Shropshire et al. (2022) evaluate the
tradeoffs between larval starvation and predation mortal-
ity using an individual-based model that simulates larval
dispersal, growth and mortality within spatiotemporally
varying predator and prey fields. Significant findings from
these studies include the following:

• Dietary composition shifts from smaller (copepod
nauplii, appendicularians and ciliates) to larger prey
(calanoid copepodids and especially cladocerans)
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during larval development (Shiroza et al., 2022).
Quantitative importance of ciliates (up to 9% of
ingested C) was documented for the first time, and
postflexion larvae were shown to be highly selective
for cladocerans (up to 70% of ingested C). Diet
and prey selection was broader (generalist feeding)
when preferred taxa (notably cladocerans) were rare,
but narrowed sharply, consistent with active prey
selection, when preferred prey were more abundant
in C5.

• Growth rates of ABT larvae were similar, on average,
0.37 and 0.39mm d−1 in the C1 (2017) and C5 (2018)
habitats, respectively, but they differed significantly
through ontogeny (Malca et al., 2022). Otolith growth
variability correlated with a food limitation index
(Shropshire et al., 2022) based on modeled metabolic
requirements relative to ingestion estimates from lar-
val sensory radius and prey biomass concentration.
Additionally, growth correlated with ingested prey
only when considering prey types preferred across all
larval flexion stages (copepod nauplii, cladocerans)
and indicated significant growth enhancement in the
C5 experiment for larger postflexion larvae feeding
extensively on cladocerans. Thus, ontogenetic differ-
ences in preferred prey lead to ontogenetic differ-
ences in larval growth rates among habitats that differ
in both quantity and composition of food resources.

• Despite the microbial loop’s dominant role in the
oceanic GoM, implying a long inefficient food
chain, preferred feeding on prey associated with
herbivorous andmultivorous trophic pathways allows
ABT larvae to achieve relatively low trophic positions
(∼4.0 preflexion; ∼4.2 postflexion) that enhance
food-web transfer (Stukel et al. (2022b).

• Individual-based model results show a shifting trade-
off between starvation and predation risks during
larval development in the oligotrophic GoM (Shrop-
shire et al., 2022). Spawning areas along the shelf
break are found to optimize the tradeoffs when asso-
ciated with transport of productivity from the large
shelf to the offshore region. Shelf proximity provides
a nutritional supplement to early larvae for whom
starvation is the largest mortality factor, and older
larvae benefit from higher survival in the oceanic
GoM with fewer predators.

Comparisons to other open-ocean systems

While the BLOOFINZ cruises were not specifically
designed to compare GoM characteristics to other open-
ocean ecosystems, some useful comparisons were made
in areas in which study methods were similar. Based

on FCM-analyzed picophytoplankton populations and
HPLC pigment analyses, for example, Selph et al. (2022)
show similarities and differences in GoM phytoplankton
community composition to long-term averages of the
Hawaii Ocean Timeseries (HOT) and the Bermuda
Atlantic Timeseries Study (BATS). Landry et al. (2022)
contrast taxon-resolved contributions to phytoplankton
production and microzooplankton grazing in the GoM to
similar studies in the equatorial Pacific, Costa Rica Dome
and subtropical Pacific. Landry and Swalethorp (2022)
further compare GoM estimates of mesozooplankton
biomass and grazing to seven regions in the tropical and
subtropical Pacific, Atlantic and IndianOceans, including
HOT and BATS. Finally, HOT and BATS are among
the 19 ocean regions that Stukel et al. (2022a) compared
with measured export rates and efficiencies in the GoM.
Significant conclusions from these comparisons are as
follows:

• Mixed-layer (upper 30 m) concentrations of TChla
(40± 11 μg m−3) in the oceanic GoM inMay are less
than half the annual mean concentrations at either
HOT or BATS, but DCM concentrations are similar
(270–310 μg m−3) at all three sites (Selph et al., 2022).
Concentrations, integrated totals and cell ratios for
photosynthetic bacteria fall into the observed ranges
at BATS but are less than at HOT for Prochloro-

coccus and greater than at HOT for Synechococcus.
Major accessory pigments in the GoM suggest lower
ML concentrations of all eukaryotic phytoplankton
than at HOT or BATS, except for similar concen-
trations of peridinin-containing dinoflagellates and
more prasinophytes compared with HOT. DCMpig-
ments show stronger similarities to HOT for diatoms
and prymnesiophytes and to BATS for dinoflagellates
and prasinophytes.

• Previous studies showed region-specific character-
istics with respect to the relative contributions of
phytoplankton groups to production and microzoo-
plankton grazing. The oceanic GoM is similar to the
subtropical North Pacific in terms of a dominant
role (≥50%) of Prochlorococcus and falls intermediate
between the equatorial Pacific and Costa Rica Dome
in the relative contribution (7–16%) of Synechococcus.
The GoM is further distinguished by relatively high
contributions from prymnesiophytes (14 to ≥40%)
and low contributions from diatoms and dinoflagel-
lates (Landry et al., 2022).

• Mesozooplankton biomass in the oceanic GoM is
similar to the long-term average for the subtropical
Pacific at HOT Stn. ALOHA but higher than
measured at BATS or in the subtropical Indian
Ocean. However, the ratio of zooplankton carbon
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standing stock to mean daily carbon primary
production (1.08 in the GoM) is substantially higher
than either HOT (0.68) or BATS (0.48) (Landry and
Swalethorp, 2022).

• Despite lower primary production, export rates at the
base of the EZ are slightly higher than measured for
HOT and BATS, leading to higher export ratios of
10–20% in the GoM. Similar to BATS and HOT,
subsurface nitrate fuels the majority of export in
the GoM (Knapp et al., 2022). Transfer efficiencies
through mesopelagic depths are similar in the three
regions giving a slightly higher proportion of NPP
sequestered in the deep ocean of the GoM (Stukel
et al., 2022a).

SUMMARY

BLOOFINZ-GoM cruises combined traditional fisheries
approaches within the broader framework of a pelagic
biogeochemical and food-web study in order to better
understand larval habitat characteristics in one of the
major spawning regions of ABT. One insight provided
by the lower level process measurements was the lack
of a clear productivity benefit to the previously observed
association of larvae with the outer edges of loop eddies.
Primary production rates were similar in experimental
locations with and without ABT larvae (Yingling et al.,

2022) and also substantially lower in the larval ABT eddy
habitat than long-term averages for subtropical gyres
of the Atlantic and Pacific Oceans. Trichodesmium spp.
abundances were low, consistent with 15N isotope mass
balances which revealed an insignificant contribution of
N2 fixation to NP and N cycling. The production system
of this oligotrophic habitat thus runs mainly on recycled
ammonium, with microbial nitrification within the EZ
suggested to generate much of the nitrate utilized by
phytoplankton.
To contrast with microbial dominance and the

relatively low rates of in situ productivity in the larval
ABT habitat, various lines of evidence point to lateral
transport of organic matter from the continental margins
to the offshore regions as providing a significant subsidy to
the larval ABT habitat. Measured N export in the oceanic
region greatly exceeded estimates of new nitrate delivery
to the EZ but were consistent with ecosystem model and
satellite-based determinations of organic N transport
from the shelf margin by currents and mesoscale
features (Kelly et al., 2021). The ratio of zooplankton
biomass to phytoplankton primary production in the
oceanic GoM was 50–100% higher than in trophically
balanced ecosystems of the oligotrophic major oceans,
implying an advective supplement to offshore waters

(Landry and Swalethorp, 2022). Satisfying the calculated
C demands of oceanic carnivorous planktonic taxa also
required prey consumption exceeding in situ estimates of
zooplankton production (Landry and Swalethorp, 2022).
These inferences are supported by particle backtracking
analyses that clearly illustrate the transport pathways
from our study sites with ABT larvae (C1 and C5;
Fig. 5) to their origins in higher production areas on
the northeastern continental margin, an area of coastal
influence that could reasonably also be a source of
cladocerans, the preferred prey of ABT larvae (Shiroza
et al., 2022), which are associated with higher larval
growth rates (Malca et al., 2022). A Lagrangian individual-
based foraging model further emphasizes that ABT
spawning along the shelf break with subsequent offshore
transport provides advantageous growth conditions which
simultaneously minimizes the risks of starvation for
early larvae and predation for late larvae (Shropshire
et al., 2022). Taken together, our results advance the
hypothesis that ABT larvae benefit from association
with loop eddies not as mechanisms of productivity
enrichment per se, but as circulation features that entrain
and transport productivity from the shelf break to
the offshore oligotrophic region. Waters along the NE
continental margin are one area where spawning ABT
adults might reliably find conditions that put larvae in
favorable circumstances for successful feeding, growth
and survival.
The above conclusions have important implications for

advancing understanding of distributional relationships
and potential climate impacts on ABT larvae in the GoM.
They suggest, for example, that previously described
probability relationships between mesoscale features
and ABT larvae could be refined by considering the
differences among eddies in their interactions with
the GoM shelf margins. Explicit hypotheses about
distributional relationships can also be tested directly
in surveys that compare features with known (a priori)
histories tracked by satellite remote sensing and cir-
culation models. Similarly, understanding interannual
variability or projecting future climate change impacts on
recruitment success of ABT in the GoM likely depends
less on factors that affect general productivity of the
offshore region and more on the timing and magnitude
of physical circulation effects in specific areas, such as
the NE continental margin. To improve models that can
relate variability in physical drivers to their ecological
effects, additional process studies are needed in areas
that the BLOOFINZ experiments did not measure
directly but found to be important in enhancing the
efficiency of food web coupling to larvae, such as the
role of mixotrophs and trophic dynamics of the highly
selected prey categories. With improved skill in predicting
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the specific conditions (locations) of ABT spawning, it
would also be desirable to design future Lagrangian
process experiments that quantify survival along with
feeding and growth throughout larval development, as
opposed to short-term studies, so that differences in initial
environmental conditions can be better evaluated and
compared in terms of their outcomes.
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