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ABSTRACT: Yellowfin tuna Thunnus albacares is a commercially important fish species widely
distributed between 40° S and 40° N. Mixing rates between tropical and temperate areas of the
western Pacific Ocean were investigated using stable carbon (8!3Cm) and oxygen isotopes
(8O, ioitn) in Whole otoliths of small juveniles (mean: 5.8 cm standard length, SL) and in otolith
cores of large juveniles (32.4 cm SL). The density distribution of 880, values for small juve-
niles showed a significant difference between the areas, whereas patterns for large juveniles were
almost identical between areas. In addition, modal values for large juveniles spanned several
small juvenile modes. The density distribution of §!3C ., values for small juveniles had a single
significantly different mode for each area, whereas the distribution of 8'3Cm values for large
juveniles in these areas was bimodal, particularly in the temperate area; these modes corre-
sponded to those for small juveniles in each area. These modal patterns indicate that the majority
of large juveniles captured in the temperate area have tropical origins, and mixing from tropical
to temperate areas occurs between the areas before recruitment to fisheries in each area. These
connectivity patterns during early life history can contribute to refinement of stock assessments of
this commercially valuable species.
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1. INTRODUCTION

In the western and central Pacific Ocean (WCPO),
yellowfin tuna Thunnus albacares is caught in a
broad area from 40°N to 40°S, primarily in tropical
areas. Yellowfin tuna is a high-demand species
for fisheries and markets. In the last decade (2009-
2019), landings of this species have averaged around
0.86 Mt yr !, making it the second largest tuna fish-
ery in the Pacific Ocean based on FishStatJ (https://
www.fao.org/fishery/en/statistics/software/fishstatj).
Most of the catch is taken from equatorial areas by

*Corresponding author: sato_keisuke31@fra.go.jp

large-scale commercial purse seine vessels, long-
line vessels, pole-and-line vessels, and small-scale
vessels with various gear types in Indonesian and
Philippine fisheries (Williams & Ruaia 2021). At sizes
of approximately 30 cm fork length (FL), yellowfin
tuna are captured by purse seine fisheries and small-
scale artisanal fisheries. Longline fisheries primarily
catch fish larger than 80 cm FL in temperate and
tropical areas. The main fishing season for this spe-
cies is summer in temperate areas in the Northern
Hemisphere and year-round in tropical areas. Yel-
lowfin tuna spawn year-round in areas with a sea
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surface temperature (SST) of >24°C in the WCPO,
with a seasonal pattern for spawning even in tropical
regions (e.g. Suzuki 1994).

A stock is a self-contained biological unit in which
reproduction, growth, and mortality can be recog-
nized as a single entity, and widely distributed fish
populations are known to be composed of several
stocks. The stock is a unit for conducting stock as-
sessments and applying management measures, so
understanding to which stock the catch belongs
is important. A comprehensive review of the stock
structure of 4 Pacific tuna species, including yellowfin,
indicated that genetic and non-genetic studies sup-
ported the presence of discrete stocks in the Eastern
Pacific Ocean (EPO) and WCPO, as well as the appli-
cation potential of fine-scale spatial structuring
within each of these regions (Moore et al. 2020).

Numerous tagging experiments on yellowfin tuna
in the WCPO (e.g. Hampton & Gunn 1998, Kaltongga
1998, Itano & Holland 2000, Langley et al. 2011, Vin-
cent et al. 2020a,b) have indicated both regional
fidelity and long-distance dispersion. Despite some
extensive longitudinal and latitudinal dispersion
(over 1000 n miles between tagging and recapture
location; Langley et al. 2011, Vincent et al. 2020a,b),
most recaptures occur closer to the release points,
even after a long period of time (Bayliff 1979, 1984,
Schaefer & Fuller 2022). Analyses of these spatial
patterns have been based on individual fish that are
most suitable for physical tagging (larger than 30 cm
FL). In particular, the movement traits from hatching
to the size at which they are recruited into a fishery
have never been studied for this species. In recent
years, studies on the nursery origins and movement
patterns of tuna species using stable oxygen
(8O ionm) and carbon isotopes (8'3C,oim) in otoliths
have been conducted (Rooker et al. 2008, 2016, Shiao
et al. 2009, 2010, Wells et al. 2012). Global records of
stable oxygen and carbon isotopes in surface water
vary regionally (Chen et al. 2006, LeGrande &
Schmidt 2006). Therefore, the chemical composition
of otolith isotopes can reflect the area that a fish has
occupied (Rooker et al. 2001, 2016, Wells et al. 2012).
In previous studies, specimens were collected from
commercial fisheries, and the smallest fish in previ-
ous studies on tropical tuna in the Pacific Ocean
(Wells et al. 2012, Rooker et al. 2016) was approxi-
mately 20 cm FL. However, the estimation of mixing
rates between tropical and temperate areas for yel-
lowfin tuna at smaller sizes in the WCPO remains
unclear. With regard to stock assessment, such infor-
mation has relevance for how to define fishery regions
and stock boundaries. A change in the definition of

boundaries could significantly affect the results of
tropical tuna stock assessments (Western and Cen-
tral Pacific Fisheries Commission 2017).

A key question is how a yellowfin population in
tropical (hereafter TROP) and temperate areas (here-
after TEM) is connected before recruitment to fish-
eries (less than approximately 30 cm FL), particularly
in the western Pacific Ocean. This study aimed (1) to
describe regional changes in stable isotope ratios,
(2) to explore relationships between oceanographic
conditions and stable isotope ratios, (3) to construct
an indicator of nursery grounds of TROP and TEM
using stable isotope values of small juveniles col-
lected from both areas, (4) to estimate the mixing rate
of large juveniles between areas by applying the
indicator, (5) to compare 8O, and 8Coionn for
small (ca. 5 cm standard length, SL) and large juve-
niles (ca. 30 cm SL) between the areas, and (6) to dis-
cuss a conceptual model for population connectivity
before fishery recruitment in the 2 areas.

2. MATERIALS AND METHODS
2.1. Field sampling and laboratory treatment

In this study, fish samples were divided into 2 cate-
gories based on SL: small juveniles (mean: 5.8 cm,
range: 2.61-17.8 cm SL), and large juveniles (18.1-
49.5 cm SL, Table 1). Samples of small juveniles (n =
175) were collected in both areas (TROP and TEM;
Fig. 1) using a mid-water trawl (Tanabe & Niu 1998).
The mid-water trawl collection is described briefly
here, and in Text S7 in the Supplement (www.int-res.
com/articles/suppl/m713p151_supp.pdf). The trawl
was towed at 4-5 knots for 30 min at a target depth
(TROP: 2 layers at 30-60 and 60-90 m; TEM: 5-35 m;
see Table 2). These target depths corresponded with
the mixed layer depth and spatial-temporal distri-
bution of small juveniles reported in a previous
study (Tanabe 2002). Large juveniles (n = 528) were
also collected using commercial purse seine, com-
mercial pole-and-line, and commercial troll fisheries.
The sampling area, year, location, number of speci-
mens, length, dates, and gears are shown in Table 1
and Fig. 1. The location for the samples from the
purse seine fishery was expressed as the mean longi-
tudinal and latitudinal position of a fishing trip in-
stead of using a set-by-set position in some cases.

Small juveniles caught between 2005 and 2007 were
fixed in 99.5 % ethanol and those caught in 2011 and
2012 were kept frozen at —30°C. Fish length for both
size categories was measured to the nearest 0.1 cm
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Table 1. Summary statistics of small and large juvenile of yellowfin tuna Thunnus albacares collected in tropical (TROP) and temperate (TEM) areas of the western

Pacific Ocean. N: sample size, SL: standard length

Sampling

Size range Sampling dates

Mean size

Sampling N

longitude

Sampling

Sampling

Sampling

gear

(mo-d)

From

(cm SL)

Min

(cm SL)

latitude

year

area

Max

(SE)

17.8

2.61
3.18
4.11
3.18
2.61
2.83
2.61
3.68
3.12
3.09
8.1

8.1

5.8 (0.2)
9.9 (0.6)
10.1 (0.8)

175
36

Overall

Small juveniles

17.8

125-130°E
128-130°E
125-129°E
138-164°E
145-145°E
162-164°E
138-138°E
146-156°E
146-156°E

26-30°N

All years

TEM

TEM

TEM

TROP
TROP
TROP
TROP
TROP
TROP

Overall

Mid-water trawl
Mid-water trawl

07-06
06-28

06-17

14.1
1

18
18
139
14

28-30°N

2011

06-06

7.8

13
4.8

0.12)
0.14)
0.17)
0.24)
0.37)

Mid-water trawl

03-09
03-08
03-06

03-09
03-06
03-06
12-04
11-23

Mid-water trawl

3.66
4.77

13

Mid-water trawl

Mid-water trawl

12-12
11-30

26-30°N

2012
All years

4.73
3.75
3.09
4.22
5.13

6-9°N

4-4°N

2005
2006
2007

7
4
36
78

N
°N

4-4

8°N
0-9°N

2—

2012

Mid-water trawl

8.09
54.2

4.9(0.1)

2013

53.6

1

Pole and line
Troll
Pole and line
Troll

12-05
09-30
07-03
09-10

12-05

07-27
07-03

07-26

37.4
37.7
53.6
37.2

1
46.3
18.1
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528
251

Large juveniles

122-146°E
129-129°E
122-122°E
146-146°E
122-129°E
122-122°E
144-169°E
154-157°E
147-169°E

24-35°N

All years

3
32
13

117

28-28°N
24-24°N
35-35°N
24-31°N

2011
2013
2013
2014

86
277
18
55
117
87

144-164°E
148-165°E

24-24°N
7-6°N
5-3°N
7-2°N
6-6°N
6-4°N

2015
All years
2011
2013
2014
2015

using a caliper. Species identification
was performed using a molecular bio-
logical technique, namely, multiplex
PCR (Higashi et al. 2016), using small
portions of each specimen. In previous
studies, the length of large juveniles is
usually expressed as FL, whereas SL is
usually used for small juveniles. In this
study, fish length is reported as SL for
all specimens. The correction of SL for
ethanol fixation of small juveniles and
a conversion equation of SL and FL
for large juveniles are presented in
Text S8. Sagittal otoliths were ex-
tracted from specimens, cleaned of bi-
ological residue, and then stored in
plastic vials with 99.5% ethanol. The
left otoliths were used for analysis.
The otoliths of large juveniles were em-
bedded in epoxy resin and transversely
sectioned, including the primordium,
using a diamond-coated blade on a
low-speed saw (Isomet1000, Buehler).
The sampling path was determined
from the core to the ventral and dorsal
sides, corresponding to the transverse
section of small juvenile otoliths (about
1300 pm width and 300-500 pm depth;
Fig. 2). The otolith powder of large
juveniles was collected using a micro
mill with an antistatic-treated vacuum
suction system (Geomil326, Izumo).
Approximately half of the otolith
powder from otolith sections repre-
senting hatch to approximately 9 cm
SL was collected from each large juve-
nile (Fig. 2).

2.2. Oceanographic conditions

To understand the relationships be-
tween sea temperature, salinity, and
stable isotopes for small juveniles, CTD
observations were conducted at each
small juvenile sampling station (in 2005
and 2006: SBE19; from 2011 to 2013:
SBE911, Sea-Bird Electronics). No data
for sea temperature and salinity were
collected in 2007. The actual sampling
layer of the mid-water trawl in TROP
from 2005 to 2007 was 0-200 m; how-
ever, juvenile Thunnus spp. (mostly
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°E, 36 °N)

Latitude

(135 °E, 10 °N)

o/ A

________________________________________________________________________

(148 °E, 23 °N)

120°E 130° 140°

150° 170°

Longitude

Fig. 1. Sampling sites for yellowfin tuna Thunnus albacares. Fish were collected by size. Crosses: large juveniles; open squares:
small juveniles; open circles: sampling ports. The areas surrounded by a solid line and dashed line define the temperate (TEM)
and tropical (TROP) areas, respectively, for the average sea temperature and salinity shown in Fig. 3

yellowfin tuna) were primarily distributed at depths
shallower than 100 m, as observed by mid-water
trawls in the tropical areas of the western Pacific
Ocean (Tanabe 2002). Thus, oceanographic conditions
at a depth of 30-90 m are presented, and compared
among the years sampled.

The sea temperature and salinity for large juveniles
were not available for each collection date and place.
In addition, sea temperature and salinity over a broad
spatial range were investigated using the monthly
mean potential temperature and salinity at a resolution
of 20 min (1/3" degree) latitude and 60 min (1 degree)
longitude obtained from the NOAA NCEP Global
Ocean Data Assimilation System (www.esrl.noaa.

gov/psd/data/gridded/data.godas.html). The oceano-
graphic conditions for large juveniles in each area
were compiled to mimic the sampling layers of small
juveniles, and the Southern Oscillation Index was
obtained from the website of the Japan Metrological
Agency (https://ds.data.jma.go.jp/tcc/tcc/products/
elnino/index/soi). The methodology is described in
detail in Text S10.

2.3. Stable isotope measurement

The carbon and oxygen isotope compositions of the
powdered otolith materials were analyzed using a



Satoh et al.: Connectivity in juvenile yellowfin tuna 155

Fig. 2. Transverse cross-sections of sagittal otoliths for (A) small juvenile (8.9 cm standard length, SL) and (B) large juvenile
(36.4 cm SL) yellowfin tuna Thunnus albacares. Otolith-milled samples for large juveniles were obtained from the shaded area
in (b), which is the shape of small juvenile otoliths (A). Scale bars in both panels = 100 pm

DELTA Plus Advantage mass spectrometer (Thermo
Finnigan Electron). CO, for isotope measurements
was produced in a reaction with pure orthophos-
phoric acid at 28°C, which was added to the sam-
ples in individual reaction vials. The long-term
reproducibility of the DELTA Plus Advantage
mass spectrometer for §'®0 and 8'*C (1 SD) was
more than +0.1%. for this experiment. All isotope

values are reported in accordance with the stan-
dards of the International Atomic Energy Agency,
Vienna. The otolith %0 and §'*C values are re-
ported in standard 8 notation relative to Pee Dee
belemnite through calibration against an NBS19
standard:

0 = (R_sample — R_standard)/R_standard x1000 (%.) (1)
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where R is the ratio 80:1°0 or *C:'2C in the sample
or standard.

2.4. Statistical analysis

Relationships between the stable isotopes and
salinity, sea temperature, year sampled, SL, latitude,
and longitude in each area were first explored using
box plots and regression analysis. The results are
described in Text S1-S5 and Figs. S1-S7. Multivari-
ate analysis of variance (MANOVA) was then used to
test the differences in 8'3C o and 88001 of small
juveniles and large juveniles among the areas (TEM
and TROP) and sampling years. Pillai's trace statistic
was used to determine significance. A post hoc mul-
tiple comparison was conducted using the Tukey-
Kramer test. Univariate tests for 83Cgn and
3800 Were also performed using a generalized
linear model (GLM). In forming an indicator (classifi-
cation model) for the nursery grounds (TEM or
TROP), a general additive model (GAM) from the
‘mgcv’ library (R Core Team 2021) was applied to
3BC yionitn and 880 oim of small juveniles. The classi-
fication success rate (%) for small juveniles was sim-
ply calculated as 100 minus the classification error
rate. In preliminary analysis, other discriminant
analyses, including support vector machine with 3
other kernel types (linear, quadratic, and radial
basis), linear discriminant function analysis, quad-
ratic discriminant function analysis, and logistic dis-
criminant analysis were also conducted. After com-
paring the classification rate among these models,
GAM was selected because of its better perform-
ance with regard to the overall classification success
rate and for each area's classification rate in TEM
and TROP. Details about the model selection process
are provided in Text S6. The developed discriminant
GAM using small juvenile data was applied to the
stable isotopes of large juveniles to investigate the
mixing rate between TEM and TROP. The mixing
rate of large juveniles is presented as a percentage of
fish originating from TROP (e.g. fish estimated to
hatch in TROP). The homogeneity of covariance and
normality of 8Oy and 8°Cyey, among the
groups tested was examined using the F-test and
Shapiro—-Wilk test, respectively. The homogeneity of
covariance was satisfied for both stable radio iso-
topes. The normality assumption was violated only
for 8'"80oin; thus, a Yeo—Johnson power transforma-
tion (Yeo & Johnson 2000) was used to improve nor-
mality, which can be applied to a negative value.
However, the transformed values still violated the

normality assumption. 880, Was not transformed
for further analysis. Pillai's trace statistic was consid-
ered the most robust among the MANOVA tests,
with adequate power to detect true differences in a
variety of situations (Olson 1974). These statistical
analyses were performed using SAS (v9.4, SAS Insti-
tute) and R (R Core Team 2021).

A larval database was used to understand the spa-
tial coverage of the small juveniles sampled in this
study relative to the whole distribution of small juve-
niles. The database was constructed by the Fisheries
Resources Institute, National Research and Develop-
ment Agency, Japan Fisheries Research and Educa-
tion Agency (FRA); this database contained the sam-
pling date, location, and number of tuna larvae of
each plankton net tow. These samplings were con-
ducted by fishery training vessels as well as local and
national governmental fishery research vessels in
Japan from 1956 to 1998, which recorded 51121
plankton net tows in the Pacific Ocean. Some of
these results were summarized as atlases for the geo-
graphical distribution of tuna species larvae and
published previously (Nishikawa et al. 1985). In ad-
dition, yellowfin tuna larvae grow to nearly 13 mm
SL in 20 d, when they are termed juveniles (Okiyama
1988, Wexler et al. 2007), as their number of dorsal
fin rays and anal fin rays reaches the same number
found in adult fish. A bias in the geographical distri-
bution of this historical sampling effort was noted by
the authors (Nishikawa et al. 1985). A relatively large
number of plankton net samples were from areas
where a relatively large number of larvae were col-
lected, such as the southern part of the TEM and fish-
ing training grounds in subtropical areas of the central
Pacific Ocean. Moreover, high larval catch occasion-
ally occurred in areas with low sampling effort, re-
flecting the patchy distribution of tuna larvae (Satoh
2010). Therefore, larval density, excluding an area
where few plankton net tows were conducted, serves
as a basis of the larval distribution of this species
instead of using the catch number itself. Bootstrap
analysis was conducted to assess the robustness of
the estimated larval density patterns. A stratum was
defined as a latitude and longitude of 5° x 5° per
month, compiling the number of plankton net tows in
a stratum; the stratum was then deleted from this
analysis if the number of tows was <10 mo™!. In
making a bootstrap sample, 50 random samplings
with replacement were conducted in each stratum.
Bootstrap samplings were repeated 1000 times, and
the mean number of larvae per plankton net tow in
each stratum was calculated on the basis of the
1000 bootstrap samples. In this analysis, TEM and
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TROP were defined from 120-150°E, 20-40°N,
and 135-170°E, 10°S to 10°N, respectively; the
defined area shown in Fig. 1 was not used because of
differences in the spatial resolution of the data. The
areas outside of TEM and TROP and east of 180°E
were defined as ‘others’. The monthly larval density
by area (TEM, TROP, and others) was defined as the
area-weighted larval density, which is a product of
the monthly average number of larvae per plankton
net tow and monthly number of cells (5° x 5°).

2.5. Sensitivity analysis

A series of sensitivity analyses was conducted to
understand the length effect on the classification suc-
cess rate of small juveniles and the mixing rate (per-
centage of individuals originating in TROP) of large
juveniles in discriminant analyses using GAM. Three
scenarios were proposed. (1) A significant correlation
was observed between the SL of small juveniles and
880 yio1ith, and the mean fish length in TEM was sig-
nificantly larger than that in TROP in exploratory
analysis. This raised the concern that the differences
in 880 between areas might be due to the differ-
ences in fish length. Scenario (2), the length of the
smallest large juvenile (18.1 cm SL) was close to
that of the largest small juvenile (17.8 cm SL). This
raised a concern because of the possible breach of
the assumption for discriminant analysis, that is,
small specimens were collected from their nursery
grounds. Scenario (3) was to try to detect when the
small juveniles moved from their hatching area to
another area. These 3 scenarios were investigated
by controlling the size range of the specimens used
in analysis: (1) from 5 to 40 cm SL, (2) under 12 cm SL
and above 25 cm SL, and (3) in 1 cm intervals from 2
to 18 cm SL.

3. RESULTS
3.1. Field sampling, sea temperature, and salinity

The number of small juvenile specimens in TEM
and TROP used for stable isotope analysis was 36
and 139, respectively. Sampling in TEM was con-
ducted in June or July, whereas that in TROP was
conducted in March from 2005 to 2007, October in
2012, and December in 2013 (Table 1, Fig. 1). The
mean SL of small juveniles in TEM (mean + SE: 9.9 +
0.6 cm, range: 3.18-17.8 cm) was significantly larger
than that in TROP (4.73 £ 0.12 cm, range: 2.61-13 cm

SL; Fy 173 = 184, p < 0.001; Table 1). The sea tempera-
ture was higher in TROP (28.8 + 0.03°C) than in TEM
(27.0°C + 0.03°C; Table 2). Salinity was higher in
TROP (34.5 £ 0.01 psu) than in TEM (34.1 £ 0.01 psu).
The ranges of sea temperature and salinity were sim-
ilar among the years sampled in each area; however,
in 2006, a relatively low sea temperature (27.9°C)
was observed in TROP.

Sampling of large juveniles was carried out year-
round in TROP, whereas large juveniles were col-
lected from July to September in TEM, except for 3
specimens in December 2011 (Table 1). The number
of large juvenile specimens in TEM and TROP was
251 and 277, respectively. The mean SL of large
juveniles collected in TEM (30.6 + 0.4 cm) was signif-
icantly smaller than that in TROP (34.0 + 0.2 cm;
F 506 = 57.89, p < 0.001; Table 1). In TROP, the mean
sea temperature and salinity during the study period
were 28.7°C and 34.7 psu (Fig. 3). The sea temper-
ature in TROP substantially decreased after August
2014, reaching 27.5°C in 2015. In contrast, salinity
increased to more than 35.0 psu in 2015. These dras-
tic changes in oceanographic conditions corresponded
to El Nino after June 2014 (Table S1). In TEM, mean
sea temperature and salinity during the study period
were 23.7°C and 34.7 psu. No clear relationship was
observed between time series changes and El Nino
in TEM.

The number of small juvenile sampling stations for
this analysis in TEM and TROP was 22 and 25,
respectively. Across all sampling stations, the rela-
tionship between oceanographic conditions and
d13C yon Was significantly positive (salinity: 0.467 %o
increase per 1 psu increase, p = 0.001; sea tempera-
ture: 0.244 %o increase per 1°C increase, p < 0.001),
although their R-squared values were low (salinity:
0.0569; sea temperature: 0.208; Fig. 4). Significantly
negative relationships between the oceanographic
conditions and 880, were found (salinity: 0.534 %o
decrease per 1 psu increase, p < 0.001; sea tempera-
ture: 0.189 %o decrease per 1°C increase, p < 0.001).

3.2. Stable isotopes of small and large juveniles

The 83Cyoum and 880y, values of small juve-
niles were significantly different between the 2 areas
(TEM and TROP; MANOVA, F, 156 =45.15, p < 0.001;
Table 2, Fig. 5). The mean + SE 83Coun of small
juveniles from TEM (-10.6 + 0.1) was significantly
lower than that from TROP (-9.86 + 0.04; p < 0.001).
In addition, the 8Oy, of small juveniles in TEM
(-2.26 + 0.06) was significantly higher than that in
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Table 2. Mean and range of otolith carbon (8'*C) and oxygen (8!%0) stable isotope values of small juvenile of yellowfin tuna Thunnus albacares by area and sampling
year collected from the western central Pacific Ocean. The classification success rate (%) by area and year was estimated using a general additive model. Mean and range
of sea temperature (°C) and salinity observed by a CTD probe for each mid-water trawl survey. NA: not available; N: sample size. The sampling layer for temperate

(TEM) and tropical (TROP) areas was 5-35 m and 30-90 m depth, respectively

Salinity

Sea temperature

N Classification

18
o Ootolith

13
o Coto].ith

Sampling

Sampling area

Max

Min

Mean (SE)

success rate (%) Mean (SE) Min Max

Max

Min

Mean (SE)

Max

Min

Mean (SE)

year

90.7

175

Overall

34.7
34.7
34.7
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TROP (-2.68 + 0.03; p < 0.001). The 8™Cyoum and
838001t Of small juveniles collected from TEM did
not show significant annual differences (F, 3o = 1.21,
p = 0.313; Table 2, Fig. 6). No significant annual dif-
ferences in 8'®0qm of small juveniles collected from
TROP were observed, with low variability among the
years. The 8"C i of small juveniles collected from
TROP did not show significant annual differences
among 2006, 2012, and 2013 (Table 2, Fig. 6). To
match the sampling years for large juveniles, a sub-
set of small juvenile specimens (2011 and 2012 from
TEM; 2012 and 2013 from TROP) were used to
develop a GAM for classification and to avoid the
potential to confound temporal differences with spa-
tial differences in the classification model (Fig. 7).
The classification success rate between the 2 areas
(TEM and TROP) was 90.7 %, and the classification
success rates in TEM and TROP were 72.2 and
96.5 %, respectively (Table 2).

The relationships between stable isotopes and 4
other factors, i.e. SL, sampling year, latitude, and
longitude, were explored to investigate the possibil-
ity that the differences in these isotopes were
derived from the effects of these factors instead of
the effect of differences in area. This exploratory
analysis and further GLM results are shown in
detail in Texts S1-S5 and Figs. S1-S7. Factors,
including all 4 abovementioned factors, should be
considered as covariates for further analysis unless
specifically mentioned. SL was treated as a categori-
cal variable, such as the smallest (<5 cm SL) or the
largest length group (>40 cm SL). For large juve-
niles, the least square means of 8%C, o, and
3®040ntn by longitude in this analysis showed
0.0241 %o and 0.0201 %0 increase per 1° longitudinal
change, respectively, from 147.5 to 167.5°E.

Mean fish length in the matched (i.e. sampled area
and discriminated area are the same) and mis-
matched groups was investigated to examine the
appropriateness of the assumption that small juve-
nile specimens were collected from their hatch areas.
In TEM, 26 of 36 individuals were discriminated as
the matched group. The average SL of the matched
group was 10.9 cm SL, which was significantly larger
than that of the mis-matched group (7.08 cm SL, n = 10;
F, 34 = 11.38, p = 0.001). The specimens in the mis-
matched group were collected in multiple years, and
their mean length was not different (2011: 7.52 cm
SL,n=6;2012: 6.43 cm SL, n =4). In TROP, 114 spec-
imens were discriminated as the matched group. The
average SL of the matched group was 5.44 cm SL (n
=110), which was not significantly different from that
of the mis-matched group (4.96 cm SL, n =4; F; 115 =
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0.442, p = 0.507). Despite a significant difference
between the mean lengths of the 2 groups in TEM,
the mean SL in the 2 groups was similar every 2 years
(not shown). A larger small juvenile in TEM is not
necessarily a fish determined from TROP, and a sim-
ilarity in length range was observed between the
matched and mis-matched groups.

The 8BCyoun and 8'80,,m values of large juve-
niles were significantly different between the 2 areas
(TROP and TEM; MANOVA, F, 55, =49.76, p < 0.001),
although both isotopes showed very similar distribu-
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tions except for §13Cy.1im in 2013 (Table 3, Fig. 6). The
d13C gonin Of large juveniles from TEM (-10.2 + 0.03)
was significantly lower than that from TROP (-9.78 =
0.04; p < 0.001), while the 880, of large juveniles
from TEM (-2.55 + 0.03) was not significantly differ-
ent from TROP (-2.6 = 0.03; p = 0.177).

The classification model was applied to the large
juveniles only from 2013 and 2014. These large juve-
niles are part of the same cohort as the small juve-
niles from 2011 to 2013 that form the baseline for our
classification model (Fig. 8). The percentage of large
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Fig. 3. (A,B) Sea temperature and (C,D) salinity in tropical (TROP: 35-95 m depth) and temperate (TEM: 5-35 m depth) areas

from 2005 to 2015 by month for each year. The red dashed lines indicate the average values from 2005 to 2015 in each area;

the black dashed lines indicate the approximate low temperature limit of the larval occurrence of yellowfin tuna (24°C). (E-H)

Annual temperature deviations (°C) from average values for 2005 to 2015. The area delineations of TEM and TROP are shown
in Fig. 1
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juveniles originating from tropical areas (i.e. a fish
estimated to hatch in TROP) was 95.9 % for those col-
lected in TROP and 78.4 % for those collected in TEM
(Table 3). The point estimates of the percentage in
TROP were always higher than those in TEM in the 2
years (Table 3, Fig. 9). The percentage in TROP from
June to August was slightly lower than that in other
months.

The density distribution of §"3C ., values for small
juveniles showed a significant difference between the
areas, whereas the distribution of 83C gy, for large
juveniles in the areas was bimodal, particularly in
TEM. Notably, each mode in the bimodal pattern for
large juveniles in TEM corresponded to the modes of
small juveniles in each area. The bimodal pattern of
large juveniles in TROP was detectable but weak.
This bimodal pattern of large juveniles for 83Cim
values was still detected in TEM by sampling year
(blue arrows in Fig. 6F,P, T). Although no bimodal pat-

tern was observed in 2013, the distribution of 8'3Coin
showed a wide peak similar to the integrated 2 modes
(Fig. 6N).

The density distribution of 8'80 .y for small juve-
niles showed a significant difference between TROP
and TEM, whereas that of 880y, for large juve-
niles in the 2 areas was almost identical; their modes
of large juveniles were distributed around the mid-
point of small juvenile modes (Fig. 5). The similarity
of 8801 in both areas for large juveniles was also
detected when broken down per sampling year
(Fig. 6). 880,um for large juveniles per year re-
sembled that between the 2 areas for all sampled
years; a sharp spike in 2011 (Fig. 6E), a broad distri-
bution in 2013 (Fig. 6M), and a single mode in 2014
(Fig. 60) and 2015 (Fig. 6S) were found. In contrast,
for small juveniles, no such similarity in 8Om
density distribution was observed between the 2
areas.
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3.3. Using spawning ground and season to
understand the coverage of juvenile sampling

The number of strata defined by unique 5° x 5° cells
and months sampled in the original larval database was
1189. It decreased to 591 when a stratum was omitted
because of low effort (<10 samples) (Fig. 10), and the
number of samples decreased from 27 525 to 24 925.
Based on bootstrap analysis using the FRA larval
database (Nishikawa et al. 1985), the average area-
weighted larval density in TEM was 8.341 larvae per

tow. The monthly values ranged from 0.0376 to 23.7,
with a peak from May to July (12.2, 23.7, and 5.55;
Fig. 10). In TROP, the average density was 4.34;
larvae occurred year-round, except for March, with
seasonal peaks from April to May (0.243 and 5.83)
and from October to December (10.4, 19.1, and 5.80;
Fig. 10). For others outside of TEM and TROP, the av-
erage density was 4.12. The month sampled for small
juveniles in this study had the highest larval density
(Table 1). The total density (summing up the area-
weighted larval density) for TEM, TROP, and ‘others’
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was 41.7,47.8, and 49.4, respectively. The coverage of
the months sampled for TEM and TROP (TEM: June
and July; TROP: November and December) was esti-
mated to be 70.3% and 52.1 % within each area, re-
spectively. Considering the occurrence of larvae out-
side of TROP and TEM, 39.0% of larvae from the
whole WCPO (east of 180° E) were targeted in the
area and month sampled in this study.

3.4. Sensitivity analysis
In Scenario (1) (see Section 2.5), the number of small

juveniles was reduced from the original dataset
(from 150 to 82; Tables 2 & 4). In addition, the classifi-

cation success rate for TEM was improved (from 72.2
to 83.3%), and the change in the classification suc-
cess rate for TROP was not large (from 96.5 to
96.2%). In the second scenario, the reduction in
small juvenile specimens in TEM was large (from 36
to 24), and the classification success rate decreased
(from 72.2 to 66.7 %). The mixing rate of large juve-
niles for scenarios 1 (91.5%) and 2 (92.0 %) was close
to the original value (90.7%). The third sensitivity
analysis tested the assumption of discriminant analy-
sis in this study, which assumed that the small juve-
niles were collected from their hatch area. If this
assumption is true, then the classification success
rate of small juveniles has a high value when fish
are small (clearly divided between areas), and it
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based on the generalized additive model

to 6 cm SL in TROP decreased, but in
TEM success first decreased to 6 cm
and then increased again (Fig. 11).
These results suggest that the limited
size range may emphasize the effect
of differences between the 2 areas;
thus, the results are not conclusive.

4. DISCUSSION

4.1. Regional changes in stable
isotopes

Whether the regional patterns of
OBCoiontn and 8O0 in this study
matched the spatial distribution of
613Cseawater and 6lsoseawater and 613Cotohth
and 8O in previous studies re-
mains a question. The magnitude of
stable isotope values of small and large
juveniles was in the range of the re-
ported mean values for young-of-the-
year yellowfin tuna in tropical and
sub-tropical areas of the Pacific Ocean
(OBCoritn: —10.56 to —9.32; 880 y0nm:
-2.87 to -1.69) (Rooker et al. 2016).
Chen et al. (2006) reported an increas-
ing longitudinal variation in 8**Cawater
from the west to the east Pacific Ocean.
The zonal pattern matches the results

decreases (less divided) in accordance with their
growth, particularly when the upper limit of the SL
range increases. The classification success rate from 2

of the present study, from 145 to 170°E for large juve-
niles in the TROP. The difference in 8'3Co i between
the Philippines and Solomon Islands was 0.90%o. in

Table 3. Mean and range for otolith carbon (8'*C) and oxygen (5!20) stable isotope values of large juvenile of yellowfin tuna
Thunnus albacares by area (TEM: temperate; TROP: tropical) and year sampled; these were collected from the western cen-
tral Pacific Ocean. The percentage of large juveniles originating from the tropical areas (%) by area and year was estimated

using a general additive model. N: sample size. NA: not available

Sampling area Sampling ——— 8Cnm 880 yyoith N % originating
year in TROP
Mean (SE) Min Max Mean (SE) Min Max

Overall 528 87.4
TEM Allyears -10.2(0.03) -11.8 -8.8 ~2.55(0.03) -4.03 -1.5 251 78.4
TEM 2011 -9.84 (0.33) -10.5 -9.37 —-1.99 (0.06) -2.1 -1.9 3 NA
TEM 2013 -10.2 (0.1) -11.1 -8.8 -2.75(0.10) -4.03 -1.5 45 91.1
TEM 2014 -10.3 (0.1) -11.8 -8.97 —-2.49 (0.03) -3.99 -1.71 117 73.5
TEM 2015 -10.2 (0.1) -11.4 -9.18 —-2.54 (0.03) -3.6 -2 86 NA
TROP All years -9.78 (0.04) -11.4 —7.88 —-2.6 (0.03) -4.2 -1.13 277 95.9
TROP 2011 -9.69 (0.15) -10.5 -8.31 —2.06 (0.04) -2.41 -1.71 18 NA
TROP 2013 -9.41 (0.07) -10.8 -8.3 —-2.95 (0.06) -4.2 -2.3 55 100
TROP 2014 -9.8 (0.1) -11.1 -8.19 -2.59 (0.05) -4.18 -1.13 117 94
TROP 2015 -10.0 (0.1) -11.4 -7.88 -2.5(0.03) -3.16 -1.76 87 NA
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nile specimens were collected from
their hatch areas). The food intake of
animals at low latitudes tends to show
larger 8!°C values because of the nega-
tive relationship between the sampling
latitude and 8"Cjankion (Rau et al. 1982).

The principal surface currents com-
prising the equatorial current system in
the Pacific Ocean include the North
Equatorial Current (NEC), the South
Equatorial Current (SEC), and the North
Equatorial Countercurrent. A subsur-
face equatorial undercurrent is also ob-
o served (Cromwell 1958). Considerable
changes in surface and subsurface cur-
rent conditions related to strong and
weak easterly trade winds are known
as the El Nino-Southern Oscillation
(Amador et al. 2006). During El Nifo,
the flows in the NEC and SEC from
east to west are weakened, causing
warm surface water in the western Pa-
cific Ocean to move to the east. El Nino
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Fig. 8. As in Fig. 7, but for large juvenile yellowfin tuna

2008 (—10.56 to —9.66) from 121 to 159°E (Wells et al.
2012), which was larger than that in the present study
(0.41%o from 145 to 165°E [-9.51 to —9.04]). Wells
et al. (2012) showed an increasing trend in 830y,
of yellowfin from 120°E to 160°W in the tropical and
sub-tropical areas of the Pacific Ocean. The difference
in 8'®0oun between the Philippines and Solomon
Islands was 0.17 %o in 2008 (-2.82 to —2.65) from 121
to 159°E (Wells et al. 2012). This result was identical
to that of the present study, which was 0.17 %0 from
145 to 165°E (-2.64 to —2.37). A 0.12%. increase in
880 eawater from the west (10°S to 20° N and 140
to 150° E, n = 84 observations) to the east (10°S to
20°Nand 160 to 170°E, n=21) was found on the basis
of the Global Seawater Oxygen-18 Database
(Schmidt et al. 1999). Regarding latitudinal changes,
a previous study showed a negative relationship be-
tween ambient temperature and 8%, (Hoie et al.
2004). In the western Pacific Ocean, the observation
of 8BCgeawater (120 to 180°E and 20°S to 45°N) re-
vealed a decreasing trend (Schmittner et al. 2017),
which matched the small juvenile 8'3C g, distribution
from TROP and TEM in this study. Therefore, the as-
sumption for the discriminant analysis of small ju-
veniles is met with regard to 8'3C;oum (€.g. small juve-

-1 and La Nina considerably change the
oceanographic conditions in the sea
surface layer; thus, during El Nino,
purse seine and longline fishing grounds
tend to move to the east because of the

easterly movement of warm water in the sea surface
layer (Lehodey et al. 1997, Williams & Reid 2019, Satoh
et al. 2021). In this study, large juveniles were prima-
rily caught by purse seine fisheries in TROP. El Nino
occurred in 2014 and 2015, which induced fish move-
ments; therefore, some large juvenile specimens caught
in the eastern part in these 2 years possibly moved
from the west, which reduced the differences in stable
isotopes between the east and west. Thus, the oceano-
graphic conditions affected the longitudinal changes
in stable isotopes. Moreover, La Nina occurred in
2008, which may introduce further annual differences.
However, this finding is not the case for 80 m. The
annual differences in sea temperature significantly
decreased in 2014 and 2015 (El Nino year) compared
with other years in TROP. The redistribution of fish
derived from large-scale oceanographic conditions
may cause annual differences in stable isotopes.

4.2. Relationship between oceanographic
conditions and stable isotopes

The oceanographic conditions were observed using
a CTD probe at each sampling station, which en-
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Fig. 9. Area-specific (A) annual and (B) monthly changes in the percentage of large juvenile yellowfin tuna Thunnus albacares
originating from tropical areas (TROP) in the western and central Pacific Ocean. Error bars: SE

abled correlation analyses between the oceanographic
conditions and stable isotopes in this study. Previous
studies reported a positive relationship between
salinity and 8'3C,n (a tank experiment for black
bream: Elsdon & Gillanders 2002; white perch in an
estuary environment: Kerr et al. 2007), which matched
the results of the present study. However, a strong
negative correlation between salinity and 8"3Cim
was reported for Atlantic herring (Macdonald et al.
2020). The relationship between water temperature
and 8'°C o, is inconsistent among studies (Elsdon &
Gillanders 2002), particularly the slope (negative
relationship: a wide range of fish species: Kalish
1991; Atlantic croaker: Thorrold et al. 1997; Elsdon &
Gillanders 2002, Kerr et al. 2007; Atlantic herring:
Macdonald et al. 2020; positive relationship: mollusk,
Grossman & Ku 1986). Thorrold et al. (1997) also
noted that a positive relationship between water
temperature and 8'3C,;, Was masked to a degree

by a positive correlation between delta *C (8"Con
— 81Cyeawater) @and somatic growth and otolith precip-
itation rates. In this study, 8!3Cm was lower in TEM
than in TROP. A previous study showed that 10-30 %
of the carbon in otoliths may be derived from meta-
bolic sources, indicating a dietary origin. Otolith car-
bon may also come from dissolved inorganic carbon
in the water (Campana 1999).

A positive relationship was observed between
salinity and 8O, (Kerr et al. 2007; cod: Heie et al.
2004), which was inconsistent with this study. How-
ever, the relationship between salinity and §'80yin
is inconsistent among studies (positive relation-
ship—Kerr et al. 2007; cod: Hgaie et al. 2004; yellow-
fin tuna: small juveniles in this study; negative rela-
tionship—Macdonald et al. 2020; yellowfin tuna:
large juveniles in this study). 88O, depletes more
with increasing sea temperature (Kalish 1991, Thor-
rold et al. 1997, Elsdon & Gillanders 2002, although
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Table 4. Results of sensitivity analyses for the 2 scenarios of the specimen standard length (SL) range to understand the effect

of fish size on the classification success rate and mixing rate of discriminant analyses. Scenario 1: 5-40 cm SL; Scenario 2: <12

and >25 cm SL. The classification success rate (%) for small juveniles and the percentage of large juveniles originating from

the tropical areas (%) (mixing rate) by area and year sampled are based on a general additive model. TEM: temperate; TROP:
tropical areas other than TROP and TEM

Sampling area Sampling —— Scenario 1l ——— —— Scenario2 ———
year N Classification success N Classification success
rate (%)/mixing rate (%) rate (%)/mixing rate (%)
Small juveniles Overall 82 91.5 162 92.0
TEM All years 30 83.3 24 66.7
TEM 2011 15 80.0 12 58.3
TEM 2012 15 86.7 12 75.0
TROP All years 52 96.2 138 96.5
TROP 2012 15 100.0 35 100.0
TROP 2013 37 94.6 78 94.9
Large juveniles Overall 321 90.3 302 92.0
TEM All years 149 83.2 130 86.9
TEM 2013 32 100.0 44 90.9
TEM 2014 117 78.6 86 84.9
TROP All years 172 96.5 172 95.9
TROP 2013 55 100.0 55 100.0
TROP 2014 117 94.9 117 94.0
the trend is nonlinear; yellowfin tuna; Wells et al. tion is whether the limited sampling season (TEM:
2012; Macdonald et al. 2020), which is similar to the June and July; TROP: November and December) for
results of this study. Compared with carbon, ambient small juveniles is representative of this stock. Yel-
water is considered the primary source of oxygen in lowfin tuna larvae occur year-round in tropical areas,
otoliths (Campana 1999). If the effect
of temperature on 8O, is larger
than that of salinity in the TEM, then it 100 area = TEM - TROP
can introduce a higher §'®0;, than
the expected value in a low-salinity
environment. We cannot isolate the
influence of sea temperature or salinity 5 80
[2)
from other unquantified factors (e.g. '
pH and ambient water concentrations) ‘§
among these sampling stations; thus, @
any relationships in these results must § 60
be viewed as correlative only. =
c
8
3
4.3. Construction of an indicator of =S
nursery grounds Q
O
The classification success rate was as
high as 90.7 %, which is considered a
useful indicator. The lower success 20
rate in TEM (72.2%) than in TROP
(96.5%) partially reflects the sample

size. Although the success rate was
high, there is still concern about the
samples being representative of the
WCPO yellowfin population. The ques-

2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
SL (cm)

Fig. 11. Changes in the classification success rate of the classification model
based on the standard length (SL) ranging from 2 to 18 cm
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and their distribution expands to temperate areas
during summer in the Northern and Southern Hemi-
spheres of the WCPO (e.g. Ueyanagi 1969, Nishi-
kawa et al. 1985, Suzuki 1994). The low temperature
limit of the larval distribution of yellowfin tuna was
assumed to be approximately 24°C, with some ex-
ceptions (Suzuki 1994). In an experiment on artifi-
cially fertilized yellowfin eggs, the highest rate of
occurrence of normally hatched larvae was observed
at an average water temperature of 26.4-27.8°C, but
no normal larvae were found in a temperature range
below 18.7°C or above 31.9°C (Harada et al. 1980).
Larval distribution, which indicates spawning suc-
cess of this species, is strongly controlled by sea tem-
perature changes. In contrast, an analysis of spawn-
ing potential (product of fecundity, rate of group
maturity, sex ratio, and abundance index) using
specimens caught by longline vessels showed a sea-
sonal peak in December to January in the western
tropical Pacific (120 to 180° E) (Kikawa 1966). This
seasonality in tropical areas was also supported by
larval density analysis in this study (Fig. 10). The
peak spawning season and sampling season in this
study in TROP matched. Small juveniles were sam-
pled during the season of larval abundance when the
majority of larvae occurred in each area, indicating
that the small juvenile samples used for this analysis
are representative of each area.

In this study, larval density analysis indicated that
our study coverage decreased to around 40 % when
considering the whole WCPO range (west of 180°). In
particular, areas close to the Philippines, a potential
spawning area and nursery ground, were not cov-
ered in this study. Tagging experiments in TEM
revealed that a number of yellowfin tuna released in
the southern part of TEM were recaptured near
Philippine waters (Matsumoto et al. 2013). There was
a large catch of small yellowfin in Philippine waters
(Langley et al. 2011, Vincent et al. 2020a,b), and
there was a high larval density in April and May in
this region (Fig. 10). Philippine waters are character-
ized by low salinity (~34 psu) and high sea tempera-
ture (~30°C) (Gordon et al. 2011), which are different
from the oceanographic conditions of TEM (34.1 psu,
27°C) and TROP (34.5 psu, 28.8°C). Wells et al. (2012)
reported a lower 8%Cyoum (-10.5 to -9.8) and
880 yo1itn (—2.82 to —2.65) values of large juveniles (as
defined in the current study) in Philippine waters rel-
ative to other tropical and sub-tropical areas of the
Pacific Ocean. Therefore, it can be assumed that
some small juveniles that originated from Philippine
waters may migrate to TEM, while some large juve-
niles caught in TEM that were classified initially to

originate from TROP might come from the Philip-
pines instead. The incorporation of small juvenile
samples from the Philippine archipelago is needed to
enhance understanding of the population connectiv-
ity of yellowfin tuna. Samples from areas east of
180° W and during winter are also absent. Given the
otolith stable isotope ratios of previous studies, the
samples caught in the eastern area are expected to
be distributed in the upper right area of the partition
plane (Figs. 7 & 8), increasing the classification abil-
ity of the analysis.

Related to the Scenario (1) of the sensitivity tests,
the relationship between the stable isotopes and SL
for the smallest group (<5 cm SL) and largest group
(>40 cm SL) did not affect the classification rates and
mixing rates. The result of the Scenario (2) and the
comparison of SL of the matched and mis-matched
groups indicate that the assumption for the construc-
tion of the indicator (e.g. small juvenile specimens
were collected from their hatch areas) is not violated,
although no conclusive results were found for the
starting point of migration of small juveniles to the
other areas from the third scenario.

4.4. Mixing rate between the areas of large juveniles

An assessment of this stock (Vincent et al. 2020a)
revealed a proportional distribution of total bio-
mass (by weight) in each region apportioned by the
source region of yellowfin tuna. The high percentage
(78.4 %) of tropical origin for large juveniles in the
TEM was estimated in this study, which is different
from the very low percentage in the stock assessment
results in the WCPO (Fig. 27 in Vincent et al. 2020a).
On the other hand, in this study, the majority (95.9 %)
of the large juveniles in TROP were from tropical ori-
gins, which is similar to that of the stock assessment.
Migration patterns between TEM and TROP in this
stock assessment were set up using tagging experi-
ment results after recruitment, presenting regional
fidelity. The very low percentage of tropical-origin
fish in TEM may result in overestimation of abun-
dance to explain catch in this area if they do not
return to TROP after they mature. This study found
active population connectivity before recruitment,
especially from TROP to TEM, which can contribute
to the establishment of a precise stock assessment
model for this species. However, we also need to fur-
ther investigate the migration traits of large, mature
fish in TEM. If large fish migrate to the TROP to
spawn, this may lead to consistent stock assessment
results.
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The point estimates of the percentage in TROP
were always higher than those in TEM in all sampled
years (Table 3, Fig. 9). The percentage in TROP from
April to September was slightly lower than that in
other months, suggesting seasonal movement of this
species, which could be more active in the warmer
season.

4.5. Conceptual model for population connectivity
before recruitment in the two areas

The stable isotopes for small and large juveniles
between TEM and TROP were compared. If there is
no mixing between the areas from small to large
juveniles as they grow, then the distribution of the
isotope values will be identical for the 2 fish size cat-
egories in each area. However, we found large differ-
ences in the distribution of stable isotope values
between small and large juveniles in the 2 areas. The
stable isotope patterns were still detected in each
sampling year. These results indicate that mixing of
yellowfin tuna occurred between TEM and TROP
before they reached a size where they are captured
in fisheries.

In addition, no clear migration pattern has been
reported for yellowfin tuna in the western Pacific
Ocean, such as the trans-ocean migration of other
tuna species such as albacore (Ichinokawa et al.
2008). Tagging experiments for yellowfin tuna re-
vealed that most recaptures occurred near the
release points even after a long time at liberty (Lan-
gley et al. 2011, Vincent et al. 2020a,b). Of 12707
yellowfin tuna tagged near Japan, 516 were recap-
tured near Japan and 14 came from tropical areas.
Of 66477 yellowfin tuna tagged in the tropical areas
of the WCPO, only 3 fish were recaptured near
Japan (2005 to 2009, Pacific Tuna Tagging Program)
(Langley et al. 2011). Most yellowfin tuna tend to
remain near the place where they were tagged
despite a number of long-distance migrations of over
1000 nmiles (Langley et al. 2011, Vincent et al.
2020 a, b). Tagging experiments in the southern
area of the TEM for young fish (30-40 cm FL)
revealed 2 migration paths; most fish move to the
Japanese Pacific side along the Kuroshio Current,
whereas some fish move to the southern area,
including the tropical areas of the western Pacific
Ocean (Matsumoto et al. 2013). Numerous tagging
experiments suggest that the connectivity of yel-
lowfin tuna between TEM and TROP is limited
based on tagging of fish larger than approximately
30 cm FL after recruitment.

For narrow-barred Spanish mackerel Scombero-
morus commerson in the waters of northern and
western Australia, Buckworth et al. (2007) proposed
a metapopulation structure with adult assemblages
linked by larval dispersal (Moore et al. 2020). Such
population connectivity through dispersal during
the early life history of yellowfin tuna was discussed
in Buckworth et al. (2007). Spawning in the TROP
can occur year-round, but it also shows seasonality
with the main spawning during the northern hemi-
sphere winter months. Some hatched larvae are
thought to migrate to temperate areas before
recruitment (<30 cm SL, about 3 mo after hatching).
Therefore, fish growth can occur in the cooler sea
temperature environment encountered if hatching
occurs in December in TROP. When they are
spawned, the SST (30-90 m, layer sampled for small
juveniles) is approximately 28°C, except during El
Nino; they then migrate to TEM within 2 or 3 mo
after hatching. The SST (5-35 m) from February to
March is approximately 21°C. A tank experiment
for yellowfin tuna larvae and juveniles reported that
the temperature suitable for a normal larval devel-
opment ranged from 18.7°C to 31.0°C, and small
juveniles were able to survive up to 49 d after
hatching (Japan Sea Farming Association 1996).
Therefore, sea temperature conditions are highly
suitable for the growth of this species if they stay in
the surface layer, although they migrate from TROP
to TEM. The migration path from TROP to TEM
could be over a 4000 km path by utilizing the NEC
(around 10° N, westward in TROP) and the Min-
danao Current (MC, around 125°E, 10-20°N) to
reach the southern part of TEM. The mean zonal
velocities of the NEC and MC are approximately
30 cm s7! (at a depth of 70 m) (Zhang et al. 2017)
and 1.3 m s7! (at a depth of approximately 100 m),
respectively. The total period of travel from TROP to
TEM when a fish moves at the mean velocity of
each current is about 72 d (from 10°N, 140°E
to 23°N, and from 10°N, 126°E to 124°N). The sea
temperature conditions and sea current velocity in
this study area support the hypothesis of dispersal
from TROP to TEM. An early-stage field survey to
track a drift buoy for tuna larval high-density
patches indicated that some individuals migrated
long distances along the ocean currents before
recruitment from a hatching area to a recruitment
area (Davis et al. 1991, Satoh 2010, Satoh et al.
2013). Although the path from TEM to TROP for lar-
val dispersal is unclear, we have proposed a con-
ceptual model for population connectivity thorough
dispersal during early life history (e.g. before
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recruitment) between TEM and TROP, particularly &' Davis TLO, Lyne V, Jenkins GP (1991) Advection, dispersion

from TROP and TEM in WCPO. and mortality of a ‘p'atch of southerp bluefin tuna larvae
. . N Thunnus maccoyii in the East Indian Ocean. Mar Ecol

In summary, the large differences in the distribu- Prog Ser 73:33-45
tion of stable isotopes between small and large juve- ‘Elsdon TS, Gillanders BM (2002) Interactive effects of tem-
niles in the 2 study areas indicated that mixing of perature and salinity on otolith chemistry: challenges for
yellowfin tuna occurred between TEM and TROP determining environmental histories of fish. Can J Fish

. . . . . Aquat Sci 59:1796-1808

before reaching sizes captured in fisheries. A con- S¢ o0 AL, Sprintall J, Ffield A (2011) Regional oceano-
ceptual model for population connectivity before graphy of the Philippine Archipelago. Oceanography 24:
recruitment is proposed from TROP and TEM in 14-27

WCPO, which can inform the development of stock #'Grossman EL, Ku TL (1986) Oxygen and carbon isotope

. : . : fractionation in biogenic aragonite: temperature effects.
llowt h .
assessment models of yellowfin tuna in this region Chem Geol 59:59-74
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