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1.  INTRODUCTION

Tunas, which are medium- to large-sized fish
belonging to the tribe Thunnini, are of high economic
value (Collette et al. 2011), and the total catch of
tunas in the world’s oceans has nearly doubled over
the past 30 yr (Majkowski 2007). However, several
tuna populations are experiencing decreased or his-
torically low levels, and their conservation and man-
agement are global concerns (Collette et al. 2011).

To properly manage resources, it is important to un-
derstand that recruitment varies according to the sur-
vival of the larval phase as well as the juvenile phase
(Leggett & Deblois 1994). Habitats, such as physical
environments and feeding environments, during the
larval period generally determine larval growth, sur-

vival, and ultimately recruitment (Houde 1997);
this ‘growth-dependent survival’ hypothesis can be
adopted for tunas. Although growth- dependent sur-
vival is still unclear in tuna species other than Pacific
bluefin tuna Thunnus orientalis (PBF), otolith analysis
has indicated that only rapidly growing PBF larvae
can survive and become juveniles, and selection
mainly occurs in the 5−10 mm body length range
(Tanaka et al. 2006, Satoh et al. 2013, Watai et al.
2017, 2018, Ishihara et al. 2019). The ability to feed on
prey in the water and feeding rate have been associ-
ated with larval growth of bluefin tunas (Jenkins et al.
1991, Satoh et al. 2013), and water temperature also
has an effect (Ishihara et al. 2019). Not only the bio-
logical environments but also the physical oceano-
graphic conditions determine larval tuna distributions.
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influenced the larval physiology and survival, thereby determining their densities. In the GAMs,
PBF and YFT showed similar responses to SST, and YFT and SKJ similarly responded to salinity.
To avoid overlapping their ecological niches, the larvae of 3 species (PBF, YFT, and SKJ) are
expected to differ in other ways, including their vertical distributions and feeding habits.
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For example, Ohshimo et al. (2017) evaluated the
habitat conditions of PBF larvae based on a general-
ized additive model (GAM) and suggested that the
optimal sea surface temperature (SST) for this species
ranges from 24 to 29°C. Reglero et al. (2014) reported
that the horizontal habitats of tuna larvae are associ-
ated with water temperature and eddy kinetic energy.

The effects of multiple species interactions also
need to be considered, given that the horizontal dis-
tributions of larval tunas overlap globally (Nishikawa
et al. 1985). Gause’s competitive exclusion principle
(Hardin 1960), which states that only a single species
can survive when the ecological niches of multiple
species overlap, has been applied to fishes. To avoid
overlapping ecological niches, the feeding habits of
co-occurring larval tunas (Llopiz & Hobday 2015), as
well as their vertical distributions, differ among spe-
cies (Habtes et al. 2014). In addition, the fine-scale
horizontal distributions of larval tunas may also dif-
fer. For example, the horizontal distributions of larval
tunas are associated with meso-scale eddies and
physio-chemical environments in the northern part
of the Gulf of Mexico (Cornic et al. 2018): Atlantic
bluefin tuna T. thynnus inhabit cold-core eddies and
saline waters, while blackfin tuna T. atlanticus, big-
eye tuna T. obesus, and yellowfin tuna T. albacares
(YFT) inhabit warm-water eddies and both saline
and less-saline waters (Cornic et al. 2018).

The offshore area of the Nansei Islands, Japan,
where the Kuroshio Current flows along the continen-

tal shelf edge (Fig. 1a), is a spawning and nursery area
for multiple species of tunas including PBF, YFT, and
skipjack tuna Katsuwonus pelamis (SKJ) (Nishi kawa
et al. 1985, Ashida et al. 2015, Okochi et al. 2016).
This area is important for PBF recruitment be cause
there are only 3 known PBF spawning fields in the
world (Ohshimo et al. 2018a,b, Tanaka et al. 2020),
and the variation in SST of this area in June signifi-
cantly explains the variations in the PBF stock
(Nakayama et al. 2019). On the continental shelf of
the East China Sea adjacent to the Nansei Islands
and the Kuroshio, egg and larval fish assemblages
have been seasonally reported in previous studies
(Sassa & Konishi 2015, Lin et al. 2016). Larvae of
small pelagic fishes, such as mackerels (Scomber
spp.), Japanese jack mackerel Trachurus japonicus,
and lantern fish Mycto phum asperum have been
observed in winter, and their distribution patterns
have been classified into 3 categories: the Kuroshio,
continental shelf-break, and continental shelf assem-
blages (Sassa & Konishi 2015). SST and chlorophyll
(chl) a concentrations have been used to characterize
the larval distributions both in winter and summer in
this area (Sassa & Konishi 2015, Lin et al. 2016). In
contrast, little is known about the larval fish assem-
blages upstream of the Kuroshio and the Kuroshio
offshore waters. The oceanic environments are homo -
geneous in the surface mixed layer during summer
(Kodama et al. 2011, 2015) and contain the lowest
primary productivity in the larval tuna nursery
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Fig. 1. (a) Sampling region in the western North Pacific, indicating the location of the Nansei Islands (rectangle). The black
line and arrow indicates the position and direction of the Kuroshio Current. (b) Continental shelf located northwest of the
200 m depth contour, as well as the 1000 and 2000 m depth contours. Symbols show the stations sampled during the 2015 (d), 

2016 (n), and 2017 (s) cruises, respectively
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grounds (Llopiz & Hobday 2015). In comparison to
the Kuroshio inshore waters, the Kuroshio offshore
waters are regarded as homogeneous; whether larval
tuna distributions are segregated or overlap needs to
be determined. Investigations of larval tuna assem-
blies in this area are expected to provide us with a
better understanding of larval tuna habitats and the
associated oceanographic factors; however, previous
studies in this area (Suzuki et al. 2014, Ohshimo et al.
2017) only focused on PBF larvae, and the presence
of larvae of other tuna species was not investigated.

In this study, we conducted fine-scale larval sur-
veys, including surveys of the continental shelf edge
and offshore waters of the Nansei Islands, where
multiple species of tuna larvae are present, and
examined the correlations between the horizontal
distribution patterns of tuna larvae and environmen-
tal factors. We evaluated the horizontal habitats of
multiple species of tuna larvae off the Nansei Islands
and identified the environmental factors that signifi-
cantly influenced the tuna distributions.

2.  MATERIALS AND METHODS

2.1.  Observations

Field observations were conducted during 3
cruises of the RV ‘Shunyo-Maru’ (Japan Fisheries Re -
search and Education Agency) during 14−30 June
2015, 14−30 June 2016, and 16−28 June 2017; June is
the spawning season of PBF, which was the main tar-
get species of these investigations. We sampled 39,
33, and 30 stations in 2015, 2016, and 2017, respec-
tively, in the offshore waters of the Nansei Islands
(Fig. 1b). The bottom depths (BDs) ranged from 124
to 3319 m. The vertical profiles of salinity, tempera-
ture, and chl a fluorescence were measured at all
sampling sites using a conductivity, temperature, and
depth sensor (SBE 9plus, Seabird Electronics) with a
fluorometer (Seapoint). The fluorescence data of dis-
crete measurements collected in the 10−200 m depth
layers were converted to chl a concentrations using
the method of Welschmeyer (1994). SST was meas-
ured with a calibrated mercury thermometer using a
bucket, and the sea surface salinity of the water col-
lected with the bucket was measured by an Autosal
salinometer (8400B, Guildline Instruments).

The total density of zooplankton was evaluated
from samples collected by a vertical tow of a long
North Pacific standard (NORPAC) net (net mouth dia -
meter: 0.45 m, mesh size: 0.1 mm; 13XX, RIGO) from
200 m depth to the surface. The surveys with the

NORPAC net were conducted at night, from 19:00 to
04:00 h. The volume of water filtered by the NORPAC
net was estimated with a mechanical flowmeter
(RIGO) installed at the mouth of the net. When BD
was <210 m, the tow was 10 m above the bottom. The
samples were fixed with neutral formalin soon after
collection, and their abundance, including the abun-
dance of non-arthropod zooplankton such as appen-
dicularians, was estimated based on the density of in-
dividuals in these samples. We collected zooplankton
from 20 m depth to the surface using the same gear
used to collect zooplankton from 200 m depth during
the 2016 cruise. In a comparison of the logarithmic
transformations of zooplankton densities from 200 to
20 m, a significant positive correlation was observed
(r2 = 0.19, n = 33); thus, we considered zooplankton
densities from 200 m to the surface to be an index of
the surface zooplankton densities.

The northern and southern boundaries of the Kuro-
shio area were defined based on the Quick Bulletin of
Ocean Conditions issued by the Japan Coast Guard
(www1.kaiho.mlit.go.jp/KANKYO/ KAIYO/ qboc/
index _ E. html). In the bulletin, the northern edge of
the Kuroshio is generally defined by surface currents
(>2 knots), SST, and sea surface height, and the
southern edge is defined as 40 nautical miles (n miles)
away from the northern edge. The observed area was
respectively named ‘Kuroshio inshore  waters’ for ar-
eas north of the northern boundaries of the Kuroshio,
‘Kuroshio offshore waters’ for areas south of the south-
ern boundaries of the Kuroshio, and ‘Kuroshio’ for ar-
eas between the northern and southern boundaries of
the Kuroshio. The Kuroshio axis is set in the bulletin
as 13 n miles away from the northern edge, and its
position was confirmed based on the temperature at
200 m during our study (16.5°C: Kawai 1969). For the
identification of meso-scale  eddies, we used sea sur-
face height anomaly (SSHA) data generated every
day from merged satellite altimetry measurements
using Jason-1, ENVISAT/ ERS, Geosat Follow-On, and
Topex/Poseidon interlaced (www. aviso. altimetry.fr/
en/   home. html). The spatial resolution of SSHA was
0.25° by 0.25°, and the SSHA values were obtained
by bilinear interpolation from the surrounding 4 grid
values.

2.2.  Larval identification and morphometry

Tuna larvae were collected with a 2 m diameter
ring net (0.334 mm mesh and 4 m long). The net was
placed on the lateral side of the ship for 10 min with
a ship speed of ca. 1.5−2.0 knots. The top of the net
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was set at the sea surface; the samples were collected
at a depth of approximately 2 m. A flowmeter (RIGO)
was installed at the mouth of the net, and filtered vol-
umes were estimated using the flowmeter. All sur-
veys were conducted at night, from 19:00 to 04:00 h.
Tuna larvae were sorted on ice and individually cryo -
preserved at −30°C onboard the ship; the remnant
plankton sample after sorting was fixed in ethanol
and re-sorted in the laboratory. Some of the cryo -
preserved larvae were placed in 99.5% ethanol,
whereas the others were not.

The tuna larvae were identified by a combination of
morphological and genetic methods. The larvae were
separated into PBF, YFT, SKJ, Auxis spp., and ‘others’,
which included larvae that could not be identified (i.e.
too small and not intact) based on the melanophore
patterns appearing on their heads and bodies (Oki -
yama 2014). The identification of tuna larvae was fur-
ther confirmed by several molecular techniques. Two
allele-specific PCR assays were used for molecular
screening of the 3 dominant species, PBF (Suzuki et
al. 2014), and the 2 Auxis species (see the Supplement
at www. int-res. com/ articles/ suppl/  m636p123 _ supp.
pdf). Specimens not identified in the first and second
rounds were subsequently used for a sequencing ana -
lysis of the flanking region between the ATPase and
CO3 genes (ATCO, Chow et al. 2003) and were sub-
mitted to a basic local alignment search tool (BLAST)
search (https://blast.ncbi. nlm. nih.gov). At 10 of the
stations where >100 individual Auxis larvae were
sampled, the genetic identification of Auxis larvae
was applied to ≥10% of the individuals, and the num-
bers of bullet tuna A. rochei (BT) and frigate tuna A.
thazard (FT) were calculated from the ratio of the 2
species. At one station where 2465 individuals of lar-
val Auxis were collected in the 2016 cruise, the gene -
tic identification was applied to only 50 individuals
(2% of the total). The notochord length (NL) or stan-
dard length (SL) of intact, DNA-identified larvae was
measured using photographs taken under a light mi-
croscope. NL was measured to the nearest 0.1 mm in
cases where the caudal skeleton was not well devel-
oped; SL was measured for the other specimens. The
body length (NL or SL) of ethanol-fixed specimens
was corrected to the original condition before fixation
based on procedures outlined by Tanaka et al. (2006).

2.3.  Statistical analysis

To evaluate the environmental factors used for pre-
dicting the abundance of tuna larvae, we applied a
GAM with negative binomial errors. The negative

binomial GAM for the catch number of each species
was fitted using the ‘mgcv’ package (Wood 2017) in R
(R Core Team 2018), with the following equations:

CNi ~ NB(μi, k) (1)

E(CNi) = μi (2)

Var(CNi) = μi + μi
2/k (3)

μi = exp(α + ƒ1X1 + ƒ2X2 + … + ƒnXn) (4)

where CNi, NB, E, Var, μ, and k represent the col-
lected number of species i, negative binomial distri-
bution, expected value, variance, mean, and disper-
sion parameter, respectively. ƒnXn represents a
smoothing function of the explanatory variable. The
explanatory variables in the full model were SST,
chl a concentration at 10 m depth (Chl10), salinity at
10 m depth (S10), number of zooplankton ind. m−3

(Zoo), BD, distance from the northern edge of the
Kuroshio (Dist), SSHA, year (Year), and volume of
water filtered (Vol). The upper limitations on the de-
grees of freedom for every smoothing term (k) were
set to 4 to avoid a biologically impossible re sponse.
Sampling years were included as factors in the model
to ac count for interannual variation in the number of
each species of tuna larvae. To correct for the amount
of survey effort, the volume of filtered water was log-
transformed with the natural logarithm using the
method of Reglero et al. (2018). The maximum vari-
ance inflation factor of these parameters was <3. The
temperature at 10 m depth and sea surface salinity
were not included because of high multicollinearity
and a lack of data at some stations. The difference
be tween the sea surface salinity and salinity at 10 m
depth (n = 30) was <0.3, and this difference was
mostly <0.01 during the 2017 cruise. Thus, we con-
sider the salinity at 10 m depth to be very similar to
salinity at the surface. The explanatory variables and
final model descriptions were selected on the basis of
Akaike’s information criterion (AIC) values. In 3
cases, the volume was not selected in the best model,
but to treat the larval numbers in terms of larval den-
sity, the model with the lowest AIC value that con-
tained volume was selected. The AIC values of the
best model for PBF, YFT, and SKJ were 509.9, 641.1,
and 533.4, respectively, but the AIC values of the
final model including the volume were 510.8, 644.4,
and 534.9, respectively (Table 1). In these cases, the
difference in AIC values was <3.4 between the mod-
els that did or did not contain the volume.

A principal coordinate analysis (PCoA; Gower
1967), which is a multivariate analysis with Bray Cur-
tis distances, was used to evaluate the similarity in
species composition between stations. PCoA can be
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applied to data sets that contain many zeros (Legen -
dre & Legendre 2012) and was performed using the
‘vegan’ package (Oksanen et al. 2019) in R (R Core
Team 2018).

3.  RESULTS

3.1.  Environmental conditions

The horizontal distributions of the oceanographic
conditions were characterized by the Kuroshio, which
flowed along the continental shelf edge and the
northern edge of our investigated areas during all 3
cruises. SST ranged from 26.3−29.5°C (Fig. 2): 28.4 ±
0.6°C (mean ± SD) in 2015, 28.8 ± 0.4°C in 2016, and
27.7 ± 0.7°C in 2017. In addition to temperature, the
salinity at a depth of 10 m was lower on the coastal
side than the offshore side, ranging from 33.81 to
34.90. The chl a concentration at 10 m depth varied
from 0.054 to 0.314 µg l−1; the mean values of chl a
were ~0.1 µg l−1 in 2015 (0.095 ± 0.037 µg l−1) and 2016
(0.093 ± 0.015 µg l−1), but in 2017, chl a was always
>0.1 µg l−1 (0.147 ± 0.048 µg l−1). Zooplankton density
ranged from 29.6−9037 ind. m−3. The lowest value,
which was observed at 25.55° N, 126.08° E in 2017,
is questionable because the second lowest value
(568.9 ind. m−3) was approximately 20 times higher
than the lowest value. The filtered water volume at
this station was the same as that of the other tows;
thus, the reason for this  outlier zooplankton density is
un clear. However, we did not re move this extremely
low zooplankton density from the GAM analyses.

3.2.  Horizontal distributions and body lengths
of tuna larvae

A total of 13 539 scombrid larvae were collected
during the 3 cruises. While 2796 specimens, includ-
ing 2025 specimens of Auxis spp., were genetically
identified using an allele-specific PCR assay, we
could not identify 15 specimens to the species level
because of PCR errors due to DNA template quantity
and/or quality. The identified larvae in cluded some
rare species: 3 individuals were identified as Euthyn-
nus affinis, and 68, 4, and 1 individuals were identi-
fied as bigeye tuna, longtail tuna Thunnus tonggol,
and albacore T. alalonga, respectively, in the 2015
cruise. The last 3 species were not sampled in the
other 2 cruises and were only identified morphologi-
cally. These minor species and the specimens that
were not identified due to DNA errors, damage, or a
too-small size were eliminated in all following analy-
ses (0.7% of total scombrid larvae).

PBF, YFT, SKJ, BT, and FT larvae were collected
during each cruise. BT was the most dominant species
throughout the cruises, with mean densities per cruise
of 91.7, 51.6, and 14.7 larvae 1000 m−3 in 2015, 2016,
and 2017, respectively (Fig. 3, Table 2). In contrast,
the mean densities per cruise of FT larvae were only
2.3, 1.6, and 1.9 larvae 1000 m−3 in 2015, 2016, and
2017, respectively (Fig. 3, Table 2), and FT was the
fifth most dominant species in this area in all years ex-
cept for 2017. The second, third, and fourth most dom-
inant species were YFT, SKJ, and PBF; notably, the
second most dominant species was SKJ in 2015, but
SKJ was the fifth most dominant species in 2017. The
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                                     PBF                                 YFT                                SKJ                                FT                              BT
                               Final model                    Final model                   Final model                  Final model               Final model

Variables
Year                     factor(Year)                    factor(Year)                   factor(Year)                           −                        factor(Year)
SST                          s(SST)                             s(SST)                                −                                   −                                 −
Chl10                            −                                      −                                     −                                   −                                 −
S10                               −                                  s(S10)                             s(S10)                               −                             s(S10)
Zoo                               −                                      −                                     −                                   −                             s(Zoo)
BD                                −                                  s(BD)                              s(BD)                                −                                 −
Dist                           s(Dist)                                  -                                 s(Dist)                           s(Dist)                        s(Dist)
SSHA                     s(SSHA)                          s(SSHA)                         s(SSHA)                       s(SSHA)                     s(SSHA)
Vol                    offset(log(Vol))               offset(log(Vol))              offset(log(Vol))            offset(log(Vol))          offset(log(Vol))

AIC                              510.8                               644.4                              534.9                             439.7                          561.0
DE(%)                           51.5                                 40.6                                53.3                               10.4                            76.7

Table 1. Explanatory variables selected by the final generalized additive models for 5 tuna species. Akaike’s information crite-
rion (AIC) and percent deviance explained (DE) are given for each final model. SST: sea surface temperature (°C); Chl10: chl a
concentration at a 10 m depth (µg l−1); S10: salinity at a 10 m depth; Zoo: zooplankton density (ind. m−3); BD: bottom depth (m);
Dist: distance from the northern edge of the Kuroshio (n miles); SSHA: sea surface height anomaly (m); Vol: volume of water
filtered (m3); PBF: Pacific bluefin tuna; YFT: yellowfin tuna; SKJ: skipjack tuna; FT: frigate tuna; BT: bullet tuna. Dashes indi-

cate explanatory variables that were not selected in the final model. s(): smoothing function
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mean densities per cruise of YFT were 5.6, 6.7, and
6.2 larvae 1000 m−3 in 2015, 2016, and 2017, respec -
tive ly, those of PBF were 2.9, 4.3, and 5.3 larvae
1000 m−3,  respectively, and those of SKJ were 13.6, 2.6,
and 1.4 larvae 1000 m−3, respectively (Fig. 3, Table 2).

The horizontal distributions were clearly different
between BT and the other species; BT was mostly col-
lected in the Kuroshio and the Kuroshio inshore
waters (Fig. 4). The results of the PCoA showed that
BT clustered away from the other 4 tuna species in the
combination of the first and second axes (Fig. 5a). The
eigenvalues of the first and second axes ex plained
18.3 and 9.1% of the variation, respectively. Accord-
ing to the first PCoA axis, the positive values of the
stations were largely characterized by the dominance
of BT, and the stations with high positive values were
located at the shelf edge and the Kuroshio (Fig. 5b).
The second axis was largely characterized by the

dominance of PBF and YFT, which tended to be
higher at stations in the Kuroshio offshore waters than
in the Kuroshio inshore waters (Fig. 5c).

The mean body lengths of all 5 species of tuna lar-
vae showed interannual variations (Fig. 6); the mean
body length of BT was largest in 2016 and signifi-
cantly smaller in 2015 (Tukey HSD test; p < 0.001).
The other species showed similar trends: the mean
body lengths were smallest in 2015 and largest in
2017. BT larvae were significantly larger than FT lar-
vae in 2015 and 2016 (Tukey HSD test; p < 0.01),
while BT larvae were smaller than FT larvae in 2017
(Tukey HSD test; p < 0.05). There was no significant
negative relationship between the larval abundance
and mean body length at any station except for SKJ.
The mode of PBF body length was 4−5 mm, while the
body lengths of YFT, SKJ, FT, and BT were 5−6 mm.

3.3.  GAMs

The AIC best-fit models for the 5 dominant species
are shown in Table 1. In total, 51.5, 40.6, 53.3, 10.4,
and 76.7% of the variance was explained by the final
models for PBF, YFT, SKJ, FT, and BT, respectively
(Table 1).

The SSHA was selected in all cases, although we
ob served a positive relationship between SSHA and
the abundance of SKJ and a negative relationship
be tween SSHA and the abundance of FT (Fig. 7).
Regarding the local maximum responses of PBT,
YFT, and BT, the effect was negative when SSHA
was >0.1 m high for PBF and YFT, while for BT, the
local maximum was observed between −0.05 and 0 m
(Fig. 7).

The distance from the Kuroshio (Dist) was also
selected in all cases except for YFT (Fig. 7). The local
maximum responses of PBF and SKJ to Dist were ob -
served at 50−100 and 20−50 n miles away from the
Kuroshio northern edge, respectively. On the other
hand, negative relationships were observed for FT
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Year          Stations PBF             YFT           SKJ               FT              BT    
                      (n)              n        Density             n        Density             n        Density              n      Density              n        Density

2015               39             220          2.9               404          5.6               947         13.6               171        2.3               6474        91.7
2016               33             235          4.3               364          6.7               140          2.6                 89         1.6               2912        51.6
2017               31             263          5.3               305          6.2                66           1.4                101        1.9                757         14.7
Total              103            718                            1073                           1153                             361                           10143          
Average                                         4.2                              6.2                              5.9                              1.9                              52.7

Table 2. Number of larvae and larval density (ind. 1000 m−3) of 5 tuna species collected off the Nansei Islands from 2015 to 2017. 
Species abbreviations as in Table 1
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and BT larvae. The BD was associated with the YFT
and SKJ densities; a shallow BD had positive effects
on both species.

SST and salinity at S10, which may be associated
with larval physiology, were selected as explanatory

parameters for all tunas except FT (Fig. 7). SST was
selected for PBF and YFT, and salinity was selected
for YFT, SKJ, and BT. The local maximum response
to SST was observed in the range of 28.5−29°C for
both PBF and YFT, and negative effects were ob -
served in water <28°C. A positive relationship with
salinity was observed for YFT and SKJ, and a nega-
tive relationship with salinity was observed for BT.
BT was the only tuna associated with zooplankton
density, for which a positive relationship was ob -
served. The effect of year was selected in all cases
except FT; the trend was similar to that of the mean
abundance of each species.

4.  DISCUSSION

This study is the first quantitative evaluation of the
habitats of multiple species of tuna larvae off the coast
of the Nansei area across the Kuroshio. The larvae
collected in our study were considered to be a critical
size (approximately 5 mm body length) because sur-
vival of PBF larvae hatch in Nansei waters depends
largely on their growth rate in this size class (Watai et
al. 2017, 2018, Ishihara et al. 2019). Although the re-
cruitment processes of the other species in this area
were not reported, the most important period for tuna
species larvae is 1 or 2 wk after hatching; therefore,
the evaluation of the habitats of tuna and tuna-like
species in our study is important not only for larval
ecology but also for recruitment of tunas.
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We consistently observed 5 tuna species (PBF, YFT,
SKJ, FT, and BT) in samples collected off the coast of
the Nansei Islands during the PBF spawning season.
These results suggest that overlaps among the eco-
logical niches of the 5 species should be considered
with respect to Gause’s competitive exclusion princi-
ple, which posits that multiple species inhabiting the
same niche cannot stably co-exist (Hardin 1960).

Before discussing the relationship between oceanic
environments and the density of larvae, we must con-

sider the effects of larval size on larval density, which
was not addressed in our GAMs. In general, larval
abundance decreases exponentially with growth
(Anderson 1988). In our study, however, a clear de -
creasing tendency between mean larval size and
abundance was not observed in any tuna species ex -
cept SKJ. In addition, although the mesh size of our
gear was small enough (0.334 mm) to sample small
larvae (<3 mm), the mode of the larval body length
was 4−6 mm long. Therefore, we considered the lar-
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val densities at every station to indicate whether the
environments were suitable for survival of spawners
and larvae and whether eggs/larvae amassed at the
station (i.e. larval densities reflected survival rates,
initial egg densities, and passive transport).

Initially, our observation area was largely influenced
by the Kuroshio, and the fine-scale horizontal distri-
butions of the 5 dominant species were grouped into 2
categories corresponding to the Kuroshio based on
the GAM analysis: BT and FT larvae were dominant
in the Kuroshio and the Kuroshio inshore waters, and
SKJ and PBF larvae were dominant in the Kuroshio
offshore waters (>40 n miles away from the northern
edge). BT larvae were more common in the Kuroshio
inshore waters than FT larvae, and PBF larvae more
common in the Kuroshio offshore waters then SKJ lar-
vae. According to the GAM, the distribution of YFT
was not characterized by the Kuroshio, but was
limited to Kuroshio offshore waters, similar to SKJ and
PBF (Fig. 4). Our results were consistent with previous
studies on the distributions of larvae and eggs in this
area (Suzuki et al. 2014, Sassa & Konishi 2015, Lin et
al. 2016); larvae and eggs of BT and FT have been
found in the East China Sea inside the Kuroshio
(Sassa & Konishi 2015, Lin et al. 2016), and larval PBF
patches have been found off the coast of the Nansei
Islands outside of the Kuroshio (Suzuki et al. 2014).
The distributions of SKJ and YFT larvae represent the
first information on these species in this area since the
study by Nishikawa et al. (1985) 3 decades ago.

Oceanic currents, including eddies, have an impact
on larval distributions because they accumulate and
diffuse larvae (Bakun 1996, 2006, 2013). The horizon-
tal distribution of larval tunas is also associated with
the ocean currents in the Gulf of Mexico and the
Mediterranean Sea (Mariani et al. 2010, Lindo-
Atichati et al. 2012, Domingues et al. 2016). However,
the variations in larval distributions in the Kuro shio
area were not considered to be the result of accumu-
lation; the current velocity (>2 knots) of the Kuro shio
is too high for larvae to stay in our observation area,
and the Kuroshio reaches not only the south of
Honshu (the mainland of Japan) but also the central
part of the North Pacific as the Kuroshio Extension.

We considered whether the different responses to
the Kuroshio among tuna larvae were the result of
differences in spawning areas. PBF spawners are
caught in the Kuroshio offshore waters (Chen et al.
2006, Shimose et al. 2018), and YFT fisheries have
historically occurred in the Kuroshio offshore waters
(Suzuki et al. 1978). BT and FT are considered
coastal species (Matsuura & Sato 1981, Sabatés &
Recasens 2001) that are abundant in the coastal area

of the East China Sea and Taiwan Strait (Tao et al.
2012), and BT eggs are collected during summer on
the shelf of the East China Sea (Lin et al. 2016). BD
may be a variable that explains spawning area, but
BD only explained the distributions of YFT and SKJ
larvae in this study because larval tunas are not dis-
tributed at depths >100 m. The distributions of adults
in the spawning season corresponded with the larval
distribution found in our present study; however, the
spawning grounds of these tuna species might
change annually at a fine scale.

Meso-scale eddies evidently influence the larval
distributions; in general, warm core anticyclonic ed -
dies (the high SSHA values) physically aggregate
plankton (Bakun 1996, 2006, 2013). Thus, if the larval
horizontal distributions are controlled by passive
transport, all of the studied larvae, particularly the 3
species in the Kuroshio offshore waters, should have
been observed in high-SSHA waters. The response
of larvae to the SSHA in the GAM showed that the
larval SKJ clearly amassed in the warm core eddies,
but the other 2 species accumulated only moderately.
Therefore, the relationship between SSHA and larval
density indicated that the larval distribution was con-
trolled not only by passive transport but also by
oceanographic conditions that affect larval physiol-
ogy and survival, i.e. SST, salinity, and zooplankton
densities.

SST had an effect on 2 species of Thunnus larvae.
SST has been used as an index of larval tuna habitats
in previous studies on PBF (Ohshimo et al. 2017,
Muhling et al. 2018). Ohshimo et al. (2017) showed
that PBF larvae usually occur at SSTs ranging from
24− 29°C, and this range is wider than that in our
study; in particular, the lower limit of our study
(28.2°C) is high. Different from Ohshimo et al. (2017),
our observation period was limited to June, and the
GAMs of our present study showed that the distribu-
tion of PBF was limited not only by SST but also by
the distance from the Kuroshio and by SSHA. In par-
ticular, the distance from the Kuroshio limited the
 optimal temperature range of PBF because low SST
waters were observed only in the Kuroshio inshore
waters, where PBF larvae were not found. The tem-
perature response patterns in the GAMs were similar
between PBF and YFT, while the optimal SST for YFT
was slightly higher than that for PBF. The positive re-
sponse range of PBF to temperature in the GAMs was
within the optimal temperature range of rearing ex-
periments (Miyashita & Sudo 2005), but that of YFT to
temperature was higher than the optimal temperature
range (23−26°C) of rearing experiments for hatching
and normal growth (Kim et al. 2015).
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The salinity at 10 m depth was also selected as an
explanatory variable for the abundance of YFT, SKJ,
and BT. Based on the GAMs, positive correlations be -
tween the abundances of 2 species (YFT and SKJ)
and salinity were observed; however, there was a
negative correlation between BT and salinity. Rearing
experiments have indicated that saline water is suit-
able for YFT hatching and normal growth (Kim et al.
2015), which supports our results. Cornic et al. (2018)
indicated that larval YFT can adapt to a wide range of
salinity in the Gulf of Mexico, and Lang et al. (1994)
reported that the highest growth of YFT was
observed in less-saline (salinity 31) waters of that
area. We believe that the high growth and dominance
of YFT in the less-saline waters of the Gulf of Mexico
is supported by the high productivity of this region
due to nutrient inputs from the Mississippi River, as
discussed by Cornic et al. (2018). In the Kuro shio off-
shore waters, the contributions of riverine input to
salinity are negligible (Kodama et al. 2011), and thus,
the response of YFT larvae to salinity differs between
the Nansei area and the Gulf of Mexico.

The density of BT was positively associated with
zooplankton density. Considering that the BT larvae
were distributed in the Kuroshio inshore waters, they
likely adapted to more eutrophic conditions than lar-
vae of the other 4 tuna species. In contrast to the BT
larval density, the other larval densities were not
associated with zooplankton density. In a previous
study, the food condition was important for larval
growth and survival of PBF (Satoh et al. 2013) and
southern bluefin tuna T. maccoyii (Jenkins et al.
1991). Therefore, the larval density was expected to
be associated with the zooplankton densities, but this
was not the case. In the Gulf of Mexico, the abun-
dance of Atlantic bluefin tuna was positively associ-
ated with high zooplankton densities (Muhling et al.
2010).

We have 2 hypotheses explaining why the total
zooplankton only explained the BT larval density and
not the densities of the other 4 species: (1) larval
tunas are highly selective zooplankton feeders; thus,
total zooplankton density cannot be used as a food
condition index; (2) there was a mismatch in the ver-
tical distributions of larvae and zooplankton or
between sampling time and feeding time. Regarding
the first hypothesis, larval PBF in the Sea of Japan
are reported to be selective feeders (Kodama et al.
2017), and during the study period, we confirmed
that larval PBF preyed on Cladocera based on mor-
phological identification; Cladocera are rarely ob -
served in the water column (Kodama et al. in press).
These results indicate that PBF larvae are selective

feeders in both the Nansei area and the Sea of Japan.
A global comparative study indicated that diet com-
positions are different among co-occurring species of
larval tunas and concluded that larval tunas are
highly selective feeders (Llopiz & Hobday 2015); the
diet compositions of different tunas should thus differ
in the studied area. Therefore, total zooplankton
density may not be a suitable index of food condi-
tions. Regarding the second hypothesis, the zoo-
plankton density in 0−20 m was positively related to
that in 0−200 m, but this relationship was not strong
(r2 = 0.3). Globally, larval tunas are mainly present in
surface waters (Habtes et al. 2014, Reglero et al.
2018), which includes the PBF in the Nansei area
(Satoh 2010). In addition, our observations were con-
ducted at night when larval tuna could not feed and
zooplankton migrated to the shallow layer.

Horizontal overlaps of larval tuna habitats were ob-
served. One overlap was between the 2 Auxis
species, and the other was among SKJ, YFT, and PBF.
This study is the first quantitative assessment of the
larval habitats of these 2 Auxis species. Lin et al.
(2016) identified eggs to the species level using ge-
netic techniques, but the larval habitats were not de-
termined. In other previous studies, the habitats of
Auxis spp. were not divided into 2 species (Boehlert &
Mundy 1994), or only 1 species (BT) was identified in
the survey area (Morote et al. 2008). Notably, al-
though tuna distributions overlapped in our study, the
fine-scale distributions were different; the first axis of
PCoA showed that when BT was dominant, the FT
density was low (Fig. 5). The GAM results indicated
that the density of larval BT was high in the produc-
tive and less-saline water. Therefore, between these
2 species, BT larvae may be at a disadvantage under
oligotrophic conditions compared to FT larvae.

In the Kuroshio offshore waters, the horizontal dis-
tributions of SKJ, YFT, and PBF larvae were not
clearly separated. On the basis of Gause’s competi-
tive exclusion principle (Hardin 1960), differences in
other habitats, such as vertical distributions and
feeding habits, must be considered. In the Nansei
area, no studies have investigated the vertical distri-
butions and feeding habits of multiple species of lar-
val tunas. However, regarding the vertical distribu-
tions of tunas, larval SKJ show significant diel
migrations (Richards & Simmons 1971, Matsumoto et
al. 1984, Davis et al. 1990, Boehlert & Mundy 1994),
whereas PBF larvae stay within the surface layer at
depths ≤20 m, with no significant diel migrations
(Satoh 2010). The segregation of main prey items has
also been observed in co-occurring larval tunas
(Llopiz & Hobday 2015). These differences may ex -
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plain the co-occurrence and survival of larval tunas
in the Nansei area because the co-occurrence of
juvenile tunas has also been observed in our survey
area (Chow et al. 2003).

5.  CONCLUSIONS

We evaluated the horizontal segregation of larvae
of 5 tuna species and evaluated the environmental
factors of the habitats of these species off the Nansei
Islands for the first time. Over the 3 yr study, we con-
sistently observed 5 tuna species belonging to 3
 genera (Thunnus, Katsuwonus, and Auxis) in our
samples. BT larvae were dominant throughout the
ob servations, whereas the second to fifth most domi-
nant species differed in each sampling year. The hori-
zontal distributions of the 5 species were influenced
by the Kuroshio: the 2 Auxis species were mainly dis-
tributed in the Kuroshio and the Kuroshio inshore wa-
ters, and the other 3 species were distributed in the
Kuroshio offshore waters. The distributions of the 2
larval Auxis species overlapped, but a high density of
larval BT was observed in zooplankton-rich, less-
saline waters, while the larval FT density was not ex-
plained by these parameters. Larval distributions of
SKJ, YFT, and PBF also overlapped in the Kuroshio
offshore waters. The environmental parameters (tem-
perature, salinity, SSHA) explained the distributions
of these 3 species; however, the responses of these 3
species to environmental parameters were similar.

Considering Gause’s competitive exclusion princi-
ple, to maintain the species richness of larval tunas in
the Kuroshio offshore waters, the other habitats of
the larval tunas, particularly those of SKJ, YFT, and
PBF, are expected to be different. Vertical distribu-
tions and feeding habits are also expected to differ
among species, but in the Nansei area, evaluations of
vertical distributions and feeding habits have not
been conducted for any tuna except for PBF. There-
fore, future research should evaluate the larval tuna
habits in the Nansei area to better understand the
recruitment processes of tunas.
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