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Motivated by recent evidence of Atlantic bluefin tuna spawning in the Slope Sea, we investigated the spatio-temporal distribution of oceano-
graphic conditions that are conducive to successful spawning by bluefin in this region. Specifically, we considered advection patterns and wa-
ter temperatures based on a new high-resolution ocean circulation model. After validating model velocities and temperatures using
observations, three criteria were used to evaluate the success of simulated bluefin spawning during 2013: water temperature at spawning loca-
tions, mean water temperature along larval trajectories, and larval residence time within the Slope Sea. Analyses of satellite-based, decade-
long (2008-2017) datasets suggest that conditions, specifically water temperatures and advection patterns, in the Slope Sea in 2013 were rep-
resentative of typical years. The temperature criteria are more frequently satisfied in the southern and southwestern parts of the domain,
whereas the residence time criterion favors more northern areas further from the Gulf Stream. The probability map of successful spawning
locations shows a maximum near the northwestern bight of the Slope Sea. Spawning success is near-zero through most of June, increases in
July, and peaks in early-to-mid August. Overall, water temperatures and retentive capabilities suggest that the Slope Sea provided suitable

conditions for successful spawning of bluefin during 2013.

Keywords: Atlantic bluefin tuna, physical-biological model, Slope Sea spawning ground.

Introduction

Atlantic bluefin tuna (Thunnus thynnus; bluefin hereafter) is an
iconic, highly migratory fish of great economic and conservation
value. The species is managed as two stocks, eastern and western,
by the International Commission for the Conservation of Atlantic
Tunas (ICCAT). The two-stock structure is premised on homing
behaviour to two primary spawning grounds: the Gulf of Mexico
for the western stock and the Mediterranean Sea for the eastern
stock (Block et al, 2005; Rooker et al, 2008; ICCAT, 2017).
However, it has long been hypothesized that spawning might also
occur in additional areas of the western Atlantic (Baglin, 1976;
Mather et al., 1995). One reason for this hypothesis is the unex-
plained difference in estimated age at maturity between the two
stocks, 3-5years old in the eastern stock and 9years old in the
western stock. The evidence supporting the older age at maturity

for the western stock is the fact that it is extremely rare for fish
under the age of 9 to enter the Gulf of Mexico (Diaz and Turner,
2007). However, this evidence is indirect and the possibility
remains that fish in the western stock may spawn elsewhere at
ages 5-9 years. Indeed, evidence mounted over the years that an
additional spawning ground off the Northeastern (NE) United
States may exist, including support from analyses of ovaries, en-
docrinology, and long-term tag deployments on mature (age 9+)
individuals that do not visit either “major” spawning ground
(Baglin, 1976; Lutcavage et al, 1999; Goldstein et al., 2007;
Galuardi et al., 2010; Heinisch et al., 2014). More recently, larval
bluefin collections in the Slope Sea—a geographical area located
northeast of Cape Hatteras between the shelf break and the Gulf
Stream—along with a comprehensive look at previous studies,
have increased the focus on this region as a potential third major
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bluefin spawning ground (Richardson et al, 2016a). Following
this discovery, there has been debate over how to interpret the
larval observations in the context of population dynamics and
management (Safina, 2016; Walter et al., 2016; Richardson et al.,
2016b), and whether or not the Slope Sea contributes significantly
to recruitment. Still, the observed catches of bluefin larvae in the
Slope Sea in 2013 (Richardson et al, 2016a) raise the overarching
question about what characteristics of the Slope Sea might make
it a suitable region for bluefin spawning.

Water temperature plays an important role in the spawning
of bluefin, as well as in the hatching and development of blue-
fin larvae. In the Gulf of Mexico, bluefin spawning activity and
larval occurrence are primarily observed in sea surface temper-
atures between 23°C and 28°C (Rooker et al., 2007; Teo et al.,
2007b; Mubhling et al., 2010, 2013; Llopiz and Hobday, 2015).
The observations in the Slope Sea are consistent with these
habitat requirements for larvae and spawning adults
(Richardson et al., 2016a). Similar temperature ranges are gen-
erally observed in the Mediterranean when bluefin larvae are
present (Alemany et al., 2010; Reglero et al., 2018b), though
there is some evidence that spawning in the Mediterranean can
be at temperatures as cool as 20°C (Reglero et al., 2018b).
While water temperatures during bluefin spawning and larval
presence are similar among regions, there are differences in the
annual timing, due to the latitudinal (i.e. climatic) differences
among regions. In the Gulf of Mexico, spawning begins in
mid-April and likely continues through mid-June (Teo et al.,
2007a; Muhling et al., 2010), whereas in the Mediterranean
larvae generally occur from mid-June to late-July (Muhling
et al., 2013). The timing of spawning is less certain in the Slope
Sea, but temperatures comparable to the Gulf of Mexico occur
from mid-June and throughout summer, when bluefin larvae
were collected (i.e. from mid-June to mid-August; Richardson
etal., 2016a).

Bluefin spawn in surface waters (Block et al., 2001; Aranda
et al., 2013), and eggs hatch after ~1-1.5days at 23°C to 28°C
(Reglero et al., 2018b). The depth range occupied by bluefin lar-
vae is 0—20 m in the Gulf of Mexico (Habtes ef al., 2014) and 0-
15m (with few larvae down to 30m) in the Mediterranean
(Reglero et al., 2018a), and they do not seem to exhibit any
marked diel vertical migration (Habtes et al., 2014; Reglero et al.,
2018a), although the absence of a conclusive pattern in Reglero
et al. (2018a) may be due to the limited vertical resolution of
data (i.e. 10-m bin). Bluefin and other tuna larvae grow and de-
velop very rapidly, beginning to exhibit piscivory as early as
7mm (Llopiz et al, 2010, 2015), ~11days old (Malca et al,
2017). At this point, bluefin larvae are able to outswim other fish
larvae to consume them, and such a nutritious food source fur-
ther accelerates their growth and development (Tanaka et al,
1996). Ichthyoplankton sampling rarely catches bluefin over
10mm in length, corresponding to about 14 days old (Malca
et al., 2017), suggesting that by this age their sensory and swim-
ming capabilities have developed enough to avoid capture in
plankton nets. Evidence from Pacific bluefin tuna (Thunnus ori-
entalis) suggests that schooling behaviour and continuous swim-
ming begins after 25-27 days (~30 mm total length) (Fukuda
et al., 2010).

In the Gulf of Mexico, bluefin often spawn along strong
fronts associated with the Loop Current and the detaching Loop
Current eddies (Teo et al., 2007b; Lindo-Atichati et al., 2012).
In the well-studied region of the western Mediterranean, bluefin

larvae tend to be found in frontal regions and retentive features
around the Balearic Islands (Alemany et al., 2010). Similarly in
the Slope Sea, proximity to the Gulf Stream offers warm tem-
peratures and food-concentrating fronts, and can lead to reten-
tion in eddies and rings that spin off from the Gulf Stream.
However, proximity to this strong current also brings a risk of
rapid advection to the central Atlantic. While juvenile habitat is
not well characterized for western bluefin, the known areas are
shelf, shelf-break, and slope regions from North Carolina to
Cape Cod (Mather et al., 1995; Rooker et al., 2003; Galuardi
and Lutcavage, 2012), so retention to the west of the Gulf
Stream is likely to enhance recruitment of Slope Sea larvae to
the juvenile population.

Our objectives in this article are threefold. Our first is the de-
velopment and validation of a new high-resolution ocean model,
MABGOM2. Our second and primary goal is to use this model in
a particle-tracking framework to evaluate the temporal and spa-
tial distribution and evolution of the most suitable spawning hab-
itat for bluefin in the Slope Sea. For this, we focus on three
criteria: surface temperature at the time of spawning, surface tem-
perature throughout a larva’s trajectory, and physical retention
within the Slope Sea. Our application of the MABGOM2 model
is focused on conditions in 2013, the only year for which data on
tuna larval occurrence is currently available in the Slope Sea
(Richardson et al., 2016a). Our third objective is to put 2013 into
perspective with other years by examining interannual variability
in the biophysical conditions in the Slope Sea from 2008 to 2017
using satellite-based datasets.

Methods

MABGOM?2 model description and validation

The oceanographic portion of our bio-physical model is repre-
sented by an ocean circulation model MABGOM?2 (Mid-Atlantic
Bight and Gulf of Maine) encompassing the Northwest Atlantic
shelf-slope region. This model is based on a widely used ocean
circulation model ROMS (Shchepetkin and McWilliams, 2005).
The MABGOM?2 was built upon a prior modelling framework
(Chen et al., 2014, 2015; Chen and He, 2015; Chen et al., 2016)
and has been configured with higher spatial resolution. The hori-
zontal resolution of the model is 1 km in the cross-shelf direc-
tion, and 2 km in the along-shelf direction, allowing full
resolution of submesoscale oceanographic features with length
scales on the order of 10km. Vertically, there are 40 terrain-
following layers over the entire water column with a carefully
chosen stretching scheme to resolve both surface and bottom
layers (minimum resolution less than 1 m) and the water col-
umn. Sensitivity experiments have been carried out in choosing
relevant numerical parameters (e.g. baroclinic and barotropic
time steps, background diffusivity) for accommodating our
high-resolution configuration. A generic length-scale (GLS) tur-
bulent mixing closure k-kl scheme (Warner et al., 2005) was
used to calculate vertical mixing, and bottom stress was com-
puted using a quadratic method with a drag coefficient of 0.003.
Additional parameters and numerical schemes are listed in
Supplementary Table S1.

Atmospheric forcings were created using a bulk formulae cal-
culation (Fairall ef al., 2003) based on three-hourly and 35-km
resolution meteorological data (surface winds, air temperature,
air pressure, relative humidity, shortwave radiation, longwave ra-
diation, cloud coverage, and precipitation) from National Center
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for Environmental Prediction (NCEP) North America Regional
Reanalysis (NARR). This calculation provides large-scale variabil-
ity in the fluxes of momentum and buoyancy at the ocean surface
but is incapable of reproducing some fine-scale structures due to
low spatial resolution of the meteorological data. To compensate
for this deficiency in the surface forcing, we further implement a
surface thermal correction, which adjusts the surface heat flux
based on the difference of the model SST and the 1-km resolution
Multi-scale Ultra-high Resolution (MUR) SST. The adjustment
time scale is 3 h, consistent with the temporal resolution of the
NARR product. Freshwater runoff from nine major rivers in the
region was also imposed. These include the St. John, Penobscot,
Kennebec, Androscoggin, Merrimack, Connecticut, Hudson,
Delaware, and Potomac Rivers. For each river, United States
Geological Survey (USGS) real-time runoff measurements were
used to specify freshwater volume transport and temperature.
The model initial conditions are extracted from a data-
assimilative global ocean circulation model, Hybrid Coordinate
Ocean Model (Chassignet et al., 2007) plus Navy Coupled Ocean
Data Assimilation (HYCOM/NCODA), which provides good
ocean state estimates of the mesoscale variability in the open
ocean and the Slope Sea. Any climatological mean biases in tem-
perature and salinity from HYCOM/NCODA on the continental
shelf are corrected following the same method described by Chen
et al. (2015). Subtidal free-surface and 2-D momentum boundary
conditions of the MABGOM?2 model were derived from the cor-
rected HYCOM/NCODA fields using an explicit Chapman
(Chapman, 1985) and Shchepetkin scheme (Mason et al., 2010),
plus M2 tidal harmonics from an Advanced Circulation Model
for Oceanic, Coastal and Estuarine Waters (ADCIRC) tidal simu-
lation of the western Atlantic (Luettich et al., 1992). An Orlanski-
type radiation (Orlanski, 1976) boundary condition was used for
3-D state variables.

The prior MABGOM model configuration with 5-10 km spa-
tial resolution (which is lower than that for MABGOM?2) and a
surface thermal correction based on NOAA-blended SST (which
has lower spatial resolution than MUR SST) has been previously
used to simulate oceanographic conditions in the Slope Sea in
2004-2013. That simulation was systematically tested and vali-
dated against available observations including sea surface height
from satellite altimetry, coastal sea level from tidal gauges, sub-
surface temperature and salinity from both moorings in the Gulf
of Maine, and gliders in the Middle Atlantic Bight, as well as
long-term mean depth-averaged currents from current meters on
the Middle Atlantic Bight shelf (Chen and He, 2015).
MABGOM?2 uses the same parametric choices as its predecessor
MABGOM but has higher spatial resolution and uses the higher-
resolution MUR SST product for its surface thermal correction.
We further tested the performance of the MABGOM2 model by
comparing it against an independent dataset—CTD measure-
ments throughout the water column taken during the NOAA
NEFSC cruises that collected bluefin larvae in the Slope Sea in
summer 2013 (GU1302 and HB1303, accessed at ftp://ftp.nefsc.
noaa.gov/pub/hydro/). The model-data agreement for deep (be-
low 200 m), intermediate (10-200 m), and near-surface (above
10 m; most relevant for the bluefin larvae) waters was quantified
using three different statistical measures: the root-mean-square
temperature difference between the modelled and observed
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tion, M represents a model-based value and O represents an ob-
servation value; N is the number of data points; overbar denotes
the mean value. In the ideal case of a perfect model, all points on
the model-vs-data diagram would line up along the diagonal,
leading to 0 rms and relative temperature differences, and a cross
correlation coefficient of 1. Deviations from the diagonal, which
represent the model-data mismatch, correspond to an increase in
rms and relative errors and a decrease in cross correlation.
Comparisons were performed for all stations, including those on
and off the continental shelf. In addition, we also performed a
separate comparison in the top 10 m of the water column for sta-
tions in the Slope Sea only.

For our application of the MABGOM?2 model to understand
bluefin spawning habitat in the Slope Sea, we run the model in
hindcast mode for 2013, targeting a period of the year—from 15
May to 15 October—that encompasses, with significant margins
on either side, the spawning season of bluefin in the Slope Sea
[thought to occur from June to August (Richardson et al,
2016a)]. The ocean state variables are archived at a 3-h interval,
providing high-resolution physical fields for investigating the
transport of virtual bluefin larvae.

Satellite-based datasets and analyses of interannual
variability

In order to put our results from 2013 in perspective with other
years, it is important to investigate how the biophysical condi-
tions for that specific year compare to those for other years.
Specific to the problem of bluefin tuna spawning and successful
larval development, the interannual variability in the following
oceanographic conditions are of primary importance: the Gulf
Stream location between 75°W and 60°W, the number of Gulf
Stream rings in the Slope Sea, and the near-surface water temper-
ature in the Slope Sea during the three summer months. We used
a 10-year time series (2008—2017) of satellite-based altimetric sea
surface height (SSH) measurements to investigate the first; the
AVISO mesoscale eddy trajectory atlas dataset to investigate the
second; and the 9-year record (2008-2016; 2017 data were incom-
plete) MUR SST product to investigate the third.

Using the daily 0.25°-by-0.25° gridded maps of absolute
dynamic topography and geostrophic velocity from the
Copernicus website (http://marine.copernicus.eu/services-portfo
lio/access-to-products/? option=com_csw&view=details&produc
t_id=SEALEVEL_GLO_PHY_L4_REP_OBSERVATIONS_008_
047), the daily Gulf Stream core position during the three sum-
mer months in 2008-2017 was defined as the SSH contour pass-
ing through the location with the maximum geostrophic velocity
at 76°W. Gulf Stream rings were defined based on the AVISO me-
soscale eddy trajectory atlas dataset (https://www.aviso.altimetry.
fr/en/data/products/value-added-products/global-mesoscale-eddy
-trajectory-product.html) as the long-lived (i.e. 25 days or longer)
anti-cyclonic westward-propagating eddies with rotational veloci-
ties exceeding 10 cm s~ ! at the radius of maximum velocity. The
Slope Sea for each year was defined as the region between the
200-m isobath and the mean Gulf Stream location west of 60°W
during that year.
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The overshoot events, during which the Gulf Stream detaches
from the coast further north from its normal separation location
near Cape Hatteras (Dengg, 1993; Dengg et al., 1996b; Ozgokmen
et al., 1997; Zhang and Vallis, 2007; Pierini et al, 2011), have
been shown to enhance the success of slow-swimming biological
organisms in crossing the Gulf Stream and reaching coastal nurs-
ery areas (Rypina et al., 2016). Such overshoots can potentially in-
fluence the success rates of bluefin tuna spawning by changing
the retentive characteristics of the southwestern Slope Sea. The
overshoot events can be identified using the Gulf Stream over-
shoot index, which is defined as the mean latitude of the Gulf
Stream core between 75°W and 70°W (Rypina et al., 2016).

The extent to which the Gulf Stream meanders away from its
mean location is another factor that could influence the retention
characteristics as well as the geographical extent of the Slope Sea
waters. The Gulf Stream variability can be illustrated by the enve-
lope of daily Gulf Stream positions and can be quantified by com-
puting the standard deviation (SD) of the Gulf Stream locations
at each longitude.

Examining the suitability for spawning by Atlantic
bluefin tuna

To address our goal of understanding the spatial and temporal
dynamics of spawning habitat suitability for bluefin, we used the
output from the MABGOM?2 model to release and track simu-
lated bluefin eggs and larvae throughout the region to see which
particles experience favourable conditions, as determined by our
three criteria: temperature at spawning, temperature during tra-
jectory, and retention within the Slope Sea. In our calculations,
simulated larvae were advected by MABGOM2 horizontal veloci-
ties at 10m below the surface. Results were also obtained using
5m velocities (Supplementary Figure S1) and were found to be
qualitatively and quantitatively similar. No daily vertical migra-
tion or horizontal swimming was imposed, and our simulations
did not account for larval mortality. Previous studies have shown
that mortality can impact larval distributions and population
connectivity (Paris et al, 2007) but because mortality is not
known for bluefin tuna larvae, it was not included in our model.
The integration time was chosen to match the duration of the lar-
val period before continuous swimming behaviour is likely to oc-
cur (Fukuda et al., 2010). We assumed passive advection because,
even though evidence suggests late-stage larval bluefin are strong
burst swimmers, the degree to which any directional—as opposed
to random—horizontal swimming occurs is unknown. Simulated
eggs/larvae were released on a regular 0.25°-by-0.25° grid span-
ning the entire Slope Sea area every 3h from 15 May through 31
August 2013 and were integrated for 25 days using the fourth-or-
der variable-step Runge—Kutta scheme (ode45 in Matlab) with a
bi-linear interpolation between velocity grid points in time and
space. No explicit random component was added to the
MABGOM?2 model velocities when estimating larval trajectories.
Laplacian diffusivity and viscosity (as per Supplementary Table
S1) were used in MABGOM2 to account for subgrid-scale turbu-
lence. The model velocities used to compute larval trajectories are
thus influenced by a parameterization of turbulence, but the par-
ticle tracks themselves remain deterministic. In order to estimate
the stochastic influence that unresolved turbulence would have
on the MABGOM2 particle tracking, consider the empirical diffu-
sivity formula K = 0.0103/"''5 (Okubo, 1971), yielding 5000 cm?/s
for I = lkm. This value leads to the root-mean-square spread

S = 2+/Kt ~2km over 25 days of trajectory integration, which is
significantly smaller than the advection-induced spread of trajec-
tories and the spatial scale of the features in the spawning success
maps. Additional releases were performed from 1 to 20
September to investigate how conditions change after the antici-
pated spawning season.

Based on knowledge of sea surface temperatures when bluefin
spawn and when their larvae occur, as well as the presumption
that successful larvae should remain within the Slope Sea, simu-
lated larvae were considered successful if they satisfied the follow-
ing three criteria:

(1) Spawning-temperature criterion: water temperature at time
and location of release (i.e. spawning) is between 23°C and
28°C

(2) Larval-temperature criterion: mean water temperature along
the larval trajectory is between 23°C and 28°C

(3) Retention criterion: residence time within the Slope Sea do-
main greater than or equal to 25 days.

The Slope Sea was defined as the geographical region west of
60°W lying between the time-mean (over a 5-month period from
15 May until 15 October 2013) position of the northern wall of
the Gulf Stream, identified by the 15°C isotherm at 200 m depth
(following Fuglister, 1955), and the 200-m isobath that delineates
the offshore extent of the shelf break (Figure 1).

Statistical techniques such as probability maps (Rypina et al.,
2011, 2014, 2016, 2017) can be effectively used to identify regions
of the Slope Sea that, on average, provide favourable spawning
conditions for bluefin larvae. Probability maps quantify the time-
averaged probability that a trajectory released at a certain geo-
graphical location within the Slope Sea will satisfy certain criteria,
in our case, the three criteria described above that define here
“successful spawning.” The probability maps show the spatial dis-
tribution of the persistently favourable regions for bluefin spawn-
ing, but do not provide any information about the favourable
temporal periods for the spawning events. In order to quantify
the temporal variability, we computed the time history for the
space-averaged probabilities, i.e. the probability that larvae re-
leased on a given day anywhere in the Slope Sea satisfy the three
criteria described above.

If bluefin spawned according to the three criteria described
above, what would a typical larval distribution in the Slope Sea
look like during peak spawning? To answer this question, we esti-
mated larval concentration fields by binning the successful larvae
into small 0.05° x 0.05° bins and counting the number of larvae
in each bin at any given day from May to October, yielding an es-
timate of larval concentration in each bin. Because the number of
spawning adults, as well as the number of eggs released by each
female, hatching rates, and survival rates are not known for blue-
fin larvae, larval concentrations in our model have been normal-
ized to 1, i.e. the largest concentration value from 15 May to 15
October 2013 is equal to 1.

Results

Observed vs. model-based water temperatures (Figure 1) for
deep, intermediate, and near-surface waters (i.e. those inhabited
by bluefin larvae) illustrate the capability of the MABGOM?2
model to reproduce the near-surface temperatures. The relative
error and cross correlation coefficient are 4.8 and 86%,
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Figure 1. (a) Positions of CTD stations from GU1302 and HB1303 cruises (dots). Dashed line shows the southern boundary of the
MABGOM?2 model domain. (b) Comparison between model-based water temperature and CTD measurements taken in the Slope Sea in
summer 2013. Abbreviations “rmsd,” “re,” and “cc” stand for root-mean-square difference, relative error, and correlation coefficient between

model and observations, respectively.

respectively, for the near-surface temperatures in the Slope Sea,
confirming that MABGOM?2 simulates well the observed SST pat-
terns in this region.

The Slope Sea/Gulf Stream regions of the North Atlantic
Ocean are characterized by several well-known key oceanographic
features, whose signatures can be identified in both the
MABGOM2- and satellite-inferred velocity fields (Figure 2).
Specifically, at approximately the latitude of Cape Hatteras, the
Gulf Stream separates from the coast, turns offshore and mean-
ders, producing strong mesoscale eddies—warm- and cold-core
Gulf Stream rings—on both its northern and southern flanks, re-
spectively. As warm-core rings propagate westward in the Slope
Sea, some get reabsorbed by the Gulf Stream while others reach
the shelf break and interact with the shelf. Another pronounced
circulation feature is the equatorward flow over the continental
shelf, which is particularly strong in the Middle Atlantic Bight,
where it reaches Cape Hatteras and interacts with the Gulf
Stream. The combination of these two currents, the equatorward
shelf current and the northeastward Gulf Stream, produces an
overall cyclonic recirculation in the western part of the Slope Sea
known as the slope gyre (Csanady and Hamilton, 1988), which,
however, often gets disrupted by various transient gyres, eddies,
and Gulf Stream rings.

A comparison between the temporal mean near-surface veloc-
ity field from mid-May through mid-October 2013 in
MABGOM?2 and the long-term (from 1993 until 2018) mean
altimeter-derived geostrophic velocity can be found in Figure 2.
The latter was obtained by averaging daily gridded 0.25°-by-0.25°
maps of absolute dynamic topography and the corresponding
geostrophic velocities. The long-term mean satellite data provide
a robust picture of the mean circulation features in the vicinity of
the Slope Sea, including the Gulf Stream, the equatorward shelf
flow, and the anticyclonic circulation around Georges Bank.
However, this long-term mean does not, by construction, reflect
transient mobile features such as mesoscale eddies. Comparing

and contrasting the long-term mean and the 2013 MABGOM?2
currents shows that, in addition to the mean circulation patterns
described above, two other oceanographic features were present
in the Slope Sea in summer 2013. The first one is a persistent an-
ticyclonic warm-core Gulf Stream ring that is clearly visible near
71.25°W and 38.75°N. The second feature is a large cyclonic eddy
(not an anticyclonic warm-core ring) that was observed in the
eastern/southeastern Slope Sea adjacent to the northern wall of
the Gulf Stream near 65°W and 40°N. Snapshots show that the
feature may consist of more than one cyclonic eddy at any given
time. The rotation sign of this eddy is consistent with, and could
potentially be a result of, the baroclinic instability process of the
meandering Gulf Stream. It may also form as a result of the eddy
vorticity fluxes that can drive inertial recirculations along the
edges of the Gulf Stream (e.g. Hogg, 1985). However, the com-
plexity of the circulation patterns in this area, where meanders of
the Gulf Stream often interact with shelf and slope circulation,
make it difficult to confirm the exact physical mechanism respon-
sible for creating this particular eddy. Importantly for our study
of bluefin spawning, both the anticyclonic Gulf Stream ring and
the above-described cyclonic eddy contained waters with temper-
atures above 23°C in July and August 2013 and are notable in
terms of retention capability.

Analyses of the satellite-based datasets suggest that 2013 was a
typical year in terms of both circulation pattern and water tem-
peratures. The overshoot index based on the 10-year SSH record
in Figure 3a shows that 2012 and 2016 were the overshoot years,
during which the Gulf Stream latitude lies significantly further
north, whereas all other years, including 2013, were not. The en-
velope of daily Gulf Stream positions is shown by grey curves in
Supplementary Figure S2, with red curves corresponding to the
1-SD interval for 2013. Out of the 10years analysed, 2016 and
2017 show the least amount of meandering, whereas the envelope
of the daily Gulf Stream locations for 2013 is comparable to that
for all of the remaining years. In 5 of the 10years analysed (in
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Figure 2. (a) Time-mean velocity field at 10 m below the surface from the MABGOM2 model. Every 20th point from the model grid is
shown. Solid black curve represents the coast line; green curve indicates the boundaries of the Slope Sea region defined here as the 200 m
isobath on the inshore side and the mean location of the north wall of the Gulf Stream on the offshore side. (b) 25-year mean SSH contours
and geostrophic velocities derived from satellite altimeters. Colour bar as in (a). Red star and red circle mark the locations of Cape Hatteras

and Georges Bank, respectively.
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Figure 3. (a) Gulf Stream overshoot index, calculated as the mean
latitude of the Gulf Stream core between 75°W and 70°W; (b)
number of Gulf Stream rings; and (c) domain-averaged summer SST
anomaly (from 2008 to 2016 mean) in the Slope Sea.

2009 and 2011-2014), the number of Gulf Stream rings in the
Slope Sea during summer was 4 (see Figure 3b). Fewer rings
(n=13) were present in 2016, and more rings (n=>5 and 6) were
present during the remaining 4years (2008, 2010, 2015, and
2017). Out of the nine summers analysed for SST
(Supplementary Figure S3), 2015 was the warmest and 2011 was
coldest (Figure 3c), and 2014 had the largest amount of tempera-
ture variability (Supplementary Figure S4). The domain-averaged
summer SST in the Slope Sea during 2013 was very close to the 9-
year mean. The temperature patterns during all years
(Supplementary Figure S3) consistently show the warmest waters
with the least amount of temperature variability along the Gulf

Stream core, and the coldest waters in the north extending south-
ward along the shelf of the Mid Atlantic Bight due to the presence
of the shelf flow. The mean and SD of SST in 2013 both show the
range of values comparable to those for other years.

Probability maps (Figure 4) illustrate the spatial variability
within the Slope Sea where different combinations of the success-
ful spawning criteria are satisfied, including: the spawning-
temperature criterion only (Figure 4a), the spawning- and larval-
temperature criteria (Figure 4b), the spawning-temperature and
retention criteria (Figure 4c), and all three successful spawning
criteria  (Figure 4d). When considering only temperature
(Figure 4a and b), the largest probabilities occur in the south-
southwest region of the Slope Sea, with the smallest in the north-
east. However, when the retention criterion is included (Figure 4c
and d), probabilities in the southern areas adjacent to the Gulf
Stream decrease significantly, and the highest probabilities occur
further north into the Slope Sea, generally away from the Gulf
Stream front. When all three successful spawning criteria are in-
cluded (Figure 4d), a “hot spot” for successful spawning is evi-
dent near the northwestern bight (western portion) of the Slope
Sea where a warm-core ring occurred as well as the generally
slower but very persistent cyclonic background currents
(Figure 2). A secondary peak in probabilities occurred further
east, offshore of Georges Bank, which coincides with the observed
cyclonic eddy in the area (Figure 2).

The associated seasonal progressions of spawning success proba-
bilities throughout the entire Slope Sea (Figure 5)—i.e. the proba-
bility that a particle released anywhere in the Slope Sea is classified
as successful—highlights the temporal variability in spawning suc-
cess with different combinations of the three criteria. It shows that
when only the temperature criteria are considered, successful tra-
jectories begin to occur in May. But when all three criteria are con-
sidered, successful spawning habitat does not emerge until very late
June. It then steeply increases through July, peaks in early and
mid-August, and then starts to decrease. Even though bluefin likely
do not spawn later than 31 August, the dotted lines in Figure 5

20z Arenuer gz uo Jasn Aleiqi [euad YVYON A Lv2/84G/9991/9/9./9101Me/swlsa0l/woddno-oiwspeoe//:sdiy wouj papeojumoq


https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsz079#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsz079#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsz079#supplementary-data

1672

I I Rypina et al.

o

Latitude ( N)

Longitude (W)

Figure 4. Probability maps for simulated Atlantic bluefin tuna larval trajectories in the Slope Sea that satisfy (a) the spawning-temperature
criterion, (b) the spawning-temperature and larval-temperature criteria, (c) the spawning-temperature and retention criteria, and (d) all three
successful spawning criteria. Note that the colour bar range is slightly different between the top and bottom panels.
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Figure 5. Probability of success as a function of release (i.e.
spawning) time for trajectories of simulated Atlantic bluefin tuna
larvae satisfying a combination of different successful spawning
criteria.

illustrate how spawning success would decrease rapidly throughout
September if they did spawn during this time.

When examining snapshots of abundances of simulated suc-
cessful larvae (where again success is defined by meeting all three
criteria) in the Slope Sea on select days (Figure 6), abundances
are significantly more filamented than what the smooth time-
averaged probability maps would suggest, but otherwise, all of the
above-described  spatio-temporal trends are still valid.
Specifically, abundances of virtually zero occur before July and af-
ter mid-September, lower abundances occur close to the Gulf
Stream (except inside strong recirculating features) and in the

north, and persistently high abundances occur near the north-
western bight. The influence of circulation features, such as the
warm-core ring in the west and the cyclonic eddy in the east, can
also be seen from these snapshots. Favourable agreement is seen
between our simulated abundances and larval catch data from
Richardson et al. (2016a). Specifically, the majority of the catch
stations (except for three larvae caught at the two southernmost
stations) are located within our Slope Sea domain and fall on top
of or in proximity to the locations where simulated larvae were
present.

Discussion

We have developed a new, higher-resolution regional ocean cir-
culation model, MABGOM?2, and used it to characterize the suit-
ability of the recently documented (Richardson et al, 2016a)
spawning ground for bluefin in the Slope Sea. Based on the prior
modelling infrastructure in the same region, we have increased
the model resolution to 1-2km, which is needed for resolving
fine-scale features, e.g. fronts, meanders, and eddies, in the Slope
Sea. Overall, the MABGOM2 model compares favourably with
observations in the Slope Sea, thus providing a solid foundation
for the analysis of the bluefin spawning and larval survival.

The application of the MABGOM2 model to simulations of
bluefin eggs and larvae allowed us to examine spatial and tempo-
ral dynamics of the suitability of the Slope Sea for bluefin spawn-
ing. We show that large portions of the Slope Sea, based on water
temperature and physical retention, are indeed suitable spawning
habitat for bluefin, at least for model year 2013. We also demon-
strated that 2013 was an average year for the Slope Sea region in
terms of temperature, Gulf Stream position, and Gulf Stream ring
activity.
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Figure 6. Normalized abundances of successful simulated larvae on selected dates. Abundances have been normalized so that the largest
value over the entire season is 1. Red circles show larval catch locations and numbers per standardized tow in Richardson et al. (2016a). Note,
however, that larvae in Richardson et al. (2016a) were collected over a range of dates, with the larvae in the southwestern corner collected on

23 June and the remainder from 13 July to 9 Aug.

The pattern of habitat suitability that arises only from the two
temperature criteria (spawning and larval temperatures) mimics
the south-to-north warming of the Slope Sea, favours proximity
to the Gulf Stream, and reveals the importance of the anti-
cyclonic warm core ring and the cyclonic mesoscale eddy that
were present in 2013. The inclusion of the retention criterion,
however, substantially affected the spatial-temporal distribution
of suitable spawning habitat. A probability map only for the re-
tention criterion would have shown lower probabilities in the
south near the Gulf Stream and higher probabilities further
north/northeast into the Slope Sea. This is because trajectories
that are released close to the Gulf Stream will often be rapidly
advected out of the Slope Sea, whereas trajectories that start fur-
ther north are more likely to recirculate within the Slope Sea for
the subsequent 25 days. Thus, when the temperature-based crite-
ria are combined with the retention criterion, successful spawning
becomes a matter of balancing the two requirements. This bal-
ance could be maintained by spawning to the south and south-
west early and close—but not too close—to the Gulf Stream, or
waiting until temperatures in the far less dynamic and more re-
tentive north-central and northeastern Slope Sea warm up
enough. Another strategy would be to spawn in eddies like the cy-
clonic eddy observed in the eastern Slope Sea, as well as warm-
core rings shed by the Gulf Stream wherever they occur in the
Slope Sea, as these mesoscale eddies are likely to be both warm
and retentive. Because the steep slope of the shelf break generally
impedes the onshore transport of water, trajectories that start
close to the 200 m isobath are fairly unlikely to exit the Slope Sea
through the northern/northwestern boundary, yielding large

residence times not only in the middle of the Slope Sea but also
relatively close to the northern boundary. This can explain the
high suitability near the northwestern bight (western portion) of
the Slope Sea. This region contained the remnants of a warm-
core ring as well as large areas of generally slower but persistent
cyclonic background current velocities, both of which contrib-
uted to the high probabilities of success.

In addition to spatial variability in spawning habitat suitability,
our results illustrate the seasonal progression of suitability
throughout the entire Slope Sea and are in agreement with the
hypothesized spawning timing in Richardson et al. (2016a). We
observed that the probability for successful spawning was essen-
tially zero until late June, that it rose sharply throughout July un-
til around 1st August, and then it largely remained high until
starting to decline in late August. To illustrate the seasonal de-
cline in habitat suitability, we released particles through 20
September (that were tracked up through 15 October), even
though bluefin likely do not spawn this late. The observed steep
decline in probabilities was largely due to the water temperatures
becoming too cold to meet the larval temperature criterion.
Faillettaz et al. (2019) demonstrated that climatic variability mod-
ulates the distribution and abundance of bluefin tuna. Because
bluefin larval success in the Slope Sea depends critically on a
combination of suitable water temperatures and retentive ocean
currents, it would also likely be sensitive to climatic variability.

Our findings hinge on the three criteria used to classify spawn-
ing as successful—temperature at spawning, temperature
throughout larval period, and retention within the Slope Sea. We
have omitted other potentially important factors governing the
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survival of early life stages of fishes—notably food availability and
predator abundances, both of which could vary spatially and lead
to differential mortality and/or growth (the latter impacting larval
duration and, thus, mortality). Information on predation mortal-
ity of tuna larvae is essentially non-existent except when the pred-
ators are other tuna larvae (Tanaka et al, 1996; Llopiz et al., 2010,
2014), and while numerous descriptions of larval tuna diets exist
(Llopiz and Hobday, 2015), there is little known about how vari-
ability in zooplankton abundances or feeding success translates to
variability in starvation and growth rates (but see Jenkins et al.
1991).

Another criterion not included was water temperature at
depth, which was shown to be strongly associated with the pres-
ence of bluefin larvae in the Gulf of Mexico (Muhling et al,
2010). In that study, bluefin larvae were rarely collected when
temperatures at 200 m exceeded 21°C and had their greatest oc-
currence when temperatures were <17°C. In our study, we de-
fined the southern limit of the Slope Sea as the mean location of
the north wall of the Gulf Stream, which itself is defined as the lo-
cation where the temperature at 200m is 15°C (following
Fuglister, 1955). This suggests that nearly all of the Slope Sea
would have cool waters at depth, and we examined our modelled
temperatures at 200 m wherever successful trajectories originated,
finding that 100 and 99% of locations had temperatures <21°C
and <17°C, respectively. Thus, a criterion related to water tem-
perature at 200 m would not change our results.

Bluefin larvae in our model were assumed to be passively
advected by the oceanic currents at 10 m depth, but active swim-
ming and navigation could affect our results. We have neglected
diel vertical migration because observations of tuna larvae show
patterns of vertical displacement of 5-10m, but these patterns
lack coherence between regions and years (Habtes et al., 2014;
Reglero et al., 2018a). Still, we repeated our statistical analysis us-
ing model-based velocities at 5m below the surface and the
results were similar in all aspects to those at 10m. We have
neglected navigation and directional swimming because there is
limited information on juvenile bluefin habitat, which makes it
difficult to use a geographic navigation scheme (Rypina et al,
2014) or a sensory cue-based navigation scheme (Staaterman
et al., 2012). Therefore, we focus on the earliest part of life, before
bluefin are likely to begin schooling (Fukuda et al., 2010) or other
significant swimming behaviour, and our results can be consid-
ered a conservative estimate of the probability of larval retention
within the Slope Sea.

Additional concurrent years of model output and empirical
data will improve our understanding of bluefin spawning and lar-
val distribution in the highly dynamic Slope Sea region. The Gulf
Stream current exhibits significant interannual variability (Dengg,
1993; Dengg et al., 1996a; Taylor and Stephens, 1998; Curry and
McCartney, 2001; Zhang and Vallis, 2007; Joyce and Zhang, 2010;
Pierini et al, 2011; Rypina et al., 2016) and some of the Gulf
Stream rings and meanders are long lived and could be present in
the Slope Sea area for up to several months. These effects could
lead to a pronounced interannual variability in the probability
maps, larval distributions, and successful spawning locations.
Note also that the southern boundary of our Slope Sea domain
was defined using the time mean, rather than instantaneous, posi-
tion of the northern wall of the Gulf Stream. It is possible that
some geographical positions to the south of the mean Gulf
Stream, and thus outside of our mean Slope Sea domain, lie north
of the instantaneous Gulf Stream and thus belong to the Slope
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Sea. This might lead to an increase in the spawning success near
the southern boundary of the Slope Sea, where the success rates
are zero or near zero, but it is unlikely to affect the areas further
north, specifically, the western “hot spot” associated with the
slope gyre and the Gulf Stream ring. An in-depth investigation of
the effects of the variability in the Gulf Stream position on the
spatio-temporal distribution of the spawning success rates would
be an interesting component of a future study.

Unlike the spatially smoothed, time-averaged spawning proba-
bility maps, larval concentration distributions at any given time
in our model show highly filamentary spatial structures. Because
of this filamentation and rapid time evolution of the larval distri-
bution and limited number of stations, the exact number of lar-
vae caught at a specific station would be extremely challenging to
reproduce in a model. Rather one should expect a statistical
agreement between model and data, but unfortunately the avail-
able larval catch data is too sparse to allow for a robust statistical
analysis. It is well documented that bluefin tuna larvae exhibit
highly patchy distributions in the ocean (Alemany et al, 2010;
Muhling et al., 2010; Satoh, 2010), but it is interesting that this ef-
fect is seen in model results where larvae were released according
to a regular grid, i.e. without the influence of the movement, for-
aging, and schooling behaviours of adults that could lead to
patchiness in spawning locations. This highlights the importance
of extensive and sufficiently dense sampling schemes for bluefin
larvae, such as those used in the Gulf of Mexico (SEAMAP pro-
gramme, Lyczkowski-Shultz et al. 2013), and around the Balearic
Islands (Alemany et al, 2010). The simulation results presented
here can help guide future studies in the Slope Sea by revealing
the best times and mesoscale locations to sample for bluefin
larvae.

Our use of a forward particle-tracking model to explore
spawning habitat suitability and elucidate where and when
spawning may occur is an approach less commonly employed
among biological-physical models (but see Stegmann et al., 1999;
Kettle and Haines, 2006; Miller et al., 2006; Rypina et al., 2014;
Rypina et al, 2016 for example). Most studies use already-
documented spawning sites or discrete habitat locations to assess
questions such as population connectivity (e.g. Werner et al,
2007; Cowen and Sponaugle, 2009). When adequate empirical
data on larval distributions and abundances are available, an in-
creasingly popular approach is to use particle backtracking mod-
els to deduce where collected larvae may have originated (e.g.
Christensen et al., 2007; Bauer et al, 2014). The approach we
have employed here is to release particles in a much larger area—
the entire Slope Sea—than the area likely used by bluefin for
spawning, and then allow the imposed criteria to determine
which virtual larvae survive. We then examined where the suc-
cessful larvae originated to infer where suitable spawning habitat
occurs. Such an approach can be informative for special cases
where little empirical data are available on the spatiotemporal dis-
tributions of spawning adults or eggs and larvae, and has
highlighted here several conclusions about the spatial and tempo-
ral dynamics of the Slope Sea spawning ground of bluefin. Future
work will focus on interannual variability of such results, includ-
ing how the dynamics of mesoscale eddies (including warm-core
rings) affect habitat suitability. Ultimately, knowing spatial and
temporal dynamics of bluefin spawning habitat in the Slope Sea,
and how it is impacted by climate variability, would represent an
important advancement with implications for fishery manage-
ment and conservation strategy of this iconic species.
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