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ABSTRACT

Numerical particle-tracking experiments were per-
formed to investigate the transport and variability in
environmental temperature experienced by eggs and
larvae of Pacific stocks of the Japanese anchovy
(Engraulis japonicus) and Japanese sardine (Sardinops
melanostictus) using high-resolution outputs of the
Ocean General Circulation Model for the Earth
Simulator (OFES) and the observed distributions of
eggs collected from 1978 to 2004. The modeled
anchovy individuals tend to be trapped in coastal
waters or transported to the Kuroshio–Oyashio tran-
sition region. In contrast, a large proportion of the
sardines are transported to the Kuroshio Extension.
The egg density-weighted mean environmental tem-
perature until day 30 of the experiment was 20–24!C
for the anchovy and 17–20!C for the sardine, which
can be explained by spawning areas and seasons, and
interannual oceanic variability. Regression analyses
revealed that the contribution of environmental
temperature to the logarithm of recruitment per
spawning (expected to have a negative relationship

with the mean mortality coefficient) was significant for
both the anchovy and sardine, especially until day 30,
which can be regarded as the initial stages of their life
cycles. The relationship was quadratic for the ancho-
vy, with an optimal temperature of 21–22!C, and
linear for the sardine, with a negative coefficient.
Differences in habitat areas and temperature responses
between the sardine and anchovy are suggested to
be important factors in controlling the dramatic out-
of-phase fluctuations of these species.
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INTRODUCTION

The Japanese anchovy (Engraulis japonicus) and Japa-
nese sardine (Sardinops melanostictus) are two of the
most abundant and commercially important pelagic
species in the western North Pacific. Their spawning
grounds are mainly formed in the temperate southern
and eastern waters of the Japanese Islands. The feeding
grounds of juveniles and adults are found across wide
regions of the Kuroshio Extension and the Kuroshio–
Oyashio transition region, east of Japan (Fig. 1).

The stock abundances of these two species show
dramatic out-of-phase fluctuations on a multidecadal
time scale (Fig. 2a). Based on total commercial land-
ing data in Japanese waters (Yatsu et al., 2005; note
that although these data include the contribution of
all stocks in Japanese waters, they are considered to
represent the fluctuation trend of the Pacific stocks
because these stocks are generally the most abundant),
anchovy stocks were high in the 1910–20s, 1950–60s,
and 1990–2000s, whereas sardine stocks showed the
opposite trend. The same patterns of anchovy and
sardine regime shifts were observed in the California
Current and Humboldt Current systems, and a rela-
tionship with climatic regime shift has been suggested
(Lluch-Belda et al., 1989; Kawasaki, 1991; Chavez
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Figure 1. Simplified hydrography of the
western North Pacific.

Figure 2. Interannual variations in (a)
total landings in Japanese waters from
historical data (updated from Yatsu
et al., 2005), (b) stock abundance and
spawning stock biomass (SSB), and (c)
logarithms of recruitment per spawning
biomass (LNRPS) for the Japanese
anchovy and Japanese sardine.
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et al., 2003); however, decadal variability in upper-
layer temperatures shows contrasting trends in the
eastern and western North Pacific (Mantua et al.,
1997). The sardine regime corresponds to the cold
period in the west (Yasuda et al., 1999) and the warm
period in the east (Hare and Mantua, 2000; Chavez
et al., 2003).

Although there are several major stock groups of
the Japanese anchovy and Japanese sardine, based on
their adult habitats (i.e., the Pacific, the Tsushima
warm current, and the Seto Inland Sea), interannual
fluctuations in their abundances show the same pat-
terns among the different groups. Therefore, this study
considers the Pacific stocks, which are generally the
most abundant.

It has been confirmed from recent records of stock
abundances and recruitment rates that these fluctua-
tions in abundance are mainly caused by recruitment
variability. Watanabe et al. (1995) found that the
survival rates of 1-yr individuals of the Japanese sar-
dine were extremely low in 1988–90 when the sardine
stock was rapidly decreasing; this did not occur
instantaneously at the ‘critical period’ (Hjort, 1914)
but cumulatively throughout their early life stages.
Comparing the fluctuations in stock abundance and
recruitment per spawning biomass (RPS) over the past
30 yr, we observe a major influence of RPS on a trend
of stock, with a 1-yr lag, for both the Japanese anchovy
(e.g., RPS peak in 1988 and stock increase in 1988–89,
and RPS trough in 1991 and stock decrease in 1991–
92) and Japanese sardine (e.g., high RPS in 1984–86
and stock increase in 1984–87, and low RPS in 1988–
91 and stock decreases in 1988–92; Fig. 2b,c).
Although the stock abundance of sardine has been
extremely low since 1993, the above correspondence is
still observed if we consider the stock fluctuation ratio
(Si+1 ) Si)⁄Si, where St is stock abundance in year i
(not shown in the figure).

Because the spawning grounds extend from inshore
areas to the Kuroshio areas, especially when the stock
abundances are high (Watanabe et al., 1996), large
numbers of larvae are expected to be transported to
the Kuroshio Extension (Heath et al., 1998); indeed,
anchovy and sardine larvae have been collected from
this area in the past (Sugisaki, 1996; Nagasawa and
Davis, 1998). Using simple analytical and numerical
models, Kasai et al. (1992) identified a correlation
between survival rates and retention rates around
spawning areas for sardine larvae after 1 month from
hatching; however, the results obtained from a similar
numerical model (but including eastern offshore areas
of Japan) indicated that the abundances of sardine
juveniles transported to the eastern offshore areas of

Japan make a major contribution to recruitment
(Kasai et al., 1997). Noto and Yasuda (1999) were the
first to document a significant positive correlation
between the mortality coefficient of sardine larvae and
winter sea-surface temperatures (SST) in the Kuroshio
Extension and its southern recirculation areas
(KESA), based on data for the period 1979–94.

The logarithm of RPS (herein referred to as
LNRPS) is expected to show a relationship with sur-
vival through the stages from egg to recruitment. Yatsu
et al. (2005) reported that the density effect together
with SST in KESA explained about 40% of the vari-
ability in LNRPS of sardine from 1950 to 2000
(R2 = 0.37, P < 0.01). Nishikawa and Yasuda (2008)
suggested that fluctuations in the timing of the spring
bloom caused by mixed-layer variability in KESA is
related to the survival of sardine larvae that might be
transported to this site; however, this hypothesis is
unable to explain fluctuations in the anchovy popu-
lation, which is assumed to be distributed in the same
region and mainly feeds on the same food (copepods)
as sardine during its early life stages.

Takasuka et al. (2007) proposed a hypothesis of
optimal growth temperature, which seeks to explain
stock fluctuations in the anchovy and sardine in terms
of environmental temperature by analyzing the otolith
microstructure of the larvae of each species. The
optimal temperature for larval growth is 22.0!C for the
anchovy and 16.2!C for the sardine, thereby explain-
ing the anchovy and sardine regimes in warm and cold
periods, respectively. This finding also suggests that
the optimal temperature hypothesis is valid for
the California anchovy and California sardine in the
region of the California current system, because the
representative spawning temperature is significantly
lower for anchovy than for sardine, consistent with the
anchovy (sardine) regime in cold (warm) periods
(Takasuka et al., 2008). However, a retrospective
analysis of the Japanese anchovy and Japanese sardine,
using spawning ground temperature, failed to provide a
significant explanation of RPS variability, especially
for sardine (Takasuka et al., 2007).

The results of the above studies suggest the
importance of temperature in larval survival and sub-
sequent recruitment; however, the temperature data
used in these studies were obtained from either fixed
areas or spawning grounds. Because some larvae are
expected to be entrained in the Kuroshio current from
inshore waters and to be transported to the Kuroshio
Extension, the effect of Lagrangian temperature vari-
ability cannot be neglected; however, data based on
observations are limited. Itoh and Kimura (2007)
analyzed drifter data collected by the World Ocean
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Circulation Experiment–Surface Velocity Program
(WOCE–SVP) and described the characteristics of
transport and Lagrangian temperature variability;
however, few data are available before 1990, when a
dramatic fluctuation in stock occurred.

The recently developed Ocean General Circulation
Model for the Earth Simulator (OFES) covers almost
the entire globe at a horizontal resolution of 0.1! and
with 54 vertical levels (Masumoto et al., 2004).
Unlike the simple models used in previous studies
(Kasai et al., 1992, 1997), which describe flows of the
Kuroshio via constant inflow⁄outflow, OFES is driven
by realistic atmospheric forcing (including temporal
and spatial variability), and hydrographic fields are
reproduced via appropriate governing equations.
A hindcast integration performed using this model for
the years 1950–2004 (Sasaki et al., 2008) reproduces
well the decadal upper-layer variability in the western
North Pacific (Nonaka et al., 2006; Taguchi et al.,
2007). The typical SST fluctuation pattern of the
mid- and high-latitude North Pacific, as represented by
empirical orthogonal functions (EOF) [known as
Pacific Decadal Oscillation, (PDO), Mantua et al.,
1997], is also well reproduced in EOFs using the
modeled SST (Sasaki et al., 2008). We used the
outputs from this model for our numerical particle-
tracking experiments.

The main purpose of this study is to demonstrate
interannual variability in the transport of larvae of the
Pacific stocks of the Japanese anchovy and Japanese
sardine (herein referred to as anchovy and sardine,
respectively) and the Lagrangian temperature vari-
ability experienced by these species over the past
30 yr, for which spawning-ground data are available,
using more realistic data and procedures than those
adopted in previous, simple models (Kasai et al., 1992,
1997) or statistical analyses (Noto and Yasuda, 1999;
Yatsu et al., 2005). We also examine various hypoth-
eses regarding the survival of these species, as proposed
in previous studies.

MATERIALS AND METHODS

OFES hindcasts and particle release points

Horizontal velocity, temperature, and mixed layer
depth (snapshots at 3-day intervals) in the upper
1000 m of the western North Pacific were hindcasted
for the years 1950–2004; data for the period 1978–
2004 were used in the particle tracking experiments
(Fig. 3a). By using the snapshot data of 3-day intervals
instead of averaged data for longer periods (e.g.,
monthly means), we could implicitly include a greater
component of dispersion effects in the advection

process, meaning that they were less dependent on
diffusivity parameterized via horizontal velocity data.
Ten particles were released from 30¢ · 30¢ grids in the
areas shown in Fig. 3b (which covers the spawning
areas of anchovy and sardine) on the 16th of each
month (not representing eggs at this time; see the
following paragraphs for weighting procedures regard-
ing observed monthly egg production). Their move-
ment and Lagrangian environmental variability were
tracked for 90 days, the period approximately covering
larval stages; longer tracking periods have less
meaning, as the swimming ability of juveniles is not
negligible.

The transport and environments of the eggs and
larvae were estimated by weighting the particles with
the observed egg densities at their initial locations.
Although OFES is generally successful in reproducing
the upper-layer hydrographic features of the western
North Pacific (Nonaka et al., 2006; Taguchi et al.,
2007), the temporal variability in highly nonlinear
processes such as path variations in the Kuroshio and
the pinch-off of warm and cold core rings does not
always coincide with observations. In such a case,
weighting based on latitude and longitude may yield
an incorrect description of the transport, because
slight differences in the modeled path of the Kuroshio
cause large differences in the destinations of the eggs
and larvae distributed around the actual path of the
Kuroshio.

To avoid this problem, we divided the waters south
and east of Japan, covering the spawning areas, into
eight areas (SA1–SA8) based on water depth and the
location of the Kuroshio axis (Fig. 3b). The water
south of Japan, 130–145!E and 28–36!N, including
the southeastern part of the East China Sea, was
divided into eastern and western parts according to the
135!30¢E line, and each part was divided into three
areas: coastal, inshore, and offshore. The coastal and
inshore areas were distinguished by water depth
(deeper or shallower than 200 m, based on a model
grid of 208 m depth), and the inshore and offshore
areas were divided by the axis of the Kuroshio current,
defined by 200-m temperatures (Kawai, 1969) of 15!C
for the eastern part and 16.5!C for the western (using
the model temperature at a depth of 208 m), which
also worked well in the model, especially in dividing
30¢ · 30¢ particle-releasing grids. Because eggs are not
found in offshore waters far from the axis of the
Kuroshio, the southern boundaries of the offshore
areas were assumed to be those lines whose magnitude
of velocity was >0.5 m s)1 at a depth of 2.5 m (the
shallowest grid). Therefore, the offshore areas south of
Japan were the same as the areas around the axis of the
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Kuroshio current (Kuroshio areas). The water east of
Japan, 36–40!N and west of 145!E, was divided into
coastal and inshore areas based on a water depth of
200 m (model grid of 208 m). Furthermore, areas with
SST below 11!C and above 30!C, where few anchovy
or sardine eggs are found, were eliminated each
month. Thus, we considered six areas south of Japan
and two east of Japan, including 153–253 particle-
release points.

Egg distributions based on observations

Egg abundance data for the Japanese sardine and Japa-
nese anchovy along the Pacific coast of Japan are col-
lected, processed, and archived by the Fisheries Research
Agency of Japan (Mori et al., 1988; Kikuchi and Koni-
shi, 1990; Ishida and Kikuchi, 1992; Zenitani et al.,
1995; Anonymous, 1997–2004; Kubota et al., 1999).

The data from a 30¢ · 30¢ grid, collected from 1978
to 2004, were used to weight our particle-tracking
experiments. Figure 4a,b shows the observed distribu-

tion of the sum of egg abundances from 1978 to 2004.
Dense egg abundances for the anchovy were found in
inshore areas south and east of Japan, whereas those of
the sardine were found in the Kuroshio area, south of
Japan, especially in the western part. These spawning
grounds were then divided into eight areas, as in the
model. The same divisions as those used in the model
were applied to the coastal and inshore areas for waters
both south and east of Japan, considering the latitude,
longitude, and water depth. However, the axis of the
Kuroshio, which divides the inshore and offshore
areas, was taken from data provided by the Marine
Information Research Center (2007), which archives
the comprehensive observations made by the Japan
Coast Guard. These data included both thermal and
current structures rather than the 200 m temperatures,
which were not always obtained with sufficient spatial
coverage. Examples for February 1985 for the sardine
and July 1985 for the anchovy are shown in Fig. 4c,d,
respectively.

Figure 3. (a) Domain of the particle-
tracking experiments: model spawning
areas (particle release areas) and desti-
nation areas (DA1–DA7) are shown
with thick red solid lines and thick blue
dashed lines, respectively. The back-
ground thin gray lines are temperature
contours (contour interval, 2.5 m) for 16
February 1985, as calculated by OFES.
(b) Model spawning grounds (SA) in
February 1985, showing the distributions
of particles determined by the criteria
described in the text. The thin gray lines
are as in (a).
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Particle tracking, egg density-weighted mean environmental
temperature, and regression analysis

The movement and environmental variability of all
particles in the eight areas of the model were calcu-
lated for 90 days at the start of each month from
January 1978 to October 2004 (321 measurements).
The horizontal movement of the particles was calcu-
lated with advection and diffusion terms using the
leapfrog scheme:

xnþ1 ¼ xn#1 þ unDtþ lxn ð1Þ

ynþ1 ¼ yn#1 þ vnDtþ lyn ð2Þ

where xn and yn are the position of a particle at the nth
time step; un and vn are the eastward and northward
velocity components, respectively, linearly interpolated
at xn, yn, and zn (where zn is the vertical position, as
described below) at the corresponding time;
Dt = 20 min is double the time interval; and lxn and lyn are
the eastward and northward steps of a random walk,
respectively. Note that the Asselin filter (Asselin, 1972)

was used to update n ) 1 locations to avoid the splitting
generally caused by the leapfrog scheme:

xn#1 ¼ xn þ 0:1& ðxn#1 # 2xn þ xnþ1Þ ð3Þ

The vertical positions were aligned to the middle of
the mixed layer depth, defined as that at which the
density is increased 0.125 rh from the surface (one of
the OFES outputs), considering the diurnal vertical
migration of the larvae in mixed layers. Other
scenarios at fixed depths did not change the general
results, unless the depth was deeper than the mixed
layers.

The random walk steps are given by

ðlxn; lynÞ ¼ PN

ffiffiffiffiffiffiffi
2Dt
p ffiffiffiffiffiffiffi

Ax
H

q
;

ffiffiffiffiffiffiffi
Ay

H

q" #
ð4Þ

where PN is a probability function of the normal dis-
tribution and Ax

H and Ay
H are variables that depend on

the diffusivity coefficients. Whereas constant diffu-
sivity simply gives Ax

H ¼ Ay
H ¼ AH, we estimated

these variables from the biharmonic diffusivity terms
used in OFES as

Figure 4. Sums of estimated egg abundances (numbers in a 30¢ · 30¢ grid) for (a) anchovy and (b) sardine in the western North
Pacific from 1978 to 2004, based on observations (see text for references), and examples of monthly egg abundances for (c)
anchovy in July 1985 and (d) sardine in February 1985. Thick black lines in (c) and (d) indicate the path of the Kuroshio
current, as taken from Marine Information Research Center (2007).
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Ax
H ¼ minð#BHr4u

$
r2u; 2000Þ ð5Þ

Ay
H ¼ minð#BHr4v

$
r2v; 2000Þ ð6Þ

where BH = )27 · 10)9 m4 s)1 is a biharmonic dif-
fusivity constant, and #4 and #2 are the biharmonic
and Laplacian operators, respectively. The tempera-
ture and mixed layer depth at the particle locations
were determined by interpolating the temperature and
mixed layer depth data of the OFES outputs.

Spatial distributions were obtained by converting
the particle trajectories to numbers in Eulerian grid
boxes or seven destination areas (DA1–DA7; Fig. 3a).
DA1, DA2, and DA3 were basically merged areas
of SA1–SA4 (coastal and inshore areas south of
Japan), SA5–SA6 (offshore areas south of Japan), and
SA7–SA8 (inshore areas east of Japan), respectively;
the SST limitation in the spawning grounds (11–
30!C) and the southern boundary of the Kuroshio
(>0.5 m s)1) were not applied. DA4–DA7 were
eastern offshore areas divided by the current axis of the
Kuroshio Extension (200 m, 14!C; Kawai, 1969) and a
meridional line at 160!E.

The numbers of particles were weighted according
to egg abundance in the corresponding year, month,
and area. The egg density-weighted mean environ-
mental temperature (EWMET) and the distribution of
individuals, <T(t)> and <N(x, y, t)>, were then
obtained as

TðtÞh ii¼
X

jk

eijkTijkðtÞ

,
X

jk

eijk ð7Þ

Nðx; y; tÞh ii¼
X

jk

eijknijkðx; y; tÞ

,
X

jk

eijk ð8Þ

where eijk denotes egg abundance in spawning area k in
year i and month j; Tijk(t) is the mean environmental
temperature of particles from spawning area k in year i
and month j at elapsed days t since release; and nijk(x,
y, t) is the normalized density of particles (spatial
integration becomes one) at the location (x, y) from
spawning area k in year i and month j at elapsed days t
since release. Note that the range of sardine spawning
in 1 yr is defined from October of the previous year to
September of that year, whereas the range for the
anchovy is defined from January to December.
Although the above equations give annual values
averaged over j (months) and k (areas), the weighted
means procedure can be conducted over any subscript;

if averaging over spawning areas is not conducted,
values are obtained for each spawning area separately.
As shown in Fig. 5, the initial particle distributions
and weighted mean methods were able to accurately
reproduce the interannual environment variability of
spawning grounds, whereas the base levels were
slightly different. Mean differences of +1.0!C for the
anchovy and )0.34!C for sardine were subtracted
from the environmental temperature for each indi-
vidual.

The impact of EWMET on LNRPS was examined
using regression analysis together with spawning stock
biomass (SSB), which generally causes a negative
feedback on recruitment. LNRPS and SSB data were
taken from the stock assessment reports by Oozeki
et al. (2005) for anchovy and those by Nishida (2005)
for sardine. Linear or quadratic functions of EWMET
in any 1 of 19 elapsed day bands, which averaged
11 elapsed days (days 0–10, 5–15, …, 85–90), were
assumed to be a < T(t)> + b or a < (T(t) ) To)2 >
+ b, where To is the optimal temperature. Note that
the weighted mean of the square product of the
environmental temperature <T2> was needed in
addition to EWMET <T> to examine the quadratic
functions. Although we first used EWMET of indi-
viduals from all months and areas (EWMET-ALL:
<T>i in Equation 7) for the analyses without SSB,
those from each spawning area (EWMET-SA: <T>ik

without averaging over k in Equation 7) were also
examined for the analyses with SSB because EWMET-
ALL correlated significantly with SSB. The cause of
this correlation and the interpretation of the regres-
sion using EWMET-SA are given in the Results,

Figure 5. Interannual variations in weighted mean surface
temperatures, observed and under initial model conditions,
for (a) anchovy and (b) sardine. Correlation coefficients and
significance levels are shown in each panel.
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Discussion and Conclusions section. The signifi-
cances of the regressions and partial regression coeffi-
cients were tested using the F test and t test,
respectively, at a significance level of P = 0.1, as in
Yatsu et al. (2005).

RESULTS

Egg distribution and transport variability

Figure 6 shows interannual fluctuations in the
observed egg abundance for anchovy and sardine. The
magnitude of variations was extremely high for both
species, approximately one order of magnitude for
anchovy and two orders of magnitude for sardine
(Fig. 6a). As seen in the geographical distributions,
large numbers of eggs were spawned in SA2, SA4, and
SA8 by anchovy, and in SA1, SA3, SA5, and SA6 by

sardine. The spawning grounds generally expanded
with increasing egg abundance. Whereas sardine
exhibited marked offshore expansion from SA1–SA2
to SA3–SA6, as shown by Watanabe et al. (1996),
anchovy showed a northward expansion from SA1–
SA2 to SA8.

Interannual variations in the spawning months of
anchovy and sardine are shown in Fig. 7. Spawning
generally occurs from March to September for
anchovy, and from December to April for sardine.
Whereas a concentration of spawning in February
was observed for sardine with increasing stock
abundance, the main spawning season of anchovy
became slightly earlier, moving from July to June
(Fig. 7).

The destinations of the oceanic current transport
show clear differences between the two species,

Figure 6. Interannual variations in (a)
the annual total egg abundance of
anchovy and sardine, (b) proportion of
anchovy egg abundance by spawning
area (SA), and (c) proportion of sardine
egg abundance by SA.
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reflecting differences in spawning grounds (Fig. 8).
Offshore transport was more dominant for sardine
than for anchovy. Moreover, the destination of the
offshore transport was mainly toward the Kuroshio–
Oyashio transition region for anchovy, and toward
the Kuroshio Extension region for sardine. Because
the largest numbers of sardine eggs were spawned in
SA5 (Fig. 6a,c), the western part of the Kuroshio
area, it is expected that they made a major contri-
bution to the dense distribution of sardines in the
Kuroshio Extension region (around 145–155!E) on
day 30 (Fig. 8c). This interpretation is consistent
with a previous study that observed transport from
this area over a distance of 800–900 km in 30 days
(Itoh and Kimura, 2007).

Interannual fluctuations in the abundances trans-
ported to the destination areas are shown in Fig. 9.
Offshore transport tended to increase with increasing
stock (egg) abundances for both anchovy and sardine.
Anchovy transport to DA1 accounted for more than
50% (30%) of the particles released from the
spawning grounds at day 30 (day 90) at the end of
the 1970s, whereas it decreased to about 20–40%
(10–20%) after the late 1980s, to be replaced espe-
cially by transport to DA6. Similarly, sardine trans-
port to DA2 and DA4 in the late 1980s and early
1990s was about 50–70% (40–60%) of the particles
released from the spawning grounds, but decreased
after the mid 1990s to about 15–30% (10–25%).
Transport of anchovy (sardine) to areas east of
160!E (DA5 and DA7) was low on day 30, but by
day 90 had increased to about 10–40% (5–30%).
Although Kasai et al. (1992) suggested a relationship
between retention rates within coastal areas and
survival rates, the transport ratio to DA1 did not
show a significant correlation with RPS for sardine
(r = 0.27, P = 0.19).

Variability of environmental temperatures

The environmental temperatures experienced by the
two species can also be compared (Fig. 10). The
temperature during the initial stages, until day 30,
was about 20–24!C for anchovy and 17–20!C for
sardine. This difference is primarily attributable to
the difference in the spawning season: June–July for
the anchovy and February–March for the sardine
(Fig. 7). Conversely, the temperature variability until

Figure 7. Interannual variations (means and standard
deviations) in the spawning months of anchovy and
sardine. Note that sardine spawning months in 1 yr are
defined from October of the previous year to September of
that year.

Figure 8. Densities of model individuals of (a) anchovy on day 30, (b) anchovy on day 90, (c) sardine on day 30, and (d) sardine
on day 90 in 30¢ · 30¢ grids estimated by weighted mean densities of all the released particles after the same number of days had
elapsed. Destination areas (DAs) are approximately delineated by solid and dashed black lines.
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day 30 for each species is attributed to the expansion,
contraction, and movement of the spawning grounds,
and fluctuations in the timing of the spawning season
(Fig. 10a).

The environment of anchovy during its initial
stages has tended to become colder since the end of
the 1980s because the spawning grounds have
expanded northward and the main spawning season
has moved from July to June. The warmer conditions
for sardine in the late 1980s and early 1990s are
explained by expansion of the spawning ground into
the Kuroshio area. A large component of the intra-
annual variations can be explained by seasonality: the
tendency to warming until day 30 and cooling after
day 60 for anchovy, which spawns mainly in the
summer, and the tendency to cooling until day 30 and
warming after day 60 for sardine, which spawns mainly
in February.

Our analysis reveals that spawning variability has
a major influence on the transport and environmen-
tal temperature fluctuations of the eggs and larvae of
anchovy and sardine; however, oceanic variability is
also important. The decrease in cooling during the
first 30 days for sardine at the end of the 1980s
(Fig. 10a), except for 1990, is considered related to
the Pacific Decadal Oscillation (Mantua et al., 1997),
which in turn is possibly related to the stock collapse
reported by Noto and Yasuda (1999). Temperature
variations between other stages also differed from
year to year, indicating different heating and cooling
tendencies.

Relationship between EWMET and RPS

The impact of EWMET on the interannual variability
of LNRPS was examined by linear regression analysis
(Table 1). We first found a significant regression for

Figure 9. Interannual variations in the proportion of individuals transported to each destination area: (a) anchovy on day 30,
(b) anchovy on day 60, (c) anchovy on day 90, (d) sardine on day 30, (e) sardine on day 60, and (f) sardine on day 90.
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LNRPS using linear functions for EWMET. Anchovy
survival increased with increasing EWMET on days
0–10 (R2 = 0.20, P = 0.02), whereas sardine survival

decreased with increasing EWMET on days 0–10
(R2 = 0.12, P = 0.08). For anchovy, a significant
positive relationship was also found after days 0–10
until days 30–40 (R2 = 0.12, P = 0.08), with a
decreasing trend, and a significant negative relation-
ship was found from days 75–85 (R2 = 0.12, P = 0.08)
to days 80–90 (R2 = 0.16, P = 0.05); however, no day
bands other than days 0–10 showed a significant
relationship for sardine.

These results, obtained from regressions using linear
functions, suggest that anchovy (sardine) flourishes
in warm (cool) periods, consistent with previous
results (Yasuda et al., 1999); however, we were unable
to assess the optimal temperature hypothesis proposed
by Takasuka et al. (2007) using these linear functions.
Regression analyses were then performed using
quadratic functions, requiring them to be convex to
define the optimal temperature. The best regression for
anchovy was found using EWMET in days 5–15
(R2 = 0.40, P < 0.01) with an optimal temperature of
22.3!C; the regressions from days 0–10 to days 25–35
were also significant (R2 = 0.23–0.40, P = 0.003–
0.05). The regression for sardine was not statistically
significant.

Because of the spatial elasticity of the spawning
ground with fluctuations in stock abundance,
EWMET in the initial stage (mean of days 0–10)
showed a significant correlation with spawning stock
biomass: negative for anchovy (r = )0.61, P < 0.01)
and positive for sardine (r = 0.36, P = 0.07). The
correlation between SSB and LNRPS for anchovy
was also significant. Note that the SSB contribution
to LNRPS was not statistically significant for
sardine over the period 1978–2004 (the period of
transport examined in this study), whereas it was
significant over the period 1950–2000 (Yatsu et al.,
2005).

The effects of EWMET averaged for all individuals
from all SAs (EWMET-ALL) cannot be distinguished

Figure 10. Interannual variations in mean environmental
temperatures of model anchovy and sardine individuals on
(a) day 30, (b) day 60, and (c) day 90, with half standard
deviations shown as error bars, as estimated by weighted
average. For comparison, mean environmental temperatures
for 30 days before the specified day [i.e., day 0 for (a), day 30
for (b), and day 60 for (c)] are shown by broken lines
(thick for anchovy and thin for sardine).

Table 1. Summary of regression analy-
ses of LNRPS on EWMET averaged for
all areas (EWMET-ALL), using either
a linear function, LNRPS = a < T(t) >
+ b, or a quadratic function, LNRPS =
a < (T(t) ) To)2 > + b*.

Days a To b R2 P

Anchovy
Linear 0–10 0.17 (0.43) – 1.8 0.20 0.02
Quadratic 5–15 )0.093 ()0.64) 22.4 )45 0.40 <0.01

Sardine
Linear 0–10 )0.39 ()0.35) – 9.8 0.12 0.08

*a and b, regression coefficients; To, optimal temperature; Days, the days elapsed
since particle release; R2, determination coefficient; P significance level for the F
test. Numbers in brackets indicate standardized partial regression coefficients
tested using the t test. Note that we only show those regressions that exhibit the
largest determination coefficient among 19 elapsed day bands and that satisfy both
the F test and t test. See the text for further details.
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from those of SSB (density effect) for anchovy
because of their close relationship, even though the
dependence of growth rate on temperature (Takasuka
et al., 2007) implies its impact on RPS. A funda-
mental cause of this correlation is the correlation
between SSB and egg abundance in the extended
spawning grounds. Therefore, we performed a
regression analysis using the EWMET of individuals
from a single spawning area (EWMET-SA) that did
not correlate with SSB, rather than using EWMET-
ALL. SSB included the effects of the EWMET vari-
ability caused by expansion and contraction of the
spawning ground.

Whereas the effects of EWMET-SA for all eight
areas on LNRPS were examined separately, regressions
with significant partial regression coefficients were
found for one or two SAs for either linear or quadratic
function (see Table 2). Because the contribution of
SSB to LNRPS was not significant for sardine during
1978–2004, the coefficient of SSB was assumed to
be the same as that given by Yatsu et al. (2005).
Although SSB alone gave a significant regression for
the anchovy LNRPS, significant improvements were
achieved with linear and quadratic functions for
EWMET-SA. A negative partial regression coefficient
was found for a linear function of EWMET for indi-
viduals from SA3 (EWMET-SA3) on days 65–75
(partial regression coefficients were significant from
days 60–70 to days 70–80), and an optimal tempera-
ture of 21.2!C was found with a quadratic function for
EWMET-SA2 on days 5–15 (also significant on days
0–10). A significant regression was found for the

sardine with a linear function using EWMET-SA3 on
days 25–35 (significant from days 20–30 to days
30–40), which had a negative partial regression
coefficient; however, no significant convex quadratic
function was found.

These analyses using EWMET-SA were based on
the sites where spawning occurred each year;
however, it is worth mentioning that a significant
regression for sardine LNRPS with a remarkably
higher determination coefficient was found with
EWMET-SA5 on days 20–30 (R2 > 0.2 from days
10–20 to days 40–50) for the sardine for years other
than 1995, 2000, and 2001, when no sardine eggs
were found in SA5.

Figure 11 shows the interannual variability of
EWMET-SA2 and EWMET-SA3 for anchovy and
EWMET-SA3 and EWMET-SA5 for sardine. The
increasing trends for anchovy EWMET-SA3, sardine
EWMET-SA3, and sardine EWMET-SA5, and the
shift in the fluctuation range for anchovy EWMET-
SA2 to 20–22!C after 1990, correspond to RPS vari-
ability (Fig. 2). As shown in Fig. 12, consideration of
EWMET-SA improved the regression, especially for
years with high variability. Further interpretations are
made in the following section.

DISCUSSION AND CONCLUSIONS

The results of the regression analyses of EWMET-ALL
and EWMET-SA obtained from particle-tracking
experiments are basically consistent with the results of
previous studies that examined the effects of temper-

Table 2. Summary of regression analyses of LNRPS on SSB and EWMET of single areas (EWMET-SA), using either a linear
function, LNRPS = ak0 < T(t) > + bk0 + a SSB, or a quadratic function, LNRPS = ak0 < (T(t) ) To)

2 > + bk0 + a SSB*.

SA Days a ak0 To bk0 R2 P

Anchovy
SSB – – )1.5 · 10)3 ()0.73) – – 6.0 0.53 <0.01
SSB + Linear SA3 65–75 )1.4 · 10)3 ()0.70) )0.18 ()0.25) – 10 0.59 <0.01
SSB + Quadratic SA2 5–15 )1.5 · 10)3 ()0.73) )0.057 ()0.36) 21.2 6.7 0.66 <0.01

Sardine
SSB – – )1.7 · 10)3! – – 3.3 – –
SSB + Linear SA3 25–35 )1.7 · 10)3! )0.72 ()0.41) – 16 0.18 0.03
SSB + Linear" SA5 20–30 )1.7 · 10)3! )0.78 ()0.61) – 19 0.28 <0.01

*a and b, regression coefficients; To, optimal temperature; Days, the days elapsed since particle release; R2, determination
coefficient; P significance level for the F test. Numbers in brackets indicate standardized partial regression coefficients tested
using the t test. Note that we only show those regressions that exhibit the largest determination coefficient among 19 elapsed day
bands and that satisfy both the F test and t test. See the text for further details.
!a = )1.7 · 10)3 (Yatsu et al., 2005) was used as the partial regression coefficient, which was not significant for the data for
1978–2004 used in this study.
"Analysis was performed for the data (omitting the years 1995, 2000, and 2001) when no eggs were collected in SA5.
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ature on recruitment rates in anchovy and/or sardine
using either linear or quadratic functions. A negative
correlation was found between LNRPS and EWMET-
ALL, EWMET-SA3, and EWMET-SA5 for sardine, as
reported by Noto and Yasuda (1999) and Yatsu et al.
(2005), who used the spatial mean temperature of
KESA. The KESA temperature is considered to be a
good representation of the environmental temperature
of the sardine larvae transported to the Kuroshio
Extension, especially in years of high stock abundance,

as a high determination coefficient was found with
EWMET-SA5 (EWMET from the western part of
the Kuroshio area) on days 20–30, the period in which
the larvae and eggs are expected to be transported
mainly to the Kuroshio Extension area (Itoh and
Kimura, 2007). The impact of sardine larvae from SA5
on survival rates is also partly compatible with the
suggestion by Kasai et al. (1997) that juveniles sur-
viving in the areas east of Japan contribute to the
recruitment of sardine, although their implication of
the effect of the southward intrusion of the Oyashio
was not evident in our study because an increase in egg
production in SA5 (Fig. 7) mainly increased the
transport toward DA2 and DA4 (Fig. 9), distant from
the Oyashio.

Assuming a quadratic function, we found the
optimal temperature for the anchovy, estimated with
EWMET-ALL and EWMET-SA2, to be about
21–22!C, consistent with the results of the otolith
analysis undertaken by Takasuka et al. (2007).
Whereas the retrospective analyses of Takasuka et al.
(2007) found a weak regression for anchovy LNRPS
on spawning-ground temperature weighted by mean
egg abundance, the significance was improved by using
EWMET-ALL on days 5–15 or EWMET-SA2 on days
5–15 with SSB for the anchovy.

Because SSB variability also influences the timing
of the spawning season in addition to spatial fluctua-
tions in the extent of spawning grounds (Figs 6 and 7),
EWMET-SA obtained by averaging over months are

Figure 11. Interannual variations in the mean environ-
mental temperatures of individuals from specific spawning
areas, for (a) anchovy and (b) sardine, for which we found
significant regression, as listed in Table 2.

Figure 12. Interannual variations in
observed LNRPS (solid lines) and its
regression with SSB alone [dashed lines,
denoted by F(SSB)] and with SSB and
EWMET-SA [solid circles with lines,
denoted by F(SSB), Quad (EWMET-
SA2) for anchovy and F(SSB), Linear
(EWMET-SA3) for sardine; quad and
linear indicate quadratic and linear
functions, respectively] for (a) anchovy
and (b) sardine.
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not necessarily independent of SSB. Hence, few
EWMET-SA were statistically significant with SSB:
only linear functions of EWMET-SA3 and quadratic
functions of EWMET-SA2 were statistically signifi-
cant for anchovy, and linear functions of EWMET-
SA2 for sardine (EWMET-SA5 is not included
because spawning did not occur every year in SA5)
(Table 2). As moderate levels of egg abundance are
maintained in SA2 for anchovy and SA3 for sardine
even during times of low stock abundance, these
areas are regarded as the core spawning grounds of
anchovy and sardine, respectively. The role of SA3 in
anchovy recruitment was unclear, because far fewer
anchovy eggs are spawned there than at SA2.

The finding of significant and high determination
coefficients with EWMET-ALL and EWMET-SA for
anchovy and sardine during the initial stage (typically
until day 30) relative to the later stage indicates the
greater importance of the initial stage in terms of
recruitment success. However, this does not signify the
insignificance of the later stage, primarily because
EWMET include contributions of all particles,
irrespective of their environmental history: heavy
mortality during the initial stage induced by envi-
ronmental mismatch could cause noise in the regres-
sion analysis performed using EWMET of the later
stages. The swimming of larvae, which was not
included in the model, could also potentially con-
tribute to any errors in the simulation.

In the regression analysis for anchovy using linear
functions of EWMET-ALL, a significant negative
relationship was detected in the later stage (after days
75–85) in addition to the positive relationship (which
yielded the highest determination coefficient)
observed during the initial stage. However, anchovy
EWMET-ALL after days 75–85 showed a significant
negative correlation with that on days 0–10
(r = )0.47, P = 0.02 on days 80–90). This finding is
explained by the fact that anchovy spawning takes
place in early summer: a relatively early (late)
spawning season results in a cold (warm) environment
during the initial stages and a warm (cold) environ-
ment after 3 months, during early autumn (Figs 7 and
10). Thus, the negative relationship after days 75–85
partly reflects the indirect, lingering influence of the
initial stage; however, the possibility of direct effects is
not rejected because EWMET-SA3 made a similar
contribution to anchovy LNRPS but was insignificant
during the initial stage.

Although we found a significant positive correla-
tion between anchovy LNRPS and EWMET, includ-
ing an implicit correlation between LNRPS and SSB,
the significant negative standardized partial regression

coefficient obtained for the quadratic term suggests
that the core range of the optimal temperature is just
slightly higher than that of the egg density-weighted
mean habitat temperature for the eggs and larvae of
anchovy. Conversely, sardine LNRPS were regressed
significantly only by linear functions of EWMET,
suggesting that the core range of the optimal tem-
perature is lower than that of the egg-density-weighted
mean habitat temperature of the sardine eggs and
larvae. This finding arises partly because the warm
spawning grounds of sardine correspond to those
formed in the Kuroshio area, especially when stock
abundance is high. The habitat temperature averaged
without weighting is lower than that averaged with
weighting, and is close to the optimal temperature
reported by Takasuka et al. (2008). It seems that the
mean environmental temperature of sardine without
weighting, which implicitly assumes the importance of
inshore and coastal areas, is close to the core habitat
temperature range; however, we were unable to define
the optimal temperature, even using EWMET of SA3
(EWMET-SA3), which is regarded in this study as the
core spawning ground.

Thus, the differences in stock variability between
anchovy and sardine cannot be explained solely in
terms of their habitats or optimal temperatures: their
responses to environmental fluctuations must also be
taken into account. Larger numbers of anchovies
survive in coastal waters where the degree of envi-
ronmental variability is moderate, whereas sardines
take advantage of offshore waters where environmen-
tal variability is high, but where the total carrying
capacity is also high. These different strategies may
also be related to differences in basic biology, such as
the high and low spawning frequencies and egg pro-
ductions of anchovy and sardine, respectively (Kuroda,
1991; Tsuruta, 1992).

The above hypothesis regarding the contrasting
strategies of the two species does not contradict pre-
vious hypotheses (Noto and Yasuda, 1999; Yatsu et al.,
2005; Takasuka et al., 2007); rather, it combines them.
The more pronounced nature of fluctuations in
abundance in sardines than in anchovies can also be
explained by this hypothesis. Because the main habitat
area of the northern anchovy (Engraulis mordax) in the
California Current system is distributed predominantly
in relatively coastal waters compared with that of the
Pacific sardine (Sardinops sagax) (Checkley et al.,
2000), the synchronous anchovy–sardine cycles on
both sides of the North Pacific can be explained by the
contrasting environmental effects on coastal and off-
shore waters of large-scale climate change, such as the
Pacific Decadal Oscillation.
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In this study, particle-tracking experiments were
performed to investigate the transport and Lagrangian
temperature variability experienced by eggs and lar-
vae of the Japanese anchovy and Japanese sardine,
and to examine the effects of this variability on
recruitment rates. We found that the contribution of
environmental temperature to LNRPS is significant
for both the anchovy and sardine; density effects
represented by SSB are also important, especially for
the anchovy. Despite the fact that SSB shows a close
relationship with EWMET via the spatial distribution
of eggs, we successfully separated the two effects using
the EWMET of single spawning grounds considered
to be the core spawning grounds: SA2 (eastern
coastal area south of Japan) for the anchovy and SA3
(western inshore area south of Japan) for the sardine.
Whereas the anchovy response to environmental
temperature was quadratic, with an optimal temper-
ature of 21–22!C, the sardine response was linear,
with a negative regression coefficient. This finding
suggests that the survival strategies of the anchovy
make it suitable for a moderate coastal environment,
whereas those of the sardine take advantage of the
offshore environment.
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