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ABSTRACT

Adult Japanese anchovies (Engraulis japonicus) migrate
from the East China Sea to the coastal region of
Taiwan to spawn around late winter and early spring
and, later, their larvae constitute important fisheries in
Taiwan. However, their migration route and its
mechanism remain unclear. To investigate their
spawning migration, we used a coupled fish behavior–
hydrodynamic modeling approach. The physical field
is simulated by the Pacific Ocean adaptation of the
TaIwan Multi-scale Community Ocean Model (TIM-
COM) and the fish migration by Lagrangian tracer
tracking with the aid of approximation of fish swim-
ming behavior. We investigated three fish behavioral
scenarios: (i) passive tracking of the current, (ii)
swimming along with the current, and (iii) swimming
along with the current and then changing to swim-
ming toward the optimal spawning temperature. The
comparison with and without Changjiang discharge is
used to investigate the impacts of discharge reduction
due to the Three Gorges Dam. Our results suggest that
spawning migration of Japanese anchovy from the East
China Sea to Taiwan may be aided by the China
Coastal Current and that adult anchovies cannot
reach the spawning site by passive advection alone.
Thus, the swimming behavior of anchovies is crucial
during the spawning migration, as it provides extra

velocity and the orientation to the favorable spawning
grounds. In addition, the adult anchovy is unlikely to
reach the coastal area of Taiwan without Changjiang
discharge. Our findings indicate that a coupled fish
behavior–hydrodynamic model can help understand
the influences of physical environment on the migra-
tion of Japanese anchovies.

Key words: Changjiang discharge, China Coastal
Current, fish swimming behavior model, Japanese
anchovy, physical–biological coupling, recruitment
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INTRODUCTION

The anchovy fishery (targeting the larvae) is one of
the most important commercial fisheries in the coastal
waters of Taiwan of the western North Pacific. In
northern Taiwan, the anchovy catches are mainly
composed of Japanese anchovy (Engraulis japonicus).
Although the larval anchovy fishery is substantial, the
adult anchovies do not form a significant fishery
around Taiwan, as no adult anchovy population is
found around Taiwan after their spawning season. By
contrast, the adult anchovies are important targets in
mainland China in the East China Sea (ECS; Yu et al.,
2005). Fishery acoustic surveys on adult Japanese
anchovies (Iversen et al., 1993) show that the ECS is
likely a natural feeding ground. According to genetic
analyses, several groups of adult Japanese anchovies
exist in the ECS (Yu et al., 2002, 2005). Larval surveys
combined with fisheries records indicate that the
coastal region of Taiwan is an important spawning
ground of Japanese anchovy (Chen and Chiu, 2003).
Combining this evidence, it is believed that at least
one population of adult anchovies migrates to the
coastal areas of Taiwan to spawn and then leaves after
spawning (Chen and Chiu, 2003; Lee et al., 2009).
However, the exact migration route and possible
processes determining their spawning migration
remain largely unknown (Chen et al., 2010).

Success in the spawning migration potentially af-
fects larval recruitment (Cushing, 1975). In addition,
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the Member–Vagrancy hypothesis (Sinclair, 1988)
may apply: successful recruitment can only happen if
the adult fishes spawn at certain places in which the
physical environment favors the retention of eggs and
larvae. In the case of Japanese anchovy, the year-
round cold eddy near the coastal waters of northeast-
ern Taiwan (Tang et al., 2000) makes a favorable
spawning ground (Chen and Chiu, 2003). Thus, the
spawning migration of Japanese anchovies from the
ECS to Taiwan is biologically reasonable. The fishing
season of larval anchovies, which starts from spring,
peaks in March and gradually diminishes in summer
(Fig. 1b), suggests that the spawning migration may
start in winter. Considering the seasonal variation of
circulation in the ECS and the coastal area of Taiwan,
the only southward current in winter and early spring
is the China Coastal Current (CCC). It is therefore
suggested that Japanese anchovies may take advantage
of the CCC to move southward to the spawning

grounds (Chen et al., 2010) (Fig. 2). However, this
hypothesis has never been tested. Obviously, it is dif-
ficult to operate a large-scale field survey to locate the
spawning stock on the move.

To investigate the spawning migration of Japanese
anchovies, we used a coupled biological–physical
model. With the advances in computation and
hydrodynamic modeling, the use of Lagrangian parti-
cle tracking simulation to study the dispersal and
migration of marine organisms has become an impor-
tant tool in recent years (e.g., Capella et al., 1992;
Rose, 1993; Cowen et al., 2006). The advantage of this
approach lies in the convenience of investigating
different environmental scenarios. Also, the behavior
of particles can be explicitly defined to investigate the
role of behavior in dispersal ⁄ migrating processes.
Previous research using Lagrangian particle tracking
simulation has demonstrated the usefulness of the
modeling approach in providing possible explanations
for observed transport and distribution patterns of
marine organisms (Miller, 2007). Such a modeling
approach combined with behavioral approximation
has also been used for simulating the spawning
migration of various fish species, e.g., cod and capelin
by Huse et al. (2004) and Japanese sardine by Ok-
unishi et al. (2009).

In this study, we hypothesize that the spawning
migration of Japanese anchovies is aided by the CCC
in the ECS. The spawning migration is simulated by a
physical–biological coupled model. The physical
component consists of an ocean circulation model.
The Changjiang discharge is also included for inves-
tigating the potential influence of reduction in dis-
charge caused by the Three Gorges Dam (TGD). The
biological component is the Lagrangian particle
tracking program, simulating fish migration with a
primary approximation of fish swimming behavior.
The model simulations are used to clarify the possible
migration routes. The results from this research may
improve our understandings in the recruitment pro-
cesses of Japanese anchovies and provide useful
information for fishery managements.

MATERIALS AND METHODS

Fisheries data

The larval anchovy fishery is mainly operated in Yilan
Bay, northeastern Taiwan (see Fig. 2). Monthly catch
per unit effort (CPUE) was used as an estimate of the
abundance of larval anchovy stocks from January 1992
to May 2008 (Fig. 1a). The catch and effort data were
obtained from logbooks of each trawler pair monthly,
with the fishing effort standardized to ‘kg per net-day’
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Figure 1. Monthly catch per unit effort (CPUE) (a) and
seasonality of the CPUE data (b) of Japanese anchovy lar-
vae.
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(Chiu et al., 1997). Missing CPUE data were esti-
mated by the state–space reconstruction method
(Ljung, 1999; Hsieh et al., 2009). The seasonal aver-
age of CPUE indicates that the fishing season of larval
anchovies starts in spring, peaks in March, and grad-
ually diminishes in summer (Fig. 1b).

Physical model

The physical model was simulated by the Dual-grid
Pacific Ocean Model (DUPOM), which is based on
one of the standard configurations of the Taiwan
Multi-scale Community Ocean Model (TIMCOM)
using two domains covering the entire North Pacific
Ocean (Tseng et al., 2010; Shen et al., 2011; Tseng
et al., in press). The model is driven by the climato-
logical wind ⁄ surface condition and based on a mix of
collocated Arakawa-A and staggered Arakawa-C grids.
The model domain covers the entire North Pacific
Ocean ranging from 30�S to 60�N and from 100�E to
80�W. A 1 ⁄ 8 resolution is used in the domain west of
150�E to resolve the detailed regional circulations.
The two domains are fully two-way-coupled at each
coarser time step (time steps are finer for the domain
with a finer grid spacing) with an overlapping single
coarse grid (i.e., 2 · 2 in fine grid cells). The meander
and eddy exchanges are seamless at the interface
without intergrid sponge layers or special treatments.
Further details about the multiple-grid approach can
be found in Dietrich et al. (2008). Model bathymetry
is interpolated from unfiltered ETOPO2 depth data
supplemented with the 1-min depth archive in the

Asian seas provided by the Ocean Data Bank of
National Science Council, Taiwan. The vertical res-
olution is linear-exponentially stretched by 26 layers,
with a 6-m-thick top layer. Both grids share the same
vertical resolution. Within each grid, longitudinal
resolution is uniform and latitudinal resolution is
generated such that varying latitude and longitude grid
increments are equal everywhere (Mercator grid). The
wind forcing of DUPOM is the interpolated monthly
Hellerman wind stresses (Hellerman and Rosenstein,
1983). Levitus 94 climatology (Levitus and Boyer,
1994) is used to initialize the model and determine its
surface sources of heat and fresh water using the non-
damping approach described in Dietrich et al. (2004).
Our objective is to explore different environmental
and behavioral scenarios. Therefore, to avoid com-
plexity arising from interannual variation in the
physical environment, we did not use realistic wind
forcing.

To investigate the potential effects of TGD located
upstream of Changjiang, we simulated our physical
model with and without Changjiang discharge
(Table 1). We used monthly Changjiang discharge
data compiled by the Global Runoff Data Centre of
the Federal Institute of Hydrology in Germany
(GRDC, http://grdc.bafg.de). Annual average inflow
(0.029 Sv, Sv = 106 m3 s)1) is used in the standard run
(simulations with river inflow) to investigate the
influence of Changjiang discharge on regional circu-
lation. The daily outputs of temperature, salinity and
velocity (u, v) in the East China Sea (119–126�E,
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Japanese anchovy. The spawning group
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24–33�N) were stored for offline particle tracking
simulation to reduce the simulation time. Temporal
sensitivity tests on the offline model indicate that,
although some minor uncertainty exists, the dominant
winter feature of CCC guides most of the particles
moving along similar paths consistently (data not
shown). Thus, daily outputs are reasonably chosen in a
statistical sense.

Biological model: Lagrangian particle tracking simulation

A Lagrangian particle tracking simulation program
was used to simulate fish migration. Each tracer in
simulation can be viewed as a ‘super-individual’– a
small group of anchovies. A total of 50 tracers was
released uniformly at 121–125�E, 31�N and assumed
to stay at a constant depth (12.5 m) during the sim-
ulation. We chose 12.5 m because the previous
acoustic survey in the ECS showed that the vertical
distribution of Japanese anchovy might be homoge-
neous and concentrated between 5 and 20 m in winter
(Iversen et al., 1993) and 12.5 m is the average depth
of the Japanese anchovy stock. We assumed no ver-
tical migration of anchovies because vertical migration
is insignificant in winter and early spring according to
field observations (Iversen et al., 1993). The initial
locations were determined according to field observa-
tions (Iversen et al., 1993). Preliminary simulations
showed that the tracers released from 125 to 130�E
would follow the Kuroshio northward; hence the
southward-migrating anchovy stock was not likely to
be located near the shelf break of ECS east of 125�E.
Because the maximum CPUE of larval anchovy lies in
March (Fig. 1b) with an age of 15–30 days (Chiu and
Chen, 2001), the spawning stock must start migrating
in January and arrive at known spawning grounds
(northeastern Taiwan) before the end of February in
order to have a successful recruitment. Therefore, all

simulations started on the first day of January (day 1)
and terminated on the last day of February (day 59) in
the hypothesis testing. The starting date of spawning
migration was further investigated by sensitivity
analyses.

Biological model: fish swimming behavior

The swimming behavior of adult anchovies is included
in the particle tracking model. The behavior can be
decomposed into two parts: orientation and velocity.
In our swimming behavior model, the orientation of
migration can be determined by either current velocity
(Eqn 1) and ⁄ or temperature gradient (Eqns 2–4):

V = 30 cm ⁄ s

us1 ¼ V � ucffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2

c þ v2
c

p ; vs1 ¼ V � vcffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2

c þ v2
c

p ð1Þ

rT ¼ @T

@x
îþ @T

@y
ĵ ð2Þ

GM ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð@T=@xÞ2 þ ð@T=@yÞ2

q
ð3Þ

us2 ¼ V � ð@T=@xÞ
GM

î; vs2 ¼ V � ð@T=@yÞ
GM

ĵ ð4Þ

Here, V is the magnitude of fish swimming velocity,
T is the temperature, GM is the magnitude of tem-
perature gradient uc, vc represent the x, y component
of current velocity at the initial depth of the tracers,
and us1, vs1, us2 and vs2 represent the x, y component
of fish swimming velocity in the two swimming
schemes. The current velocity was derived from the
average of the first layer (6 m) and second layer
(20 m) from the TIMCOM model, which is largely
consistent with the depth of anchovy. Equation (1)
describes the fish swimming in alignment with the
current (us1, vs1). Previous research using electric
tagging on Pacific salmon suggests that drifting with
currents may potentially help the migratory fishes to
cover more distance (Tanaka et al., 2005). We as-
sumed that Japanese anchovy might employ the sim-
ilar strategy by swimming along with the current. As
anchovy is a slow swimmer (Masuda, 2011), swimming
along with the current would be beneficial for con-
serving energy during spawning migration.

The swimming behavior modeled by Eqns (2–4)
(us2, vs2) indicates that the fish swim toward the

Table 1. Simulation scenarios.

Swimming schemes
Control
runs (a)

Standard
runs (b)

Scheme 0: no active swimming 0a 0b
Scheme 1: swimming along with
the current

1a 1b

Scheme 2: stepwise change
depending on temperature

2a 2b

The numbers represent different swimming schemes of fish:
scheme 0, no active swimming; scheme 1, swimming along
with the current; scheme 2, stepwise change in orientation
depending on temperature (see text for detail). In control
runs, the circulation model did not include the Changjiang
discharge.

258 C.-Y. Tu et al.

� 2012 Blackwell Publishing Ltd, Fish. Oceanogr., 21:4, 255–268.



local region of maximum temperature. This may be
physiologically beneficial to anchovies because the
growth rate of eggs and larvae is greater in warm
conditions. It has been observed that migratory routes
of fishes are often affected by ocean fronts such as
steep salinity and ⁄ or temperature gradients (Leggett,
1977). Swimming against the current is possible if the
local maximum of temperature is in a counter-current
direction from the perspective of fish.

The assumed swimming velocity is inferred from
previous theoretical studies. Usually, fish swimming
consists of spontaneous bursts and periodic cruising
(Sfakiotakis et al., 1999). During the cruise migration,
the cruise speed must be optimized to save energy. The
optimal cruise speed of fish for maximum moving
range is about one body length (cm s)1; Weihs, 1973).
However, occasional bursts should also be taken into
account. We assume that the swimming speed of
migrating groups is 30 cm s)1 (approximately two
body lengths per second) in this swimming behavior
model. Initial tests on swimming speed showed that
30 cm s)1 is the minimum requirement for the tracers
to reach the coastal area of Taiwan within the simu-
lation period. Note that the vertical swimming
velocity is ignored in this behavior model because
vertical migration behavior of Japanese anchovy is not
significant in late winter (Iversen et al., 1993).

Based on the two different orientations defined by
the Eqns (2–4), three different swimming schemes are
derived:

0 Passive: no active swimming behavior.
1 Swimming along with the current (Eqn 1).
2 Stepwise: swimming along with the current (Eqn 1)

and then changing to swimming toward the region of
maximum temperature (Eqns 2–4) when the optimal
temperature for spawning is sensed.

The ‘stepwise’ approach is developed as an
improvement of Eqns (2–4). Preliminary modeling
results showed that when fish persistently swim toward
the region of maximum temperature (Eqns 2–4), all
fish swim offshore. This is because the sea surface
temperature is higher in the offshore area, where the
Kuroshio is present, than in the inshore area; hence,
all tracers will eventually move toward the offshore
area and hardly approach the coastal area of Taiwan.
As this result contradicts the existed fishery practices
in the coastal area of Mainland China and Taiwan,
the modified version ‘stepwise’ swimming scheme
(combined Eqns 1–4) was used to describe the swim-
ming behavior of fish. In the ‘stepwise’ swimming
scheme, the migrating group first swims along with the
current, and then swims toward the region of maxi-
mum temperature when the optimal temperature for

spawning is sensed in the perceptible distance. The
perceptibility of the migrating group is 10 m from the
centroid of the group. The temperature field was
interpolated into 10-m resolution by a linear method
before computing the gradient. The optimal temper-
ature for spawning is set as 22 �C based on observa-
tions of high spawning frequency of Japanese
anchovies (Takasuka et al., 2005) and optimal growth
rate for larval anchovies (Takasuka and Aoki, 2006).
The swimming schemes were tested in both control
(without river discharge) and standard runs (with river
discharge). The experimental scenarios are summa-
rized in Table 1.

Sensitivity analyses

The sensitivity analyses of fish behavior–hydrodynamic
coupled model consist of three components: optimal
spawning temperature, initial locations, and starting
dates. As mentioned in Takasuka et al. (2005), the
optimal spawning temperature of Japanese anchovy
shows large geographical variations. Different optimal
temperatures, ranging from 20 to 24 �C, were tested
with the same initial setting as in experiment 2b.

In the sensitivity test of initial locations, two dif-
ferent locations (30 and 32�N) were examined
according to the northernmost and southernmost dis-
tribution of the overwintering adult anchovy stocks
observed in the acoustic surveys (Iversen et al., 1993).
The sensitivity test on starting dates keeps the same
initial locations (121–125�E, 31�N) but releases the
Lagrangian tracers every 5 days. A total 13 simulations
were performed (spanning approximately 2 months).
After simulation, the tracers with final location south
of 25.5�N, north of 24.5�N, and between 120.5 and
122.5�E are considered to have ‘arrived’ at the suitable
spawning ground around the coastal region of Taiwan.

RESULTS

The physical environment

Our physical model successfully reproduces the seasonal
hydrography of the ECS, including the surface circu-
lation due to the Changjiang discharge (Fig. 3) and
hydrographic characteristics (Figures 4 and 5) along
the coast of mainland China. The freshwater of
Changjiang enters the ECS and forms the Changjiang
Diluted Water (CDW) plume (Fig. 3e–h) with lower
temperatures and salinity compared with the offshore
seawater (Figures 4e–h and 5a–d). The cold, low den-
sity freshwater at the surface forms an anticyclonic eddy
in the frontal area. Due to a balance between density
gradient and Coriolis forces, the CDW forms a south-
ward jetstream along the coast of mainland China, the
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CCC. The CCC forms an ocean front in the sea surface
temperature (Fig. 4e–f), commonly observed in
satellite images (Chang et al., 2006). In spring, the
CCC starts to weaken owing to the developing East
Asian summer monsoon (Figures 4g–h and 5c–d). It is
worth noting that the simulation results of the monthly
mean near-surface current indicate that the CCC is
much stronger in the standard run (Fig. 3e–f) than with
the control simulation (Fig. 3a–d).

In addition, the Kuroshio passes the east coast of
Taiwan and continues to flow north of Ryukyu Island
(Fig. 3). The Taiwan Strait throughflow shows clear
monthly variations in model runs (Fig. 3). In winter,
the northeastern monsoon impedes the northward
transport of Taiwan Strait (Fig. 3a–b,e–f), and the
northward transport of Taiwan Strait Current is
enhanced as the northeastern monsoon wanes in spring

(Fig. 3c–d,g–h). These simulation results generally agree
well with observations (Jan et al., 2006). Further val-
idation between model outputs and observations can
be found in Jan et al. (2010).

Tracer trajectories of the spawning migration simulations

Experiment 0: Passive. The Changjiang discharge
significantly affects the tracer trajectories, according
to the comparison of the standard and control runs in
experiment 0 (Fig. 6a,c; cf. Fig. 2). The major
difference lies in the direction of motion of tracers.
Almost all tracers follow the orientation of the CCC
and move southward in the standard run. By contrast,
only a small portion of tracers that started nearshore
(122.5–123.3�E) move southward in the control run.
Another difference is the final locations of the tracers.
The tracers can reach about 25�N (coastal area of
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Putian, Fujian Province) in the standard run, whereas
tracers can only reach about 26�N (coastal area of
Ningde, Fujian Province) in the control run. However,
all tracers in both runs fail to cross the Taiwan Strait to
approach the coastal area of Taiwan. Based on this
experiment, we can conclude that the spawning
migration of Japanese anchovy from the ECS to
Taiwan is definitely aided by the CCC and is unlikely
to be passive.

Experiment 1: Swimming along with current. The tracer
simulations including the swimming behavior
generally arrive earlier than those without swimming

behavior (Experiment 0). For example, the nearshore
tracers (122.5–123.3�E) in Experiment 1 (Fig. 6b,d)
reach the same point about 2 weeks earlier than those
in Experiment 0 (Fig. 6a,c) because of the extra
velocity gained from swimming. In addition, most of
tracers remain in the Changjiang River Plume in the
control run (Fig. 6b), whereas in the standard run,
only tracers starting at 124.25–124.5�E were trapped
around the plume region (Fig. 6d).

Even though the tracers in experiment 1 move much
faster than those in experiment 0, all tracers cruise
around in the middle of the Taiwan Strait and fail to
approach the coastal area of Taiwan at the end of sim-
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ulations. This is consistent with the observation that the
CCC always flows along the coast of China. The results
suggest that swimming scheme 1 (swimming along with
the current) may only partially represent the actual
swimming behavior of Japanese anchovies.

Experiment 2: Stepwise-swimming along current until sensing
optimum spawning temperature (22 �C). Experiment 2
with stepwise-swimming scheme is the only simulation
in which tracers reach the coastal area of Taiwan
within the simulation period. In the control run, the
nearshore tracers also move southward but split into
two groups and stop in the middle of the Taiwan Strait
(Fig. 7a). The tracers in the standard run arrive at the
coastal area of Taiwan (Fig. 7b) at the end of the
simulation (day 59). The difference in the two
simulation runs can be explained by the thermal
front along the coast of mainland China (Fig. 4). The
frontal temperature gradient is more prominent in the
standard run. As the swimming direction of scheme 2
is determined by the temperature gradient within a 10-
m grid, the larger temperature gradient can result in a
stronger directional movement in the standard run.

The results in Experiment 2 suggest that the
‘stepwise’ swimming scheme is more likely to represent
the behavior of Japanese anchovy migrating from the
ECS to the coastal waters of Taiwan. This scheme
includes a biological swimming behavior. It is also
worth noting that stepwise-swimming scheme simula-
tion produces more than one migration route to the
known fishing grounds (Fig. 7b).

Sensitivity analyses

The sensitivity analysis on initial locations indicates
that the tracer trajectories in the experiment 2
(Fig. 7c,d) are quite representative. In this simulation,
the north and south boundary of the anchovy overwin-
tering ground is used as the initial locations. Although
the trajectories may vary, most of the tracers reach the
coastal area of Taiwan (Fig. 7c,d). Therefore, the
migration route of Japanese anchovies is likely to follow
the CCC regardless of the initial locations of 30 or 32�N.

The sensitivity test of the particle-released starting
dates shows that the number of tracers reaching the
coastal waters of Taiwan decreases with the delayed
starting dates (Fig. 8). With a 25-day delay, the
number of arrived tracers does not vary substantially.
The arrivals decrease about 20% if the starting date is
later than 25 January. Therefore, the onset of migra-
tion is most likely to start in January and is closely
related to the strength of CCC. In addition to starting
dates, the number of arrived tracers also appears to be
sensitive to the optimal spawning temperature
(Fig. 9). Nevertheless, the setting of 22 �C produces
the best results (highest number of tracers arrived).

DISCUSSION

Model evaluation – comparing simulation results with
fisheries records

The simulation results confirm the previous spec-
ulation that the CCC is critical for the spawning
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migration of Japanese anchovy (Figures 6 and 7). The
tracer trajectories also show a good agreement with
existing fishing grounds of Japanese anchovy larvae in
the coastal waters of Taiwan and mainland China. For

example, according to a previous report (Chen et al.,
2010), two fishing grounds for larval Japanese anchovy
exist in Northern Taiwan: the western fishing ground
in the eastern Taiwan Strait (with a relatively smaller
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Figure 6. Tracer trajectories of numerical experiments with Changjiang discharge-excluded control runs (a,b) and discharge-
included standard runs (c,d). None of the tracers reached the coastal area of Taiwan with swimming scheme 1 (b,d) or without
swimming (a,c). The initial locations of the tracers are collectively shown as a red bar. The tracer trajectories are represented by
grayscale lines, which also denote the simulation days.
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catch) and the eastern fishing ground in the north-
western Pacific Ocean (Yilan Bay, the main larval
anchovy fishing ground). In experiment 2b (standard

run, Fig. 7b) and sensitivity test of initial locations
(Fig. 6c,d), many tracers reach the fishing ground in
the eastern Taiwan Strait at the end of February (blue
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Figure 7. Tracer trajectories of stepwise swimming schemes in both runs [(a) control, (b) standard] and the sensitivity analyses
on different initial locations (collectively shown as a red bar in the figure): (c) 30�N and (d) 32�N. The color scale from cyan to
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locations using the experiment 2b setting (see Table 1) shows the robustness of stepwise swimming scheme (c,d).
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line in Fig. 7), although no tracers reach Yilan Bay. In
addition, the simulated migration route and timing
also matches the adult anchovy fishery in the south-
eastern coast of mainland China. The fishing season of
Japanese anchovies in Fujian Province generally starts
in February, targeting the adult overwinter group first,
and then the larvae and juveniles in the spring (Fujian
Fauna and Flora Editing Committee, 2003).

Our model results demonstrate the advantage of the
Lagrangian model in testing possible migration routes
and behavior scenarios. The spawning stock of Japa-
nese anchovy is most likely to follow the CCC and
move from the ECS to the coastal waters of Taiwan.
However, no tracer reaches Yilan Bay, suggesting that
either the biological or the physical model needs fur-
ther improvements. Indeed, empirical observations
show a nearshore coastal current in northern Taiwan
(Tang et al., 2000), which may facilitate the migration
of the spawning stock of anchovies from the Taiwan
Strait (west) to the Yilan Bay (east). However, such a
current was not present in our physical model simu-
lation (Fig. 3e–h). Most basin-scale ocean circulation
models cannot capture such coastal processes in detail
due to the lack of required model resolution.

Fluctuation of Japanese anchovy and the potential impacts
of Changjiang discharge variation in the East China Sea

As an important fisheries resource, the fluctuation of
Japanese anchovy has caught the attention of fisheries
scientists for decades (Hayashi, 1966). It was suggested
that the synchronous variation of the catch in the
Pacific over 50 yrs reflects the basin-scale regime shift
of climate (Chavez et al., 2003). The ‘optimal tem-
perature hypothesis’ further suggests that higher tem-
perature favors faster growth of larval anchovies and
that this climate shift is the main driving force behind
the fluctuations of anchovy in the Northwestern
Pacific (Takasuka et al., 2007). However, this scenario
may not be the only explanation for all Japanese
anchovy stock variations. The analysis of the larval
anchovy CPUE southwest off Taiwan (Hsieh et al.,
2009), for example, has shown that the dynamics of
the anchovy population may be affected not only by
basin-scale hydrographic conditions; other factors,
such as strength of the CCC, might also affect the
anchovy group migrating toward coastal waters of
Taiwan. Our modeling results indeed highlight the
importance of the CCC in affecting spawning migra-
tion of Japanese anchovy.

In addition, our simulations focusing on the
spawning stock of Japanese anchovy in northeastern
Taiwan demonstrate that the change of Changjiang
discharge may have potential impacts on the recruit-
ment of Japanese anchovy. The weakened CCC
caused by reduced river discharge of Changjiang could
decrease the flux of anchovy population arriving on
the coast of Taiwan, which may further affect the
recruitment process; we speculate that this will even-
tually cause a decline in the stock. The Changjiang
discharge has indeed revealed a decreasing trend in the
past four decades, possibly due to increased water

 5 10 15 20 25 30 35 40 45 50 55 60 65
0

5

10

15

20

25

30

35

40

45

50

Time delayed (days) and start date

N
um

be
r 

of
 tr

ac
er

s 
ar

riv
ed

Ja
nu

ar
y 5

Ja
nu

ar
y 1

0

Ja
nu

ar
y 1

5

Ja
nu

ar
y 2

0

Ja
nu

ar
y 2

5

Ja
nu

ar
y 3

0

Feb
ru

ar
y 5

Feb
ru

ar
y 1

0

Feb
ru

ar
y 1

5

Feb
ru

ar
y 2

0

Feb
ru

ar
y 2

5

M
ar

ch

Figure 8. Summary statistics of simulations with delayed
initial day. The bottom dates correspond to the calendar
dates of initial particle release. The total number of arrived
tracers decreases about 20% when the onset of simulation is
later than January (Day 30). No tracer reached the coastal
area of Taiwan after February.

20 21 22 23 24
0

5

10

15

20

25

30

35

40

45

50

Optimal spawning temperature

N
um

be
r 

of
 tr

ac
er

 a
rr

iv
ed

Figure 9. Summary statistics of sensitivity analysis with
different optimum spawning temperature setting from 20 to
24 �C.

Spawning migration model of Japanese anchovy 265

� 2012 Blackwell Publishing Ltd, Fish. Oceanogr., 21:4, 255–268.



consumption and reservoir construction (Yang et al.,
2005). As TGD was established in 2005, the intensi-
fied human activities in the Changjiang catchment
may continue to influence the river discharge and thus
the CCC.

In addition to the direct effect of weakening CCC,
TGD may also threaten the anchovy stocks by inducing
ecosystem changes in the ECS. Damming can alter the
chemical loads of the river (Mitkees et al., 1972) and
consequently change the biogeochemistry and plank-
tonic communities (Nixon, 2003). Field measurements
of primary production suggest that the ECS ecosystem is
sensitive to the change in water outflow, and the pri-
mary production has declined 86% from 1998 to 2003
(Gong et al., 2006). This decline in primary production
may have a bottom-up effect on the spawning stocks of
Japanese anchovy, as the adult anchovies forage in the
ECS. The example of the Aswan High Dam in Egypt has
shown that once the dam was constructed, the phyto-
plankton blooms associated with Nile floods disap-
peared. As a consequence, the catches of sardines in the
Egyptian Mediterranean off the Nile decreased from
15 000 to 554 t from 1964 to 1966 (Aleem, 1972).
However, the fishery landings have rebounded dra-
matically since the 1980s, which may suggest that
human sewage and agricultural drainage are replacing
the role of Nile as an inorganic nutrient supply (Nixon,
2003). Nonetheless, we should not be too optimistic
about the recovery of the anchovy population in the
ECS and its adjacent fishing grounds. Recent studies
have shown that fishing can enhance the sensitivity of
the population toward environmental changes (Hsieh
et al., 2006, 2008). While the fishing pressure and other
unfavorable environmental conditions such as hypoxia
(Chen et al., 2007) are still present, how the Japanese
anchovy population will respond to those changes
remains to be answered.

Implications for fisheries ecology

Coupled biological–physical modeling is playing an
increasingly important role in ecosystem-based
approach to fisheries (de Young et al., 2004; Plagányi
2007; Townsend et al., 2008). For migratory fishes,
spatial components have been included in models such
as Atlantis, GADGET, and Ecopath with Ecosim
coupled with Ecospace (Plagányi 2007). However,
these systems do not model the swimming behavior of
fish explicitly; instead, they use probabilistic allocation
functions to re-distribute stocks. Fully coupled eco-
system-fish behavior models, such as NEMURO.FISH
(Ito et al., 2004) and SEAPODYM (Bertignac et al.,
1998; Lehodey et al., 1998, 2008), have also been
developed. NEMURO.FISH is an individual-based

model specified with the bioenergetics of fish, but the
migration of fish is prescribed rather than the behav-
ioral response to the environment. SEAPODYM, by
contrast, is a Eulerian approach model using advec-
tion-diffusion reaction formulation to describe the
spatial dynamics of fish populations (Bertignac et al.,
1998; Lehodey et al., 1998, 2008). In SEAPODYM,
the movement of fishes is determined by the habitat
preference (e.g., temperature, food) in the environ-
ment. Our model is an individual-based Lagrangian
simulation, and the decision of fish movement is
similar to the approach of SEAPODYM. But the
Lagrangian modeling approach does not require de-
tailed information on the spatial distribution of fish.
Hence, we can simulate the migration of a stock from
various locations and explore possible starting points
when such data are unavailable.

Although our experiment shows that the biological
model may catch the essential of Japanese anchovy
migration behavior, such a primitive model tends to
oversimplify fish biology. Previous research on spawn-
ing migration modeling in capelin and cod (Huse et al.,
2004) and Japanese sardine (Okunishi et al., 2009) has
demonstrated other possible approaches to simulating
the swimming behavior of migratory fish. The model
study of capelin and cod in the Barents Sea (Huse
et al., 2004) combines an individual-based swimming
behavior model with observed temperature distribu-
tion. The results show that the model can partially
reproduce the spatial dynamics of both species. How-
ever, the swimming direction is predetermined rather
than estimated based on environmental cues. By con-
trast, Okunishi et al. (2009) combined the bioener-
getics model (NEMURO.FISH by Ito et al., 2004), a
genetic algorithm (GA), and an artificial neural net-
work (ANN) to simulate the migration of Japanese
sardine in the western North Pacific. The swimming
direction was determined by environmental factors,
such as temperature experienced by fishes and the
length of day, through empirical training by ANN.
Such an empirical modeling approach based on ANN
requires field observation data for the training process,
and thus the simulation of the realistic spawning
migration using GA and ANN can be constrained by
the availability of data.

One important caveat of our model is that we do
not include ecosystem components (lower trophic
levels) or bioenergetics of fish. The coupled physical
circulation model with lower-trophic level foodweb
model and fish bioenergetics model (e.g., NEM-
URO.FISH) has been used to reproduce the growth
and many biological processes of European anchovy
in Mediterranean (Politikos et al., 2011). Besides
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temperature, foraging is one of the important factors in
fish migration (Leggett, 1977). The prey field is known
to be crucial in determining the spawning location, as
shown in European anchovy in the Mediterranean
(Palomera, 1992). Whereas the hydrographic features
help the retention of anchovy egg and larvae (Cuttitta
et al., 2003), the high prey density and suitable tem-
perature can maximize the larval growth and increase
their survival rate. Therefore, future developments
including ecosystem and bioenergetics components
will be useful for a better understanding of the spatial–
temporal dynamics of Japanese anchovy. Nevertheless,
although simplified, our model is still useful for sce-
nario exploration and may provide guidance in
studying anchovy migration and information for fish-
eries management.

CONCLUSION

We demonstrated the usefulness of a coupled fish
behavior–hydrodynamic model to achieve a better
understanding of the influence of different environ-
mental and behavioral scenarios on Japanese ancho-
vies. Our simulation shows that spawning migration of
Japanese anchovy is likely to be aided by regional
circulation, importantly the CCC. Moreover, the
swimming behavior of fish can also play an important
role during their migration. The TGD was completed
in 2005, and the reduced Changjiang discharge and
nutrient input may continue to affect the Japanese
anchovy population. More ecological studies using
fishery-independent data, such as behavior, spatial
distribution, and life history characteristics, are nec-
essary for a better understanding of the fluctuation of
Japanese anchovy population in the ECS.
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