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Atlantic bluefin tuna (ABT) are large, wide-ranging pelagic predators, which typically migrate between foraging regions in the North Atlantic and
two principal spawning regions, the Gulf of Mexico and the Mediterranean Sea. A new spawning area has been described in the Slope Sea (SS)
region off New England; however, the relationship between ABT that spawn in the SS and ABT using the principal spawning regions remains
poorly understood. We used electronic tags to examine the location, temperature, and diving behaviour of ABT in the SS, and identified 24
individuals that were present during the spawning season (June—August) with tag data showing temperatures and behaviour consistent with
spawning ABT. In general, the SS spawners had similar spatial ranges to Mediterranean-spawning ABT, however, some individuals displayed
distinct behaviours that were identified first in the Gulf of Mexico spawners. Using monthly spatial distributions, we estimated that the SS
spawners have high exposure to fishing pressure relative to other ABT and may represent a disproportionate share of the West Atlantic catch.
This analysis provides the first description of the behaviour of ABT frequenting this spawning ground, creating a foundation for integrating this

region into multi-stock management and, potentially, conserving an important source of genetic diversity.
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Introduction

Atlantic bluefin tuna (Thunnus thynnus; ABT) are wide-
ranging pelagic predators that reach over 680 kg (Magnuson
et al., 1994; Mather et al., 1995). They have unique physiol-
ogy and biomechanics that includes endothermy, centraliza-
tion of their powerful oxidative swimming musculature, and
specializations that increase efficiency when swimming (Neill
et al., 1974; Stevens et al., 2000; Blank et al., 2004). Their
unique biology enables a wide spatial distribution occupying
diverse habitats from subtropical to subpolar seas (Mather et
al.,; 1995). ABT are capable of moving rapidly between diverse
ecosystems from coastlines to open ocean, and electronic tag-
ging has demonstrated their ability to range widely at trans-
oceanic scales. They consume a diverse range of prey, from
small caloric-rich epipelagic fish such as anchovies, herring,
and menhaden to crustaceans such as krill (Gofii and Arriza-
balaga, 2010; Logan et al.,2011). Additionally, adult ABT are
able to forage on larger prey such as halibut, as well as deeper
mesopelagic neckton such as squid and myctophids (Chase,
2002; Butler, 2007; Pleizier et al., 2012; Madigan et al., 2015).
Mature ABT have been shown to follow annual migrations be-
tween their spawning grounds (typically in warm temperate or
sub-tropical waters) and the colder, more productive foraging
grounds in the North Atlantic (Stokesbury ef al., 2004; Block
et al., 2005; Teo et al., 2007a; Fromentin et al., 2014; Wilson
et al.,2015; Druon et al., 2016; Hazen et al., 2016).

ABT are one of the world’s most commercially important
marine species, with annual reported catch of ~30 000 metric

tons with a value well over $1 billion USD (Macfadyen et al.,
2021). The fishery is currently managed by The International
Commission for the Conservation of Atlantic Tunas (ICCAT)
as two independent stocks, each affiliated with a different pri-
mary spawning ground. ICCAT uses the 45°W longitudinal
meridian as a dividing line (ICCAT, 2018), though the two
stocks intermix across much of their West Atlantic range (e.g.
Lutcavage et al., 1999; Block et al., 2001, 2005; Rooker et
al., 2008b, 2019; Galuardi et al., 2010; Arregui et al., 2018;
Puncher et al., 2018). The western stock spawns primarily
in the Gulf of Mexico (GOM) during spring months (April
through June) and travels to the northwestern Atlantic to feed
during the summer and early fall (July through October; Block
et al., 2005; Teo et al., 2007a; Walli et al., 2009; Wilson et al.,
2015). The principal spawning ground for the eastern Atlantic
stock is the western and central Mediterranean Sea (Med; Cer-
mefio et al., 2015; Abascal et al., 2016). The eastern stock is
estimated to have ~10 times the biomass of the western stock
(Rouyer et al., 2018), and accounts for ~90% of recent catch
(ICCAT, 2017). Both stocks are considered to be in recovery
from prior depletion (ICCAT, 2020, 2021).

Over two decades, electronic tagging, otolith microchem-
istry, and genetics analyses have rapidly improved our un-
derstanding of ABT, but many questions still remain about
population structure in the Atlantic ocean (Block et al., 2005;
Rooker et al. 2008b; Schloesser et al., 2010; Puncher et al.,
2018). Although it is hypothesized that many eastern-stock
fish remain in the East Atlantic their entire lives, electronic
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Figure 1. Combined tracks for the 24 SS spawning ABT (T thynnus). The SS is outlined in black. The labels indicate tagging locations [Gulf of St.
Lawrence, Canada (GSL) and North Carolina, United States (NC)] and the two primary spawning grounds [Gulf of Mexico (GOM) and the Mediterranean

(Med)].

tagging and microconstituent analyses demonstrate that some
individual ABT migrate to the north-western Atlantic by age
one, comprising up to 40% of the ABT off the coast of North
America (Block et al., 2005; Rooker et al., 2008a, b; Dickhut
et al., 2009; Teo and Boustany, 2016; Arregui et al., 2018).
Tagging and otolith data suggest that, after several years of
growth, they travel back to the Med around age nine to spawn,
with most of those fish thought not to return to the West At-
lantic (Rooker et al., 2008a; Teo and Boustany, 2016). Ge-
netic analyses indicate that the western and eastern stocks are
at least partially distinct yet no genetic markers have enabled
full separation of the populations (Carlsson et al.,2007; Bous-
tany et al.,2008; Puncher et al., 2018). The western stock, that
primarily breeds in the GOM, has been proposed to have a
larger body size (Mather et al., 1995) and later onset of ma-
turity (Corriero et al., 2005; Diaz and Turner, 2007) yet tag-
ging studies indicate entry from bluefin that utilize the Atlantic
ocean for a foraging ground into the Med remains similar to
the GOM (Block et al., 2005). While sharing the northwest-
ern Atlantic, however, the two stocks’ movement patterns are
largely similar, with mature individuals leaving the northern
portion of their range by late December and migrating to their
respective spawning grounds or mid-latitude foraging regions
during winter and spring, then returning to the north in the
early summer (Block et al., 2005; Walli ez al., 2009; Galuardi
and Lutcavage, 2012; Teo and Boustany, 2016).

Although this two-stock paradigm has long been the foun-
dation of ABT research and management, it is becoming in-
creasingly evident that the true stock structure is more com-
plex than “GOM or Med.” Population subdivision of Euro-
pean ABT has also been proposed to exist within the Med,
with the migratory stock from the Western Med distinct from
the resident population in the Central and Eastern Med (Carls-
son et al., 2004, 2007; Boustany et al., 2008) and evidence of
spawning in the Eastern Med (Karakulak et al., 2004) and
the Bay of Biscay (Rodriguez et al., 2021). Although only the

western stock is currently recognized to spawn in the GOM
(Fromentin and Powers, 2005; Teo and Boustany, 2016), ge-
netic evidence suggests limited interbreeding with the eastern
stock may be occurring, complicating the two stock hypothe-
sis (Johnstone et al.,2021). Additionally, there is potential sup-
port for more complex population structure within the west-
ern stock and genetics should address whether introgression
is occurring between the populations (Muhling ez al., 2011a;
Brophy et al., 2020).

In the Atlantic ocean, the slope waters off the North Ameri-
can continental slope near New England (the “Slope Sea,” SS;
see Figure 1) have long been considered a potential spawning
ground following historical observations of “ripe” adults (i.e.
ready to spawn; Baglin, 1976; Mather et al., 1995). Oceano-
graphic analyses (Rypina et al., 2019, 2021) have indicated
that the Gulf Stream running close to the large slope escarp-
ment produces warmer ocean temperatures with cyclonic and
anticyclonic eddies, conducive for spawning. Recent spawn-
ing by ABT has been confirmed by larval surveys (Richard-
son et al., 2016a; Herndndez et al., 2022). Back tracking of
the larvae has suggested the vast majority originated in the SS
(Herndndez et al., 2022), though in a few cases Cape Hatteras
and other regions such as the Bahamas have been indicated
as possible spawning areas (Mather et al., 1995; Herndandez
et al., 2022). Thus, an expansive potential spawning ground
exists in the western Atlantic from south of Cape Hatteras to
the slope off the Gulf of Maine.

Characterizing the individuals spawning in the SS has been
difficult as it is a corridor along which adult ABT from the
GOM and Caribbean waters travel, as well as an area of high
mixing between the western and eastern stocks, including both
juveniles and adults (Block et al., 2001, 2005; Teo and Bous-
tany, 2016). Richardson et al. (2016a) assert that the larvae
sampled in the region indicate it is a major breeding ground
for the western stock, and potentially shows they spawn at a
younger age than those in the GOM. This view is contested
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(Richardson et al., 2016b; Safina, 2016; Walter et al., 2016),
with Safina (2016) suggesting that the larvae could be of east-
ern stock, or possibly originating further south (e.g. from off
the Carolinas as seen by Lamkin et al., 2014). Whether the
SS represents a secondary spawning ground for one or both
of the primary stocks, or a third independent stock altogether,
could have significant implications for ABT conservation and
management, but genetic analyses of SS larvae have so far been
inconclusive (Rodriguez-Ezpeleta et al., 2019).

Here, we present electronic tagging data with geolocation
positions (7 = 10 068 d) from individual ABT (n = 24)
that occupy waters conducive for spawning and simultane-
ously show diving, internal and external temperatures that
are consistent with spawning bluefin tuna within the SS, as
assessed using electronic tagging data we have collected over
the past two decades from deployments off North Carolina
(NC), United States, and in the Gulf of St. Lawrence, Canada
(GSL). We analysed dive behaviour, ambient and body tem-
peratures when available, spatial distribution, and migratory
movements for the adult ABT presumed to be SS spawners
to examine their biology and behaviours in these waters. We
also assessed their exposure to fishing pressure in the West At-
lantic relative to assigned-stock individuals, using the assig-
nations eastern and western to refer to Med-identified and
GOM-identified fish, respectively. Finally, we discuss which SS
spawning scenarios are most supported by these tracks, and
the potential management implications of identifying a third
spawning ground.

Methods
Tagging methodology

Archival and pop-up satellite archival tag data sets were com-
piled from the Stanford University TAG A Giant program
data base using tags deployed from 1996 to 2020. Elec-
tronic tags were primarily deployed at two locations during
these years, the GSL [# = 290, mean Curved Fork Length
(CFL) 263 cm, SD 21, range 187-313] and the coastal wa-
ters of NC off Cape Lookout or Cape Hatteras (7 = 968,
mean CFL 195 cm, SD 26, range 95-272), using methods
previously described for these deployments and data (Block
et al., 1998, 2001; Stokesbury et al., 2004; Wilson et al.,
2015). Procedures were conducted under protocols approved
by the Stanford University Administrative Panel on Labora-
tory Care in accordance with the Institutional Animal Care
and Use Committee’s proper guidelines and the University An-
imal Care Committee protocol #18-11, and all procedures
approved under annual permits issued either by NOAA in
US waters or by Fisheries and Oceans Canada license # SG-
RHQ-18-159A when in Canadian waters. The archival tags
were models MK7 from Wildlife Computers (pre-2002) and
LTD2310/2350 from Lotek, Inc (post-2002), and recorded
pressure (depth), light intensity, ambient and internal temper-
ature data, at 1 s to 2 min intervals. The tags were surgically
implanted into the tunas and were recaptured from 1 to 8
years post-release. The satellite tags were PAT2 and miniPAT
models (247A, 348F, 348 K, and 390B) from Wildlife Com-
puters, with the same sensors excepting internal temperature,
and were programmed to release and transmit data after ~1
year. Post processing of data sets for sensor drift and correc-
tions, daily position geolocation using threshold light mod-
els (Teo et al., 2004; Block et al., 2011; Wilson et al., 2011,
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20135) followed the prior procedures including fish length es-
timations from on deck measurements and products created
from processed positions into state-space models (Block et al.,
2005, 2011). Age was estimated from length using the von
Bertalanffy growth curves used by ICCAT, parameterized sep-
arately for the eastern stock (Cort et al.,2014) and the western
stock and unknown individuals (Restrepo et al., 2010).

Western and eastern stock assignment

In the absence of genetic identification, we spatially assigned
tagged ABT individuals to the western or eastern stock if their
tracks entered the GOM or Med, respectively. In addition, a
fish which was eventually harvested (post-tag detachment) in
one of the two spawning grounds was similarly assigned. Us-
ing this methodology and focusing on fish tagged in the West
Atlantic, our TAG database provided tracks for 94 western
stock, 47 eastern stock, and 309 unassigned individuals (i.e.
did not enter either region). We used these tracks to search
for possible SS spawning candidates, as well as for eventual
comparison between the assigned-stock individuals and the
SS spawners.

Definition of SS

We defined the SS as the slope waters of the North American
Shelf bathymetrically 200-3000 m constrained to its north
and west by the North American continental shelf (MERCINA
et al., 2001) and to its south and east by Cape Hatteras, the
north wall of the Gulf Stream, and the southernmost extent of
the Grand Banks (~983 000 km?; Figures 1 and 2). Warm-
core eddies propagating north from the Gulf Stream heat the
SS region (Auer, 1987) so that by the early summer areas in
the centre of the SS west of ~63°W satisfy both spawning
(22-29°C; Teo et al., 2007b; Hazen et al., 2016) and larval
(20.5-26°C; Gordoa and Carreras, 2014) temperature crite-
ria, as well as larval retention criteria (Rypina et al., 2019).
Because many of our tracks were from the early 2000s, we
defined the Gulf Stream using a wide region corresponding to
its median historical position; note that recent oceanographic
trends have moved this boundary northward, potentially nar-
rowing the SS region but allowing warm water to intrude into
the Gulf of Maine (Meyer-Gutbrod et al., 2021).

Identification of spawning

We first considered any individual a potential SS spawner if
it spent at least 10 d in the SS during the spawning season
(broadly defined as May through August). For each candi-
date individual, we visually analysed horizontal movement
patterns, ambient temperatures, dive behaviour and, when
available with archival tags, internal temperatures to aid in
identifying spawning behaviours as previously described in
Block et al. (2001, 2005), Teo et al. (2007a), and Aranda et al.
(2013), spawning ABT have a variety of unique behaviours.
From these prior analyses, it has been recognized that when
bluefin are in warm waters conducive for spawning they of-
ten take on oscillatory diving behaviours with unique period-
icity. Fish from the GOM, for example, perform shallow, dis-
tinct night and day dives (diel behaviour) for multiple days [a
mean breeding phase of 18 d in Teo et al. (2007a) and 24 d in
Aranda et al. (2013)], with increased oscillatory dives at night
departing from the surface waters. This increase of activity
is accompanied by a rise in internal temperature, which of-
ten peaks at dawn. Spawning occurs exclusively in very warm
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Figure 2. Spawning in the SS. (a) Daily positions for the 24 spawning ABT (T thynnus) in and around the SS. Points are coloured by month on the days
when spawning was observed, with white indicating no spawning. (b) Mean daily external temperature during the observed spawning period (smoothed
in 3-d intervals). Spawning days are indicated with black circles. Suitable spawning temperatures are between the two horizontal lines.

water (>22°C), and internal temperatures remain consistently
higher than ambient without the cooling/heating cycle seen
during foraging (i.e. from dives in colder water followed by
internal heat from digestion). Residency in the SS was used
to identify candidate spawners; however, for each candidate
we examined the entire track within the spawning season and
did not limit identification of spawning to only days within
the designated SS boundary. Putative spawning events were
included if at least one of the spawning days was within the
boundary (either directly or within the range of geolocation
error).

Spatial analyses

We calculated mean monthly latitudinal and longitudinal po-
sition for each fish and compared ranges for each stock by
month. We used two-sided Student’s ¢-tests (Student, 1908) to
compare mean values for latitude and longitude, applying a
Bonferroni correction (Weisstein, 2004) for the monthly com-
parisons, as well as mean daily depth, distance to shore, and
sea surface temperature (SST), which do not require normal
data as long as the sample size is sufficient (Lumley et al.,
2002). For differences in distributions of values by stock, we
used Wilcoxon-Mann-Whitney signed-rank tests for compar-
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ison (Mann and Whitney, 1947; Wilcoxon, 1992) and assessed
distributional similarities between stocks via overlap analy-
sis using the distribution-free # index (Pastore and Calcagni,
2019).

Exposure to fishing pressure

As part of managing the ABT stocks, ICCAT collects extensive
catch and effort data including fleet, location, and gear type
under the Task 2 designation (https://www.iccat.int/en/t2ce.as
p). These data can be combined with estimates of stock distri-
bution to determine the exposure of a stock to fishing pressure
across space and time, as described in Aalto ez al. (2021). Here,
we apply the same methodology to the identified SS spawners:
we used the tag location data to generate monthly spatial dis-
tribution maps for each stock (western, eastern, and SS, aggre-
gating to 1° x 1° boxes across all years; Supplementary Figure
$19), then combined these with the spatial fishing effort data
for each month to determine fishing exposure as

Exposure,, g = Z Z Rel.density,, i« Ef fortygi .

: ]

where 72 is the month, s is the stock, g is the gear type, and i and
j represent the latitudinal and longitudinal grid cells. Relative
density was calculated as proportion of total tag-days (days of
tag data across all fish in a specific stock) in a specific grid cell
during that month. Effort was quantified as number of hooks
(for longline data) or hours fished (for rod and reel data). Ex-
posure was then standardized across stocks (with the highest
monthly exposure set = 1.0), allowing comparison of relative
exposure to different gears between stocks. Although the lack
of systematic survey data and genetic identification makes it
impossible to precisely estimate SS spawner abundance rela-
tive to the two primary stocks, we were able to estimate the
proportion of Task 2 catch coming from the SS “stock” under
different relative abundance scenarios derived from the pro-
portion of SS spawners seen in the total dataset.

Results

Identification of spawning

To identify bluefin tuna that utilize the SS waters, we first
reduced the full tag-track dataset examined for this study
(n = 450, mean tag duration 215 d, range 9-1936; mean CFL
= 229 cm, SD 35, range 95-313) down to a pool of “po-
tential spawners” (i.e. those with tracks extending into June:
n = 250, mean duration 302 d, range 44-1936; mean CFL
= 224 c¢m, SD 35, range 95-298). This was then filtered to
include only those with 10 + days in the SS during the poten-
tial spawning season (June, July, and August), when temper-
atures are consistent with potential spawning. This reduced
the dataset of the potential ABTSS spawners (7 = 170, mean
duration 321 d, range 72-1936; mean CFL = 214 cm, SD 34,
range 95-289). Within this subset, we identified 24 individu-
als that demonstrate evidence of behaviours consistent with
previously identified tag-based spawning behaviours within
the SS (mean duration 420 d, range 192-994; mean CFL =
219 ¢cm, SD 28, range 165-284; Table 1, Figures 1 and 2). The
putative spawning events recorded by the tagged bluefin tuna
spanned years 1999-2021 (Table 1). They occurred primar-
ily in the portion of the SS west of Nova Scotia (i.e. between
65°W and 75°W), most commonly in late June and early July
but four times in late May and twice in mid-August (Figures 2a
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and 3¢ and d), and were almost exclusively in water tempera-
tures considered suitable for spawning (22-29°C; Figure 2b).
Mean duration of the identified breeding phases was 11 d with
an SD of 6 d, shorter than those seen in Teo et al. (2007a) and
Aranda et al. (2013). Distributions for size, estimated age, and
spawning days are given in Figure 3. Archival data recorded in
1-2 s high resolution intervals from four channels on the tags
were used to examine the diving patterns, physiological (body
temperature), and behavioural data used to identify spawning
(Figure 4 and Supplementary Figure S5).

Most of the ABT identified as SS spawners were electron-
ically tagged in NC as young adults (# = 19; mean CFL
= 207 cm, SD 16, range 165-229; mean est. age = 10.2,
range 6.4-12.6), and the remaining individuals were tagged
in Canadian waters in the GSL and were much larger fish
at release(n = §; mean CFL = 264 cm, SD 13, range 254—
284; mean est. age = 17.9, range 15.9-22.0). The range, while
tagged, of the 24 spawners tags indicate they utilized forag-
ing areas primarily along the West Atlantic seaboard; impor-
tantly, though, nine individuals crossed the 45° meridian into
the East Atlantic (including one, which entered the Mediter-
ranean). A total of four example SS tracks are shown in Figure
5, with other individual tracks shown in Supplementary Fig-
ures S1-S3. A total of 20 of the 24 spawning individuals had
no prior assigned stock (i.e. were not observed to enter one of
the two primary spawning grounds). The remaining four were
initially assigned spatially to the eastern stock: #5103508 en-
tered the Med (Supplementary Figure S2), and the other three
(#s 5100132, 5103489, and 5109003) were assigned to the
Med stock based on eventual harvest location (i.e. where the
fish was caught). Of the three fish with tracks encompass-
ing two or more spawning seasons, two, #5103509 (CFL =
209 c¢m at tagging) and #5105049 (216 c¢cm) spawned in the
SS multiple years in a row (2003-04 and 2005-07, respec-
tively; Figure 6 and Supplementary Figure S5), demonstrating
site fidelity for the SS spawning ground during the spring and
early summer.

Two individuals (#5100117 and #5118008) spawned
slightly outside the SS boundaries but were included because
movement of the Gulf Stream or geolocation error could
place the spawning events within the SS. Two individuals
(#5112032 and # 5121039) spawned south of the SS and
were, thus excluded from this analysis but are described in
the supplemental information (Supplementary Figure S4).

Spatial analysis

Total geographic spatial range identified from geolocation
data for the SS spawners was more similar to the ABT iden-
tified previously from the eastern (i.e. Med-identified) stock
(e.g. Stokesbury et al., 2004; Block et al.,2005) than the west-
ern (i.e. GOM-identified) stock (Figure 7, Supplementary Ta-
ble S1). Although all differences in mean and distribution
at the annual scale were significant, we did not consider a
statistical comparison across the entire year to be informa-
tive given the complex migratory patterns. When compared
to the eastern stock (annual mean lat 39.5°N + 5.85 SD,
lon 50.2°W =+ 25.7), the SS spawners had similar latitudinal
(37.9°N =+ 4.70) and longitudinal ranges (63.8°W + 16.8)
with one fish entering the Med (roughly, longitude 0°; Sup-
plementary Figure S18b) and travelling to the waters around
Sicily (in particular, the Malta Trough). Many eastern-stock
fish travelled further north, especially in the East Atlantic
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Figure 3. Distributions of SS spawning ABT (T thynnus). (a) Length at tagging for all individuals with tracks, which extended into June (n = 250;
western = 45, eastern = 40, unassigned = 141, SS = 24). (b) Size distribution of SS spawners during spawning events. The colour indicates the year of
the spawning event. Size is projected using von Bertalanffy growth curves from CFL at time of tagging. The linked entries for the two multi-year
spawners are indicated with the solid and dashed boxes. (c) Estimated age distribution during spawning events. Age at tagging was estimated from CFL
using the growth curves. Same details as for (b). (d) Distribution of spawning days, grouped into half-months and aggregated across all spawning
events. The colour indicates the spawning year. (e) Distribution of spawning days coloured by age of spawner. Details otherwise the same as for (d).

(though only nine SS tracks are available for comparison in
that region) and in the winter (Figure 7a). The latter differ-
ence could be the result of tagging bias, however, as most of
the SS spawners were tagged early in the year off NC and thus
were unlikely to move to higher latitudes in that period. The
SS spawners were more dissimilar from the western stock (an-
nual mean lat 33.5°N =+ 8.03, lon 75.8°W = 12.3), with less
travel to the south, an earlier return north (Figure 7a), and a
much wider longitudinal range (Figure 7b), though several did
go farther south than most eastern-stock fish (Supplementary
Figure S18a). Note that the majority of the oldest fish stayed
entirely in the West Atlantic (orange and white lines, Supple-
mentary Figure S18) despite their maturity.

Comparing the stocks on a monthly timescale (Figure 7),
the SS spawners were significantly different (Supplementary
Table S1) from the western stock in both latitudinal mean and
distribution in all months except July, August, and Novem-
ber (Figure 7a), and differed longitudinally January through
June (Figure 7b). The SS spawners differed mainly in distribu-
tion from the eastern stock, latitudinally in November through
February and longitudinally October through February and
May through August. Collectively, SS spawners had statisti-
cally similar ranges (9 lat months, 9 lon) and distributions (8
lat months, 3 lon) to the eastern stock in more months than
for the western stock (range 3 lat, 6 lon; distribution 2 lat, 4
lon). In addition, they were more similar to the eastern stock
in mean depth, distance to shore, and mean daily SST (Sup-
plementary Figures S20 and S21).

During the spawning months (May through August), we
found that the SS spawners generally remained to the south
and west of the GOM- and MED-identified stocks when in
the SS and nearby regions (Supplementary Figures S9-512). In
May and June (Supplementary Figures S9 and 10), the eastern
stock is concentrated further north. The western stock is still
moving up the coast from the spawning areas in the GOM
during those months, but the individuals that have reached
the SS in June are concentrated further to the east and north
(Supplementary Figure S11). In July (Supplementary Figure
S12), the SS fish appear to be further south than both primary

stocks, though that effect may be partly tautological due to
the spawning observation dates and was not significant. In
August (Supplementary Figure S13), the SS spawners mingled
with the other stocks, but remained south of the main western-
stock regions such as the Scotian shelf and the GSL. These dif-
ferences were statistically significant for the western stock in
May and June and both stocks in August (Supplementary Ta-
ble S1). During the rest of the year, the SS spawners followed
a similar pattern to many eastern-stock fish (and, potentially,
juvenile western fish) and overwintered off NC (see Supple-
mentary Figures S6-517 for all months).

Exposure to fishing pressure

We used stock-specific spatial distributions to determine rela-
tive stock exposure to fishing pressure by comparing stock lo-
cation to ICCAT effort data using the methodology described
in Aalto et al. (2021) (see Supplementary Figure S19 for the
monthly distribution contours). The SS spawners had simi-
lar exposure to that of the eastern stock, though their more
coastal distribution meant slightly higher exposure to longline
fleets in the late summer (Figure 8a and b) and rod and reel
fishing during June and July, key spawning months (Figure 8c
and d).

The SS spawners identified represent 19 tracks out of 166
total tagged in the fall near NC with tracks that extend into
the spawning season (i.e. at least through June; Table 2), sug-
gesting that ~12% of the fish in the region at that time may
be SS spawners (and 5 out of 80 for the GSL, or ~6%),
at least across the age range tagged. Taken across the full
dataset the proportion of SS spawners is consistently 6-13%
across age groups (<10 yo, 10-15 yo, 15+; Table 2). Note
that the SS spawners have a size distribution similar to that
of the overall dataset, except the smallest eastern stock fish
(Figure 3a).

Using the fishing exposure data, we estimated relative pro-
portion of Task 2 catch in the West Atlantic under four dif-
ferent relative abundance scenarios (Figure 9): 3.1%, a con-
servative scenario set to half of the smallest regional propor-
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Figure 4. Spawning proxies for ABT (T thynnus) #5104497 for spawning period 6/24/05 through 7/18/05. Examples of behaviours associated with
spawning as described in Teo et al. (2007a). (a) Depth. Note shift in dive pattern to shallower waters at night and deeper (but not very deep) waters
during the day. (b) Light. Note steady sunrise/sunset timing, indicating little longitudinal travel. (c) External temperature. Note consistently >23°C. (d)
Internal temperature. Y-axis values differ from external temperature. Note heightened value, especially at night. (e) External temperature range. Note
relative stability of maximum and minimum temperatures. (f) Internal temperature range. Note both minimum and maximum are elevated, and stable
with regard to external temperature. (g) Depth and temperature patterns during spawning. Y-axis indicates depth on the left (blue) and temperature on
the right (red internal and green external). Note cyclic up-down diving pattern during spawning period, and heightened temperatures with low internal

temperature range.

tion; 6.3%, the smallest regional proportion (Canada); 9.6 %,
the overall proportion across both regions; and 11.5%, the
highest regional proportion (NC). Although relative abun-
dance ranged from 3.1 to 11.5%, estimated catch proportion
ranged from 6.4 to 21.4%, depending on gear type (Supple-
mentary Table S2). High relative catch of SS stock was fo-
cused in March and April pre-2008 and November post-2008
for longline (Figure 10a), and June pre-2008 for rod and reel

(Figure 10b), driven by the heightened relative exposure dur-
ing those months (Figure 8b and d).

Discussion

The 24 archival and satellite tag derived tracks identified
here provide significant records of adult ABT spawning in
the slope waters of the Northwest Atlantic, confirming what
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Figure 5. Representative tracks for individual ABT (T thynnus). The top two (#5103517 and #5104497) were tagged in NC, United States, in 2003 and
2004, respectively. The bottom two (#5120021 and #5120032) were tagged in the GSL, Canada, in 2020.

larval studies have reported (e.g. Mather et al., 1995; Richard-
son et al., 2016a; Rodriguez-Ezpeleta et al., 2019; Hernan-
dez et al. 2022): the presence of a third spawning ground in
the western North Atlantic. Our analyses shows that these
ABT spawners have movement and behaviours most simi-
lar to that of eastern-stock individuals, with wide longitudi-
nal ranges (Figure 7)—including travelling into the Mediter-
ranean in one case—and spatial aggregation in the Gulf of
Maine and the western portion of the SS, areas with higher
eastern-stock presence (Supplementary Figures S$9-512). Im-
portantly, some of the SS fish do have spawning diving be-
haviours similar to the previously reported GOM fish (Teo et
al., 2007a), potentially indicating an extension of the GOM
fish into these waters periodically to spawn as they return to
their northern foraging grounds. Because most of the track
durations were <1 year, the degree of spawning site fidelity
is unclear; however, two archival-tagged fish were observed
to spawn in the SS two and three years in a row. Spawning
across a wide range of age classes (10-18 years), including
repeat spawning by two individuals up to ages 12 and 13,

supports the hypothesis of a true third spawning stock, rather
than an early breeding site for eastern- and/or western-stock
fish. The behaviours described here have been observed dur-
ing the entire electronic tagging campaign spanning over 26
years of direct observations that began in 1996. Importantly,
the differing types of spatial tracks and inital tagging loca-
tions (see Limitations below) suggest that the SS could also
be potentially a zone of inter-breeding between the two pri-
mary stocks, consistent with the results of genetic analyses in-
dicative of potential introgression (Rodriguez-Ezpeleta et al.,
2019). This will require more efforts in genomics to resolve,
and finclips from these spawning fish may be of value in these
analyses.

Our findings complement the larval analyses of Richardson
et al. (2016a) and Hernandez et al. (2021), providing detailed
behavioural data for the adult spawners that these and other
authors (e.g. Mather et al., 1995) inferred were present. How-
ever, most of the spawners we identified were >10 years old
(16 of 24, or 67%, compared to 177 out of 250, or 71%, in
the full potential spawner dataset) and, therefore, these results

¥20z Asenuer || uo Jesn Aleiqgr [enued YVON Aq 8961102/ 98/7/08/8101e/Sswisadl/woo dnoolwspeoe//:sdiy woly pspeojumoq



870 E. A. Aalto et al.

5103509 ™™ 5103509
2003 7 ; T 2004

45°N

o
SOHH oIt oidoito o

5105049
2006

't
s gogeserene’ ¥

-y
-50°§‘51 05019
2007

‘ UDeploy ®Jan OMay ®Se

3 ©®Feb ©June ©Oct ;«
ARecaptureOMarOJuly ®Nov |

©Apr ®Aug ©Dec
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Figure 8. Relative exposure to fishing pressure between the ABT (T. thynnus) stocks. The y-axis indicates relative exposure to fishing effort (for a
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Table 2. Proportion tagged bluefin tuna (T thynnus) spawning in the SS by age and location.

SS spawners

Overall 24
<10 yo 7
10-15 yo 12
15 4+ yo 5
NC 19
<10 yo 7
10-15 yo 12
15+ yo 0
Canada 5
<10 yo 0
10-1S5 yo 0
15+ yo S

Total tagged

with tracks® SS proportion

250 0.096

73 0.096

109 0.110

68 0.074

166 0.115

72 0.097

92 0.130

2 0.000

80 0.063

1 0.000

14 0.000

65 0.077

a. Total includes all western-tagged fish with tracks that extend into the spawning season (June and beyond). Note that “overall” includes four fish tagged

outside of NC and Canada.

do not support Richardson ef al.’s hypothesis that the SS is pri-
marily a spawning ground for smaller individuals, nor do they
support the argument for a lower age of maturity. The size dis-
tribution of the SS spawners (7 = 24,219 cm +/— 28 c¢m at
tagging) is closer to that seen for GOM spawners (n = 147,
236 cm +/— 20) than for Mediterranean spawners (n = 40,
198 ¢cm +/— 28) in Knapp et al. (2014), though the differ-
ences are not significant. Although our tagging is biased to-
wards larger individuals, (see “Limitations” below), between
1996 and 2020 we added tracks from 123 fish tagged in the
west at <10 years old, of which 73 extended into June the
following year (55 into July). A total of seven of the 73 were
classified as SS spawners, the same as the proportion across
the entire dataset. Furthermore, with the identified SS spawn-
ers comprising only ~12% of NC-tagged fish (and ~6% of
those tagged in the GSL), we do not find support for the con-
tention that the SS spawning ground may be responsible for a
more significant portion of western spawning than the GOM.
We agree, however, that there must be a more thorough eval-
uation of the abundance of SS spawners before their role in
ABT population structure can be assessed.

Although our spawners were generally eastern in spatial be-
haviour, there were a variety of migratory patterns observed
in adult ABT utilizing these waters. For example, some indi-
viduals remained entirely in the West Atlantic while others

had much greater longitudinal range, crossing to the coasts of
Europe and Africa (Figures 6; Supplementary Figures S1-S3).
This may be an indication that more than one population of
ABT is spawning in this large region that spans much of the
continental slope waters of North America with warm eddy-
rich Gulf Stream associations. The presence of GSL-tagged SS
spawners starting in 2014 primarily reflects a change in our
location for deployment of electronic tags; however, given that
tagging in the GSL began before 2014 (31 tracks extending to
June, 13 to July from 2008 to 2013 without any evidence of SS
spawning; Wilson et al.,2015), it may also reflect a range shift,
or a change in behaviour for the current SS population. Alter-
natively, climate warming of the SS waters may cause individ-
uals from both primary stocks to shift their spawning loca-
tions northward, i.e. treating the SS as an alternate spawning
ground (ASG). We find that of the five scenarios put forward in
Rodriguez-Ezpeleta et al. (2019)—ASG for eastern fish, ASG
for western fish, ASG for both stocks, inter-breeding ground
for both stocks, or independent stock—our results are most
consistent with the latter three, as the differing longitudinal
ranges observed suggest more than a single source of SS stock
genetics. GOM fish continued to spawn in the GOM during
the same years we identify SS spawning, indicating there was
significant spawning habitat in the GOM and suggesting that
the SS activity is distinct and persistent.
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Figure 9. Estimated proportion of Task 2 catch from SS stock ABT (T. thynnus) during the tagging period for different SS stock abundance estimates.
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J..aooooeooooooooooaoo J. °
@, .. .......... Longline | © Rod & Reel
M{ e c@¢ «cOQOQ¢° 2 0000000000 M
SS pro
Al @ c@ ¢ o ©Q o 0o 6 o 0 00 060600000 Rlop A
®ose
M o o © © © o 06 ©¢ © o 0 o o © 0o o o O o 0.4 M- o
EJ-OO © 0 06 0 o 6 6 0 0 06 0o 6 0 O 0 O © 0’2 J-ooooOOOuoooo °© o 0o o 0 0 O o
S ~0.0
EJ- o o 5 0 0 0 06 0 & 0 00 0 0 0 0 0 0 O SS catch J{1 000 @@@®0 o o0 o 0 0 © 0 0 0 0 0O
® 025
Al ° - s o o o o 0 o 0o 6 6 6 06 ¢ ° o ° o .0_50A-oooo©0000ooo 5 6 06 0 0 0 0 o
® (.75
S1 ¢ © ¢ © ¢ 0o e 2 0 0 0 © © 0 0 0 0 ° 0 o .1.00S~eoooooooooooooooooooo
Qf © e 2 02 0 0 00 0 06000 2 000000 Q1 ©° ©© 0000006 000000O0O0O0O0O0 O
N{eo©@oooooooocoao@ooQeoeoQQ N o o o e 6 6 0 0 0 o o
Dl © e © 06 0 0606 6 0 06 ¢ 0 0o 2 0 © o o ¢ DA s o o o o o
2000 2005 2010 2015 2020 2000 2005 2010 2015 2020
Year Year
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Management implications

The existence of a third spawning ground will increase the
complexity of ABT management modelling, especially given
the tagging data indicating that these regions are also used
by both the GOM- and Med-identified stocks. Current fishery
models, whether single stock (e.g. VPA and stock synthesis)
or multi-stock (e.g. M3), assume that the two primary stocks
inter-mingle mainly when foraging and not on their respective
spawning grounds. Spawning outside of the GOM and West-
ern Med is occasionally reported (e.g. Karakulak et al., 2004;
Rodriguez et al.,2021) but assumed to be inconsequential and
not factored into management models. Thus, larval surveys in
the GOM and Western Med are taken to be representative
of stock status, genetic analyses assume no inter-breeding is
presently occuring, and fishing restrictions meant to promote
spawning—such as the closure of the GOM ABT fishery—do
not include seasonal protection in the SS. The identification of
the SS as a significant mixed-stock spawning ground would
challenge these assumptions and necessitate the integration
of its effects into management models. Additionally, the sup-
ply of these SS fish close to North America will provide new
challenges for quota allocations to already well-mixed west-
ern fisheries.

The importance of the SS spawning ground depends on
what proportion of the western and eastern stocks are spawn-
ing there and whether the two stocks are inter-breeding or,
potentially, whether the SS spawners represent an independent
stock. An unaccounted-for spawning ground representing, e.g.
<10% of total Northwest Atlantic spawning is unlikely to
affect management model outputs, given the high variance
inherent in fish recruitment projections (e.g. Fromentin and
Ravier, 2005; Harford et al., 2017) and the mobility of ABT.
However, if SS spawning is 10-30% of total Northwest At-
lantic spawning, as argued by Richardson et al. (2016a), then
its effects on population dynamics could be substantial. Given
the heightened exposure of SS spawners to West Atlantic fish-
ing pressure during their spawning period (Figure 9b and d),
seasonal protections in the region could increase recovery in
the West Atlantic if a high proportion of potential SS spawn-
ers are currently caught before reproducing. Although the es-
timated proportion of SS spawners (based on proportion of
tagged individuals) ranged from 6 to 12% (Table 2), the cor-
responding share of West Atlantic catch in the Task 2 effort
simulation was 27-208% higher than would be proportion-
ally expected, due to high fishing exposure (Figure 10 and Sup-
plementary Table S2). Note that only West Atlantic catch is
considered here; total fishing exposure of the eastern stock
is much higher due to high fishing pressure in the Mediter-
ranean. In addition, the ICCAT Task 2 spatial catch/effort data
is not necessarily representative of the total distribution of
fishing catch and effort. However, assessment of this spawn-
ing ground and its interaction with fisheries is currently absent
from ICCAT’s management. Understanding the behaviour of
these spawners and estimating their abundance relative to
both primary stocks is essential for clarifying their importance
to ABT’s population structure, estimating their share of total
ABT catch, and potentially managing them as an independent
stock.

Because both western- and eastern-stock individuals can be
found in the SS during the spawning months, it may create an
opportunity for inter-breeding between the stocks. Although
western-assigned fish (i.e. fish which entered the GOM during
the spawning season) occasionally swim across the Atlantic,

873

none have been known to enter the Med; however, there is
some genetic evidence that a small proportion have done so
(e.g. Block et al., 2005; Boustany et al., 2008; Rooker et al.,
2014). The presence of GOM fish in the Med requires cor-
roboration with more recent techniques as this genetic sig-
nal could also be a potential result of introgression at the
SS. Similarly, in recent years, genetic studies have also shown
that eastern-stock individuals do sometimes enter the eastern
GOM and spawn, leading to the appearance of eastern ge-
netic signatures in GOM larvae (Johnstone et al., 2021, Reeb
et al. pers. comm.), but the SS has the potential to be a greater
source of introgression. Even if inter-breeding is occurring, it
is unclear how individuals born as SS larvae behave as adults.
Although we observed multi-year site fidelity in two of the
SS spawners, SS larvae may nonetheless revert to the spawn-
ing ground most affiliated with their western- or eastern-stock
genetics. If they do maintain fidelity to the SS, there is the
potential for the emergence (or identification, if already ex-
tant) of an independent stock. Further genetic analyses of lar-
vae and adult spawners may be able to discriminate between
SS individuals and the western and eastern stocks, allowing
managers to begin estimating biomass and catch proportion.
Given that it is most likely a small population compared to
the western and eastern stocks, such data would necessitate
a decision about whether the SS stock should be considered
a conservation priority, with all the spawning ground protec-
tions and catch reductions this entails. Protecting the SS may
become more critical to the health of the western stock if cli-
mate change renders the GOM inhospitable to ABT spawning
(Muhling et al., 2011b).

Limitations and next steps

We identified spawning in this study via visual inspection of
dive behaviour, together with light and external temperature
data (and internal, if available) and using previously described
criteria for proxies of spawning. The easiest way to find pu-
tative spawning is to examine external temperature data and
look for the warmest and most prolonged event of warming.
We can then go into the record and look at diving periodic-
ity, diel behaviours, internal temperature, and movement be-
haviour (e.g. Teo et al., 2007a; Aranda et al., 2013). This is
an indirect observation, as direct validation of spawning in
the field for a tagged fish is near impossible. Consequently,
it is possible that some of the spawning events shown here
were misidentified and the conclusions regarding SS spawn-
ing frequency or other characteristics of the SS spawners are
overstated or inaccurate. However, Aranda et al. (2013) estab-
lished via video evidence that high-frequency shallow dives
were directly associated with spawning, and estimated that
actual spawning events occurred in ~83% of the days in the
inferred spawning period.

Identified SS spawners in this study were considered by spa-
tial use of the ocean to be more similar to eastern-stock fish in
their behaviour; however, this may partially result from elec-
tronic tagging bias (i.e. the location at which we tag). Western-
stock individuals in our database were, on average, larger than
eastern-stock individuals. We preferentially in our early years
tagged larger fish in the GSL (>250 cm CFL), an area with
historically high western-stock presence, potentially limiting
the number of small western-stock individuals tracked. Con-
versely, the NC location, the site for the younger year classes
of fish we tagged, has a much higher eastern-stock presence
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due to high mixing at this location. Consequently, if spawn-
ing in the SS is related to size, our data may be biased towards
the tagging of eastern-stock individuals. However, the distri-
bution of SS spawners is similar to the distribution of the total
“potential spawner” dataset (i.e. those with tracks extending
into June; Figure 3a), suggesting that the 24 individuals iden-
tified here are representative of the larger population, at least
for individuals greater than 150 cm.

Getting an accurate estimate of the size of the SS spawn-
ing population will be difficult and time-consuming and will
likely require additional efforts for tagging and fishery surveys
specific to the SS, pooling of data among working groups, and
further developments in genetics-based stock assignment us-
ing whole genome sequencing techniques. Recent resurgence
of bluefin tuna fishing from NC to the mid-Atlantic may en-
able increased electronic tagging in this location and directly
in the SS fishing areas to the north. We, and others, are work-
ing on a more accurate analysis of western and eastern stock
introgression and will apply these methods to the genetic sam-
ples from all the SS spawners to determine how they relate
to the two primary stocks. To explore the implications of a
third spawning ground, we plan to use ABT spatial popula-
tion simulations to study changes in dynamics for different SS
biomass levels under the five SS spawning scenarios. We will
also integrate these scenarios into the M3 mixing model (Car-
ruthers, 2017) and explore how they affect management deci-
sions aimed at balancing utilization of the rapidly recovering
eastern stock with protection of the weaker western stock, es-
pecially if preserving the SS spawners as an independent stock
were to become a management priority. If these models prove
sensitive to the presence of the SS spawning ground, the results
may motivate managing bodies such as ICCAT to pursue the
research necessary to formally assess the role the SS plays in
ABT population structure.

Conclusion

The TAG data sets spanning from 1996 to present enabled
a retrospective analyses and identified 24 putative SS spawn-
ers. The ABT identified in this study represent the first char-
acterization of spawning adults in the SS, with ages rang-
ing from 6 to 21 years old and multi-year site fidelity for
at least two individuals. Their movement and behaviour sug-
gest that they are primarily, though likely not exclusively,
of eastern-stock origin. These data support the hypothesis
that the SS is a mixed-stock spawning ground, increasing the
potential for inter-breeding between the western and east-
ern stocks and, given the ages and repeat spawning, possibly
representing an independently breeding stock. The spawners
have high exposure to the rod and reel fishery during their
spawning period, suggesting that seasonal protections could
increase overall ABT breeding success in the West Atlantic.
Because of the implications for both western stock recovery
and ABT genetics, we strongly urge further research to bet-
ter assess the size of the SS spawning population and deter-
mine its significance to ABT stock dynamics and sustainable
management.
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