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ABSTRACT

We investigated environmental effects on larval an-
chovy fluctuations (based on CPUE from 1980 to
2000) in the waters off southwestern Taiwan using
advanced time series analyses, including the state-
space approach to remove seasonality, wavelet analysis
to investigate transient relationships, and stationary
bootstrap to test correlation between time series. For
large-scale environmental effects, we used the South-
ern Oscillation Index (SOI) to represent the El Niño
Southern Oscillation (ENSO); for local hydrographic
conditions, we used sea surface temperature (SST),
river runoff, and mixing conditions. Whereas the
anchovy catch consisted of a northern species
(Engraulis japonicus) and two southern species
(Encrasicholina heteroloba and Encrasicholina punctifer),
the magnitude of the anchovy catch appeared to be
mainly determined by the strength of Eng. japonicus
(Japanese anchovy). The main factor that caused the
interannual variation of anchovy CPUE might change
through time. The CPUE showed a negative correla-

tion with combination of water temperature and river
runoff before 1987 and a positive correlation with river
runoff after 1988. Whereas a significant negative cor-
relation between CPUE and ENSOs existed, this
correlation was driven completely by the low-
frequency ENSO events and explained only 10% of
the variance. Several previous studies on this popula-
tion emphasized that the fluctuations of larval
anchovy abundance were determined by local SST.
Our analyses indicated that such a correlation was
transient and simply reflected ENSO signals. Recent
advances in physical oceanography around Taiwan
showed that the ENSOs reduced the strength of the
Asian monsoon and thus weakened the China Coastal
Current toward Taiwan. The decline of larval anchovy
during ENSO may be due to reduced China Coastal
Current, which is important in facilitating the
spawning migration of the Japanese anchovy.
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INTRODUCTION

Accumulating evidence indicates that environmental
variations have profound effects on marine fish popu-
lations (Mantua et al., 1997; Benson and Trites,
2002). Notably, large-scale fluctuations of sardine and
anchovy populations in relation to environmental
changes and fishing effects have attracted global
attention because these fisheries have great economic
value and far-reaching societal impacts (Jacobson
et al., 2001). As fishing and the environment may
play important roles in determining fish stock size,
understanding the environmental effects is indispens-
able for fisheries management (Jacobson et al., 2001).
Indeed, understanding the environmental effects on
fish populations is an essential step toward ecosystem-
based management of fisheries that is increasingly
becoming a standard requirement in management
policy (Pikitch et al., 2004).
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Time series analyses are valuable tools for investi-
gating long-term fluctuations of fish populations and
relationships between the populations and environ-
mental variables; for example, the state-space method
to impute missing data and remove seasonal trends
(Durbin and Koopman, 2001), the nonparametric
stationary bootstrap method for correlation and
regression analyses of autocorrelated time series
(Politis and Romano, 1994), and wavelet analysis on
non-stationary relationships between biological and
environmental variables (Torrence and Compo,
1998). These recently developed tools, while used
widely in economic and geophysical literature, are less
familiar to ecologists. These methods may be superior
to traditional approaches such as the ARIMA model
and spectral analysis, which may produce spurious
relationships due to the assumption of stationarity in
the time series. Here, we use 21-yr monthly time series
data of larval anchovy and environmental variables as
a case study to show the efficacy of these tools. We
point readers to free available statistical software that
can be easily implemented for those analyses.

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 (Tsai
et al., 1997). Since the 1980s, catch records based on
the same fishing practice have been collected by
fisheries associations, which can potentially provide
useful data for investigating questions of global fluc-
tuations of anchovy populations. Two main anchovy
fishing grounds exist around Taiwan: the coastal
waters off northeastern (I-lan) and southwestern
(Fangliao) Taiwan (Chiu et al., 1997). The anchovy
catches around Taiwan consist mainly of one northern
species (Engraulis japonicus) and two southern species
(Encrasicholina heteroloba and Encrasicholina punctifer)
(Chiu et al., 1997; Tsai et al., 1997). Because it is
impractical to separate and sort larvae in the catch,
these three species are not segregated in the landing
data. These three species migrate toward Taiwan and
spawn around the coastal waters, and their larvae later
become the target of the anchovy fishery (Chen and
Chiu, 2003). The larvae that survive fishing and
natural mortality then undertake a feeding migration
away from Taiwan (Chen and Chiu, 2003). The exact
migration routes of anchovy populations in the
western North Pacific are not known at this time.

Ecological studies of anchovy populations around
Taiwan based on fishery-independent data are rela-
tively few. Notable exceptions are detailed age-growth
studies and genetic population studies of the northern
species (Japanese anchovy). According to microsat-
ellite DNA analysis, two distinct populations of

Japanese anchovy were found in the coastal waters
around Taiwan: a northeastern stock and southwestern
stock (Yu et al., 2002). The northeastern stock is
composed of two seasonal cohorts, spring and autumn,
with different demographic parameters (Chiu and
Chen, 2001; Chen and Chiu, 2003); nonetheless,
these two seasonal cohorts belong to a single popula-
tion (Yu et al., 2002). Studies on the southern species
are even scarcer. The only study on one of the
southern species (Enc. punctifer) indicated that this
species arrives near the coast of northern Taiwan be-
tween October and March (Wang and Tzeng, 1999).

Although our understanding of the basic ecology of
the anchovy populations around Taiwan is limited,
herein we attempt to investigate environmental effects
on variation in the anchovy population size using
fisheries catch-effort data. We examined local envi-
ronmental variables that have been shown to affect
anchovy populations (Lee et al., 1995; Tsai et al.,
1997; Hsia et al., 1998, 2004; Lloret et al., 2004). We
focused on the southwestern stock for which parallel
environmental data were available (Fig. 1). Tsai et al.
(1997) analyzed data from 1980 to 1992 and con-
cluded that the fluctuations in anchovy populations in
waters of southwestern Taiwan were correlated with
local water temperature, which in turn were related
to the Southern Oscillation Index (SOI). At that
time, however, the species composition of the anchovy
fishery was not available and the ocean circulation
patterns around Taiwan were not well understood.
Moreover, they used the ARIMA model and spectral
analysis and assumed a stationary relationship between
larval anchovy abundance and environmental vari-
ables. In this study, we investigated this issue with
updated time series data (1980–2000), knowledge of
the ocean circulation, information on the species
composition, and new analytical approaches.

Our purposes are to examine the long-term trends
and variability of larval anchovy populations in
response to environmental changes. Specifically, we
examine the effect of the global climate index, SOI,
which represents the El Niño⁄Southern Oscillation
(ENSO) condition, and three local hydrographic
variables: water temperature, river runoff, and wind
mixing conditions. Water temperature has been pro-
posed to be important in determining egg develop-
ment and larval survival of anchovy (Tsai et al., 1997;
Takasuka et al., 2007). River runoff is assumed to be
indicative of the nutrient condition that is linked to
food availability in the habitat of the anchovy (Tsai
et al., 1997). Wind mixing may have positive effects
by bringing in nutrients (Lloret et al., 2004) or nega-
tive effects by creating a turbulent environment that
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reduces feeding efficiency of anchovy larvae or advects
them away from suitable habitats (Wroblewski and
Richman, 1987). The information gained herein may
be useful for designing management strategies for the
anchovy fishery in the waters off southwestern Taiwan.

MATERIALS AND METHODS

Data

The larval anchovy fishery is operated in the coastal
waters off Fangliao, southwestern Taiwan (Fig. 1). The
catch and effort data for the larval anchovy fishery
were obtained from the Fangliao Fisherman Associa-
tion. The monthly catch per unit of fishing effort
(CPUE) was used as an estimate of the abundance of
larval anchovy stocks from January 1980 to December
2000 (Fig. 2a). Data after December 2000 were not
included in this analysis because a significant amount
of non-random missing data existed in summers due to
the initiation of governmental regulation of the
anchovy fishery. Owing to the non-random feature,

the missing data after December 2000 could not rea-
sonably be estimated (Little and Rubin, 2002)
(Fig. 2a). The random missing data between 1980 and
2000 (Fig. 2a) were estimated using the best fitting
state-space model based on the Kalman filter (Durbin
and Koopman, 2001).

For the same period (1980–2000), monthly sea
surface temperature (SST) data were obtained from
the oceanographic station on Xiaoliuqiu Island
(Fig. 1). Monthly river flow data (m3 s)1) of the
Gaoping River, the main source of river runoff in the
study area, were obtained from the Water Resource
Agency, Minister of Economic Affairs (Fig. 1). Wind
velocity (m s)1, every 3 h) data were from the
Hengchun Station of the Central Weather Bureau in
Taiwan (Fig. 1). The turbulent mixing condition of
the upper ocean was estimated by a wind-mixing
index, which is proportional to the cube of the wind
velocity (Bakun and Parrish, 1991). We calculated
the mixing index based on the 3-h wind data and
then averaged this to monthly values. Values of the

Figure 1. Map showing the study area
(fishing ground of larval anchovy).
Arrows indicate the main currents
around Taiwan: KC, Kuroshio Current;
KBC, Kuroshio Branch Current; CCC,
China Coastal Current; SCSSC, South
China Sea Surface Current.
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SOI (Trenberth, 1984) were obtained from the
National Center for Atmospheric Research, USA
(http://www.cgd.ucar.edu/cas/catalog/climind/soi.html).

Recent modeling and observational studies indi-
cated that the SST in water off southwestern Taiwan
increased during ENSO events because there was
a weakening of the northeastern monsoon during
ENSO and hence a reduction in the intrusion
strength of the northern cold water mass (China
Coastal Current) into the Taiwan Strait (Fig. 1) (Wu
et al., 2007); that is, the local SSTs were positively
correlated with El Niño. To avoid confusion, we use
the negative SOI in analyses throughout this study so
that the high positive values of the index indicate El
Niño.

Seasonality

The seasonality of the anchovy CPUE was calculated
by averaging long-term monthly values from 1980 to
2000. Generally, there was a major peak in spring and
a minor peak in autumn in the CPUE (Fig. 2b).
Throughout this study, the spring season is defined as
February to May, and autumn season as June to
October, consistent with the conventional terminol-
ogy used in fishery regulations. (The autumn season
actually corresponds to the summer–autumn season).

Species composition

From 1988 on, the compositions of the three main
species (Eng. japonicus, Enc. heteroloba and Enc.
punctifer) in the larval anchovy catch were estimated.
Fish samples from the catch between February and
May were lumped and identified to calculate the spe-
cies composition in the spring season, and, likewise,
samples between June and October were used to
identify the composition in the autumn season
(Fig. 3). We aggregated Enc. heteroloba and Enc.
punctifer to represent the southern species.

Signal decomposition

Seasonality is apparent in the CPUE (Fig. 2) as well as
the local environmental data (Fig. 4). Seasonal

(a)

(b)

Figure 2. (a) Time series of monthly catch per unit effort
(CPUE) of larval anchovy in the coastal area off south-
western Taiwan from 1980 to 2005. Triangles indicate esti-
mated missing data. Only data from 1980–2000 (indicated
by the dashed line) were used in the analysis. (b) Seasonality
of CPUE. Two peaks (spring: February–May, and autumn:
June–October) correspond to two main fishing seasons.

(b)

(a)

Figure 3. Compositions of northern (Engraulis japonicus)
and southern (Encrasicholina heteroloba and Encrasicholina
punctifer) species and the seasonal average CPUE in the
spring (February–May) (a) and summer–autumn (June–
October) (b) seasons, respectively. Black bars represent Eng.
japonicus, and white bars Enc. heteroloba and Enc. punctifer.
Gray solid lines represent the seasonally averaged CPUE.
Significant correlations between CPUE and the proportion
of Eng. japonicus were found in both seasons (P < 0.05)
suggesting that the magnitude of the catch was determined
by the seasonal strength of Eng. japonicus.
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adjustment is a common practice in time series anal-
ysis to avoid strong seasonality masking other impor-
tant signals (Casals et al., 2002). Traditionally,
seasonal adjustment is carried out by removing long-
term monthly means (e.g. Tsai et al., 1997) or by
applying a symmetrical filter (e.g. Findley et al., 1998),
which may cause spurious results (see the criticism in
Casals et al., 2002). Herein, we employed the state-
space structural decomposition approach, which is
superior to those traditional approaches, to make
seasonal adjustments (Casals et al., 2002).

We briefly describe the state-space time series
approach. To fix the idea, we begin with the simplest
local level model. The local level model (known as the
random walk model) can be represented as:

yt ¼ lt þ et; et � Normalð0; r2
e Þ ð1Þ

ltþ1 ¼ lt þ ft; ft � Normalð0; r2
fÞ; ð2Þ

where (1) is the observation equation, and (2) is called
the state equation, for t = 1, …, n, where yt is the
observed variable at time t (or the time series datum),
and lt is called the state variable (or hidden variable)
determining the behavior of yt at time t, �t is the
observation disturbance at time t, and ft is the level
disturbance at time t. The observation and level
disturbances are assumed to be normally distributed
and serially and mutually independent. Under the

assumption of multivariate normal distribution, given
r2

e , r2
f along with l�Normal(a1,P1) (initialization), lt

can be estimated sequentially when new yt added. The
r2

e , r2
f , a1 and P1 can be estimated by a likelihood

approach, and the updating can be done with Kalman
filter and fixed-interval smoother (Durbin and Koop-
man, 2001; Casals et al., 2002).

This local level model can be generalized to include
trend and seasonality as follows:

yt ¼ lt þ mt þ ct þ et; et � Normalð0; r2
e Þ

ltþ1 ¼ lt þ ft; ft � Normalð0; r2
fÞ

mtþ1 ¼ mt þ nt; nt � Normalð0; r2
nÞ

ctþ1 ¼ �
Xs�1

j¼1

ctþ1�j þ xt; xt � Normalð0; r2
xÞ;

where mt represents the trend component (considered
as the slope), and ct represents the seasonal compo-
nent with j indicating the jth month. Similarly, lt, mt

and ct,j can be estimated using the aforementioned
procedure. By so doing, a time series is decomposed
into trend (including cycles), seasonal, and irregular
components: yt = st + ct + �t, where st = lt + mt. The
theory of state-space time series analysis is well pre-
sented in Durbin and Koopman (2001). Free MATLAB

software to carry out this decomposition is available
from the E4 team (http://www.ucm.es/info/icae/e4/).
As we were interested in interannual variability, we
used only the trend-cycle component (Fig. 5) in the
correlation, regression, and wavelet analysis.

Wavelet analysis

To investigate environmental effects on fluctuations of
the anchovy population, we first examined their peri-
odicities. Fourier spectral analysis is the most common
approach in analysing periodicity of time series data;
however, it assumes that the time series is stationary.
Apparently, our anchovy CPUE time series (Fig. 5a) is
not stationary. Therefore, we used wavelet analysis that
requires no assumption of stationarity and has the ability
to determine the dominant modes of variability in fre-
quency and how those modes vary over time (Torrence
and Compo, 1998; Menard et al., 2007).

The wavelet transform is based on the convolution
between a time series yn (n = 0,…, N)1, with equal
spacing dt) and a wavelet function. Here we use the
Morlet wavelet function:

w0ðgÞ ¼ p�1=4ei-0 e�g2=2;

where g is the dimensionless time parameter and x0 is
the dimensionless frequency taken to be 6 to balance

(b)

(c)

(a)

Figure 4. Time series of the monthly sea surface tempera-
ture (a), river runoff (b), and mixing index (c).
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between time and frequency localization (Torrence
and Compo, 1998). The wavelet transform of yn is:

Wy
nðsÞ ¼

ffiffiffiffi
dt

s

r XN

n0¼1

yn0w0 n0 � nð Þ dt

s

� �
;

where s is called the scale so that g = st. By varying s,
the wavelet is stretched in time. In practice, this is
easier to do in the Fourier space. The Fourier
transform of yn is

ŷk ¼
1

N

XN�1

n¼0

yne�2pikn=N;

where k = 0, …, N–1 is the frequency index. The
Fourier transform of w(t⁄s) is given as ŵðsxÞ. By
convolution theory, the wavelet transform of yn is the
inverse Fourier transform of the product of ŷk and
ŵðsxÞ, as follows:

Wy
nðsÞ ¼

XN�1

k¼0

ŷkŵðsxkÞeixkndt:

Wavelet transform was applied to our time series
data. As we were interested in the interannual
variability, the long-term linear trend was removed
prior to the wavelet analysis. The 5% significance
level was determined based on bootstrap simulations
(1000 times) taken as an order-1 autoregressive
process. The autoregression coefficient was obtained
empirically from the time series data.

We then carried out cross-wavelet coherence and
phase analyses to investigate causal relationships
between the environmental variables and larval
anchovy as well as the relationships between the SOI
and local environmental variables. We do not present
the cross-wavelet spectrum because it describes com-
mon power of two series without normalizing to
the power of single series and may give misleading
information (Maraun and Kurths, 2004). For example,
when one of the spectra is flat and the other exhibits
strong peaks, the cross-wavelet spectrum may show
significant peaks which do not necessarily indicate
strong correlation between these two signals. By con-
trast, cross-wavelet coherence represents cross-correla-
tion normalized to the power of single process (Grinsted
et al., 2004) and hence is not biased by the power of any
single series (Maraun and Kurths, 2004).

The cross-wavelet transform of two series, xn and yn,
is defined as WXY = WXWY* where * denotes complex
conjugation. The wavelet coherency is defined as:

R2
nðsÞ ¼

jS s�1WXY
n ðsÞ

� �
j2

S s�1WX
n ðsÞ

� �2�S s�1WY
n ðsÞ

� �2
;

where S is a smoothing operator by running average
(Torrence and Webster, 1999). The wavelet coher-
ency phase is:

/nðsÞ ¼ tan�1 Imaginary S s�1WXY
n ðsÞ

� �� �
Real S s�1WXY

n ðsÞ
� �� �

 !
:

Both R2
nðsÞ and un(s) are functions of the time

index n and the scale s. The details of the mathematics
and calculations can be found in Torrence and Compo
(1998) and Grinsted et al. (2004). Free MATLAB

software has been made available by Torrence and
Compo (http://atoc.colorado.edu/research/wavelets/)

(b)

(a)

(d)

(e)

(c)

Figure 5. Long-term trends and cycles of the CPUE (a),
SST (b), river runoff (c), mixing index (d), and the negative
SOI (e) after seasonal adjustments. Values are normalized to
the unit mean and variance. The dashed line indicates the
long-term linear trend of each variable.
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and by Grinsted, Moore, and Jeveveva (http://
www.pol.ac.uk/home/research/waveletcoherence/).

Correlation analysis

In addition to the periodicities in the time series, we
examined direct correlations between the anchovy
CPUE and environmental variables using a cross-
correlation analysis. We investigated the effects of one
global index ()SOI) and three local hydrographic
variables (SST, river runoff, and mixing index) with a
lag time of up to 12 months (corresponding roughly to
the life span of the anchovy). We also investigated the
relationship between the negative SOI and the three
local variables with a lag time of up to 24 months (to
capture the time-delayed responses of the environ-
mental variables to ENSO). As we were interested in
interannual variations, the long-term linear trend was
removed prior to the correlation analysis.

One important issue in testing correlation between
time series is to account for the autocorrelation
structure in the time series. Several approaches have
been proposed to remedy this problem; for example,
removing the autocorrelation by taking the first
difference (Tsai et al., 1997), adjusting the effective
degrees of freedom (Pyper and Peterman, 1998), or
estimating the parametric autocorrelation structure in
the analysis (Ives and Zhu, 2006). Here, we used a
stationary bootstrap procedure to test the correlation.
The idea behind the stationary bootstrap is to resam-
ple the time series while preserving the autocorrela-
tion structure in the resampling procedure as follows.
Firstly, randomly draw X1 from the original time series.
Second, with probability p, X2 is drawn randomly, and
with probability (1)p), X2 is chosen as the ‘next’
observation from the original series following X1. The
probability p is determined based on the autocorrela-
tion structure of the original time series (Politis and
White, 2004). This procedure was carried out 1000
times to compute the 95% confidence limits of the
correlation coefficient and perform the hypothesis test
(Politis and Romano, 1994), and 95% confidence
limits were calculated using the accelerated bias cor-
rection method (Efron and Tibshirani, 1986). This
approach is nonparametric and accounts for autocor-
relation in the time series. The free MATLAB software
to estimate probability p and carry out stationary
bootstrap is available from Patton (http://www.
economics.ox.ac.uk/members/andrew.patton/code.html).

Multivariate moving window regression

We suspected that the relationship between the
anchovy CPUE and environmental variables was not
persistent over time. Although the wavelet coherent

analysis is perfectly capable of investigating non-
stationary relationships between the CPUE and envi-
ronmental variables, it does so univariately. The theory
of multivariate wavelet model selection and inference
is not yet conclusive. Therefore, we devised a multi-
variate moving-window regression analysis to help
visualize the relationship. We predetermined a window
size, investigated the relationship between the CPUE
and environmental variables (including their lags up to
12 months) based on stepwise selection, and tested the
relationship with the stationary bootstrap. We then slid
the window forward once a year and repeated the same
testing procedure. We used a 10-yr window to roughly
capture two ENSO cycles. Using a 10-yr window, we
also attempted to match two dominant cycles of CPUE
fluctuations (Fig. 6a). Again, the long-term linear
trend was removed prior to analysis. The moving-win-
dow regression coefficients were used to infer the
strength of associations between the CPUE and envi-
ronmental variables over time. The coefficients should
be treated with caution, however, because tests based
on a sliding window are not independent.

RESULTS

Species composition

The anchovy CPUE exhibited seasonality with a
major peak in spring and a minor peak in autumn
(Fig. 2b). In spring, the northern and southern species
had similar proportions (with long-term averages of
52% and 48%, respectively; Fig. 3a), whereas in
autumn, the southern species was dominant (with a
long-term average of 72%; Fig. 3b). The species
compositions in spring (Fig. 3a) and autumn (Fig. 3b)
changed over time. Interestingly, the fraction of
northern species in spring was positively correlated
with the spring CPUE (averaged from February to
May; r = 0.591, P < 0.05, stationary bootstrap test of
correlation) and the fraction in autumn was positively
correlated with the autumn CPUE (from June to
October; r = 0.438, P < 0.05, stationary bootstrap test
of correlation). These positive correlations suggested
that the magnitude of the anchovy CPUE was deter-
mined by the seasonal strength of Japanese anchovy in
the coastal waters off southwestern Taiwan, and this
was more pronounced in spring, the major fishing
season. No significant correlation was found between
the proportions of Japanese anchovy in spring and
summer within the same year (r = 0.450, P > 0.05,
stationary bootstrap test of correlation), indicating
that a relatively high abundance of Japanese anchovy
in spring did not necessarily result in a relatively high
abundance later in autumn.
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Signal decomposition and the long-term trend

The signal decomposition procedure effectively
removed the seasonality from the time series data
(Fig. 5). Albeit with interannual variations, the
anchovy CPUE (Fig. 5a) and negative SOI (Fig. 5e)
exhibited a long-term declining trend over the 21-yr
period, whereas the SST (Fig. 5b) and mixing index
(Fig. 5d) exhibited long-term increasing trends.

Interannual variability

The fact that the mode of variability of the fre-
quency changed over time, according to the wavelet
analysis (based on detrended data), implies that the
time series of anchovy CPUE and environmental
variables were not stationary (Fig. 6). The CPUE
exhibited a high-frequency cycle of c. 1.3 yr and an

intermediate-length cycle of 4–5 yr from the 1980s
to the early 1990s (Fig. 6a). The SST showed c. 1.2-
yr periodicity in the later part of the series (Fig. 6b);
the river runoff showed c. 2.3-yr periodicity in the
early 1990s (Fig. 6c); the mixing index showed
c. 1.3-yr periodicity from 1985 to 1993 and c. 2.8-yr
periodicity after 1990 (Fig. 6d); the negative SOI
showed 2- and 4-yr periodicity in the early period
and 3- to 4-yr periodicity around 1996–1998
(Fig. 6e).

Cross-wavelet coherence and phase analysis indi-
cated the non-stationary (transient) relationship
between the anchovy CPUE and the environment
(Fig. 7). The wavelet coherency is equivalent to the
correlation coefficient and the phase represents the
time lag (Torrence and Compo, 1998). Significant
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Figure 6. Wavelet power spectrum
(left) and global power spectrum (right)
of CPUE (a), SST (b), river runoff (c),
mixing index (d), and the negative SOI
(e). The local wavelet power spectrum
provides a measure of the variance dis-
tribution of the time series according to
time and for each periodicity; high var-
iability is represented by red, and weak
variability by blue. The solid black con-
tour encloses regions of >95% confi-
dence for a red-noise process with a lag-1
coefficient, and the shadowed area indi-
cates the cone of influence (COI) where
edge effects become important. For the
global power spectrum, the dashed line
indicates the 5% significance level for
the same red-noise process. Periods cor-
responding to the peaks are indicated;
however, not all annotated peaks were
significant at the 95% confidence level.
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coherency between the CPUE and SST was found
only from 1980 to 1987 with a periodicity c. 0.5–1.3 yr
and they showed an anti-phase, indicating a negative
correlation (Fig. 7a). The CPUE and river runoff
showed significant coherence after 1988 with a peri-
odicity c. 1–2.3 yr and most of the correlations are
in-phase, suggesting a positive correlation (Fig. 7b).
A possible negative relationship existed between the
CPUE and mixing effects with the mixing index
leading the CPUE by roughly 10 months since 1996
(Fig. 7c). No strong relationship was found between
the CPUE and negative SOI other than the possible
intermediate frequency of 5 yr before 1990 (Fig. 7d);
this correlation represents negative effects of ENSO
events on the larval anchovy. Note that significant
peaks of small areas were omitted in the wavelet
analysis because these peaks may represent spurious

correlations resulting from multiple testing (Maraun
and Kurths, 2004).

Wavelet coherence analysis revealed a stationary
relationship between the SOI and SST (Fig. 8a), no
direct relationship between the negative SOI and
river runoff (Fig. 8b), and a non-stationary relation-
ship between the negative SOI and mixing condition
(Fig. 8c). The SST and negative SOI exhibited
significant correlations with a periodicity of 2–3 yr
before 1990 and another periodicity of c. 4–7 yr
throughout the study period (Fig. 8a). This result
corroborated the known phenomenon that ENSO
increases the SST in the waters southwest of Taiwan
through its effects on the Asian monsoon (Wu et al.,
2007). The mixing index and negative SOI showed
a significant negative correlation from 1988 to
1993 with a periodicity of c. 1–1.3 yr and another
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Figure 7. Cross-wavelet coherence between environmental variables: SST (a), river runoff (b), mixing index (c), and negative
SOI (d), and CPUE. The solid black contour encloses regions of >95% confidence for a red-noise process with a lag-1 coefficient,
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pointing straight up.
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significant negative correlation after 1995 with a
periodicity of c. 2.5–4 yr (Fig. 8c).

Considering the entire 21 yr of data, the anchovy
CPUE (detrended data) was negatively correlated with
the negative SOI (detrended data) with a lag of
5 months (Table 1). We found no further significant

correlation of the CPUE with local hydrographical
variables for the entire time series. We did find a sig-
nificant positive correlation between the negative SOI
and SST with a lag of 9 months (Table 1).

The moving-window regression analysis corrobo-
rated the conclusions from wavelet analysis; that is,
relationships between the CPUE and environmental
variables were not persistent over time (Fig. 9). In the
early period CPUE was negatively affected by linear
combination of lagged SST, SOI and river runoff. A
significant positive correlation between the CPUE
and river runoff with a lag of 0–3 months started from
1984 on (Fig. 9). The mixing conditions negatively
affected the CPUE with a lag of 9–11 months since
1988 (Fig. 9). The results of moving-window regres-
sion analysis are not exactly identical to those of
the wavelet analysis because the regression analysis
employed a 10-yr moving window whereas the wavelet
analysis investigated various windows. Nevertheless,
the findings are similar; that is, no single local
hydrographic factor could explain the variability of the
CPUE for the entire period.

DISCUSSION

The larval anchovy fishery in coastal waters off
southwestern Taiwan consists mainly of a northern
species (Eng. japonicus) and two southern species (Enc.
heteroloba and Enc. punctifer) and exhibits a major
peak in spring and a minor peak in autumn (Fig. 2).
These features were also found in the larval anchovy
catch off northeastern Taiwan (Chiu et al., 1997). The
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Figure 8. Cross-wavelet coherence between the negative
SOI and local environmental variables: SST (a), river runoff
(b), and mixing index (c). See Fig. 6 for legends.

Table 1. Correlations of the CPUE with local hydrographic
variables (SST, river runoff, and mixing index) and the
negative SOI, and correlations of the negative SOI with
local hydrographic variables for the period from 1980 to
2000.

CPUE )SOI

SST N.S. r = 0.293,
lag = 9 months

River runoff N.S. N.S.
Mixing index N.S. N.S.
)SOI r = )0.294,

lag = 5 months

The best significant correlations are reported. N.S. represents
non-significance for all lags based on the stationary bootstrap
analysis with a = 0.05. For the CPUE, we tested the lag
correlation up to 12 months, corresponding to the life span
of anchovy; for the negative SOI, we tested the lag corre-
lation up to 24 months to capture the time-delayed
responses.
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spring peak consisted of both the northern and
southern species with their relative contributions
varying interannually (Fig. 3a), whereas the autumn
peak was dominated by the southern species (Fig. 3b).
Such seasonal variations in the species composition
(Fig. 3) may reflect seasonal changes in the oceanic
circulation patterns around Taiwan. In spring, when
the northeasterly monsoon prevails, the China Coastal
Current (CCC) moves southward into the Taiwan
Strait, and the Kuroshio Branch Current (KBC) also
intrudes into the southern Taiwan Strait (Fig. 1) (Jan
et al., 2002). Very likely, the northern species take
advantage of the southerly moving CCC, and the
southern species ride the northerly moving KBC to
reach their spawning grounds, the coastal area off
southwestern Taiwan, in spring. In autumn, when the
southwesterly monsoon is strong, the South China Sea
Surface Current (SCSSC) moves northward into the
Taiwan Strait (Fig. 1) (Jan et al., 2002). Therefore, it
is reasonable to assume that the SCSSC brings in the
southern species in autumn. However, the appearance
of the northern species in autumn is unexpected be-
cause the currents flow mainly northerly in the Taiwan
Strait and East China Sea during this season (Lee and
Chao, 2003). Notably, a similar autumn peak of the
northern species was also observed in the coastal wa-
ters off northeastern Taiwan (Chiu and Chen, 2001).
One possible explanation is that the northern species
may swim southward to reach their spawning ground
along the coast of Mainland China where the north-

erly flow is very weak and not persistent in autumn
(Lee and Chao, 2003). To test this hypothesis, traw-
ling surveys along the transect from the coast to the
continental break in the southern East China Sea are
necessary in the future. Such surveys will also help
delineate the migratory routes of the northern species.

An interesting finding is that the seasonal strength of
the anchovy CPUE is significantly related to the frac-
tion of the northern species (Japanese anchovy), par-
ticularly in the major fishing season (spring) (Fig. 3).
This result indicates that the annual catch of anchovy
may be determined mainly by the yearly strength of the
northern species rather than by the two southern spe-
cies, at least since 1988, when species composition data
became available. Facing problems of limited resources
and funding in managing the anchovy fisheries of Tai-
wan, our finding suggests that focusing research on the
northern species may be more cost-effective. Further-
more, estimating species composition in the catch will
be essential for effective management plans.

The main factor that caused the interannual vari-
ation of anchovy CPUE may change with time (Figs 6,
7 and 9). A previous study based on data from 1980–
1992 suggested that fluctuations in the anchovy
population were affected mainly by local SST, which
in turn was determined by the SOI (Tsai et al., 1997).
Such a relationship only existed in the early period
(Figs 7a and 9) and is rendered transient when the
updated data were considered with non-stationary
analytical methods (Table 1, Figs 7a and 9). One

Figure 9. Results of multivariate mov-
ing-window (of 10 yr) regression analy-
ses showing the significant correlation of
the CPUE with the SST, negative SOI,
river runoff, and mixing index. Filled
circles, positive effect; open circles,
negative effects. Only significant results
are presented (stationary bootstrap,
P < 0.05). The x-label indicates the
decade that is used in regression analysis.
The x-label starts from 1981 because we
considered lags up to 12 months. For
each environmental variable, we tested
data from lag 0 to 12 months. The results
show that relationships between the
CPUE and environmental variables were
non-stationary.
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might suspect that the negative temperature effects
could arise because such a high temperature exceeded
the optimal survival or growth condition of larval
anchovy (Takasuka et al., 2007); alternatively, the
SST could simply be indicative of SOI (Table 1) and
its effects on ocean current flux current. We observed
positive (roughly in-phase) effects of river runoff since
1984 (Figs 7b and 9). The positive effects of river
runoff may be related to a condition of elevated
nutrients (Lloret et al., 2004). Negative effects of
mixing conditions were found in the latter period
(Figs 7c and 9). One might consider that the negative
effects of increased mixing might be caused by ele-
vated turbulent conditions that are detrimental to
larval survival (Wroblewski and Richman, 1987);
however, this cannot explain the lag effect of as long
as 9–11 months. These results suggest that local
environmental factors potentially affect larval sur-
vival. Although our investigation suggests transient
relationships between abundance of larval anchovy
and environmental variables in the coastal waters
southwest of Taiwan, we cannot rule out the possi-
bility that such transient relationships resulted par-
tially from changes in species composition, particularly
for the period before 1988 when no species composi-
tion data were available. However, transient rela-
tionships remained during the period from 1988 to
2000 (Figs 7 and 9).

The conclusion of transient relationships holds
even when we divided the CPUE into northern (Eng.
japonicus) and southern species (Enc. heteroloba and
Enc. punctifer) based on the species composition data
for the period from 1988 to 2000. We calculated sea-
sonal CPUE by averaging the monthly CPUE into
spring (February–May) and autumn (June–October)
seasons and decomposed the averaged seasonal CPUE
into the two species complexes because we have only
two compositional data for the species each year
(spring and autumn). We then used the wavelet
coherence analysis (following the procedures described
in Materials and Methods) to investigate relationships
between environmental variables and northern and
southern species, respectively. Our results suggested
that the relationships were still non-stationary
(Fig. 10a–d,f–j). The patterns for the northern species
(Fig. 10a–d) and southern complex (Fig. 10f–j) are
different, suggesting that the two species complexes
should be managed separately. However, we do not
attempt to over-interpret these results of wavelet
coherence and phase analyses, because our sample size
is limited in this case (only two data points each year
for the duration from 1988 to 2000). We further
employed wavelet coherence and phase analyses using

the total CPUE versus the northern and southern
species, respectively. The CPUE of northern species
were largely consistent with the total CPUE
(Fig. 10e), suggesting that the CPUE of northern
species may be indicative of the total CPUE as men-
tioned before. By contrast, the CPUE of southern
species were not as consistent with the total CPUE,
except for the low-frequency (3–4 yr) fluctuations
with a roughly half-year lag (Fig. 10j).

It is not surprising to see complex environmental
effects on biological populations. Fluctuations of
anchovy populations might not simply be determined
by any single environmental factor; rather, those ups
and downs may be determined by nonlinear combi-
nations of several environmental factors (Hsieh et al.,
2005, 2008). For example, temperature may be the
limiting factor for the early period whereas food, for
which river runoff is a proxy, may be the limiting
factor for the latter period. The anchovy only prosper
when several conditions are met simultaneously.

Furthermore, our analyses focused on examining
local hydrographic effects on anchovy populations as
emphasized by other studies (Lee et al., 1995; Lee and
Lee, 1996; Tsai et al., 1997;. Hsia et al., 1998, 2004;
Lloret et al., 2004). However, the dynamic of the
anchovy populations in the coastal waters off south-
western Taiwan may be affected not only by local
hydrographic conditions but also by influxes driven by
ocean currents. Previous studies in the coastal regions
of Taiwan might have over-emphasized the impor-
tance of local water temperature (Lee et al., 1995; Lee
and Lee, 1996; Tsai et al., 1997; Hsia et al., 1998,
2004), which might mislead the management strategy
for Taiwan anchovy fisheries. Our analyses indicated
that the local SST was not a predictor to the fluctu-
ations of larval anchovy around Taiwan.

While the effects of local hydrographic conditions
were complex, a negative effect of ENSO events was
observed for the whole 21 yr (Table 1 and Fig. 7d).
Although the relationship is significant, the ENSO
explained <10% of the variance (Table 1). In fact, this
correlation was driven completely by the low frequency
ENSO events; that is, the larval anchovy population
plummeted during ENSO events between 1980 and
1990 (Fig. 5a,e). Negative effects of the ENSO on the
anchovy population were also found in the California
Current Ecosystem (Fiedler et al., 1986) and Humboldt
Current Ecosystem (Alheit and Niquen, 2004). In the
case of the California and Humboldt Current Ecosys-
tems, strong ENSO events reduced nutrient upwelling
and caused detrimental effects on anchovy. However,
the ENSO events were not related to upwelling
around Taiwan. Rather, the ENSO events changed the
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circulation pattern by affecting the North Pacific Asian
monsoon dynamics (Jhun and Lee, 2004; Zhu et al.,
2005). In the East China Sea and Taiwan Strait where
the Japanese anchovy perform a spawning migration,
the ENSO events reduced the monsoon, which in turn

reduced the strength of the China Coastal Current
(cf. Fig. 1) (Wu et al., 2007). We suspect that the
reduced strength of the China Coastal Current
decreased the fluxes of Japanese anchovy populations
toward Taiwan.
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Figure 10. Cross-wavelet coherence between environmental variables and CPUE for the northern species (Engraulis japonicus)
(a–d) and southern species (Encrasicholina heteroloba + Encrasicholina punctifer) (f–j). Cross-wavelet coherence between total
CPUE and the northern species (e) and southern species (j) was also shown. See legend in Fig. 7 for interpretation.
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Our study was designed to investigate whether local
environmental factors may have affected variations in
the larval anchovy populations of southwestern Taiwan.
We cannot provide unambiguous answers to this ques-
tion based on our analyses; rather, we have identified
two lines for future investigations. Firstly, the migration
routes and the effects of ocean current fluxes into the
Taiwan Strait require examination. Second, elucidating
the environmental effects on larval survival in the
spawning ground around Taiwan is necessary. Our re-
sults call for ecological studies of the anchovy popula-
tion using fishery-independent data in the future. In
addition to interannual fluctuations, the mechanisms
underlying the stunning decline in anchovy populations
should be scrutinized (Fig. 2). As fishing may reduce the
resilience of exploited populations in responding cli-
mate change (Hsieh et al., 2006), fishing pressures and
environmental changes might have synergistically pre-
cipitated such a decline. Furthermore, we suggest that
advanced time series analyses such as those employed in
the current study ought to be used more regularly and

carefully to investigate environmental effects on
biological populations.
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