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Scrutinizing the Cycles of Worldwide Fluctuations
in the Sardine and Herring Populations by
Means of Singular Spectrum Analysis.

Michio Omor1” and Tsuyoshi KAWASAKI?

Abstract

In order to examine precisely the interdecadal fluctuation cycle of sardines and herrings, we ex-
tracted oscillatory components from time series of catch data of sardine and herring populations in
each of geographically separated regions (Far Eastern, Californian, Chilean, European sardines and
Pacific and Atlantic herrings) using the singular spectrum analysis (SSA). For the northern hemi-
spheric annual surface temperature anomalies, the SSA was also applied.

It was confirmable that the populations of Far Eastern, Californian, Chilean and European sardines
exhibited significantly synchronous oscillations, and so did the populations of herrings. Oscillatory
relations between the sardines and herrings were out of phase. Time lags between oscillations of the
populations were negligibly small, ranging from 0 to 4 years.

Temperature-fish population relations behaved in a similar manner to the fish-fish relations. Popu-
lations of sardines, and the temperature anomalies varied in phase, and herrings showed oscillations
inverse to the temperature. In case of fish-temperature relations, populations of fish led the tempera-
ture by 4 to 11 years.

Global regime cycle of sardine and herring and their relations to interdecadal change of ocean

-climate systems are discussed.

Sardine populations in four geographically sepa-
rated regions, off Japan, California, Chile and in the
southern North Atlantic, have undergone inphase
long-term and high amplitude changes in abun-
dance (Kawasaki, 1983, 1991, Lluch-Belda et
al., 1989). Kawasaki (1983) hypothesized that the
changes have a causal relationship to long-term
transpacific changes in oceanographic conditions.
Kawasaki and Omori (1988) found that the popula-
tion size of Far Eastern sardine and the global
mean surface air temperature had fluctuated on
interdecadal cycle of marked simultaneity, and in-
sisted the latter would be responsible for the for-
mer, though the mechanism was yet to be explored.
Lluch-Belda et al. (1989) (including the junior
author, Kawasaki) insisted that the fluctuation cy-
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cles of sardine and anchovy populations cohabiting
each of four separated systems of the world, the
Kuroshio, California, Humboldt and Benguela sys-
tem, were 180 degrees out of phase with each other.
They proposed a term, regime shift, which is the
phenomenon that basic structures of the climate-
biogeocenotic system made up of the physical
atmosphere-oceanic system, plankton community
and fish community transfer discontinuously from
one phese to the-other, temporally on interdecacal
(50-100 years) and spatially on global to basin-
wide scales. Kawasaki (1991, 1992) described that
two species of herrings in the northern North Pa-
cific and in the northern North Atlantic had re-
vealed nearly synchronous large-scale and long
-term fluctuations but they had been completely
out of phase with that of the sardines. The fluctua-
tion cycles of the Pacific and European sardines are
called the Sardine Cycle and those of the herrings

the Herring Cycle (Kawasaki, 1991, 1992).
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Table 1. Sources of data used.

Species Period Source(s)
Far Eastern sardine 1894 - 1946  Nakai, J. (1950)
(Sardinops sagax melanosticta) 1947 - 1951  Yearbooks of Fisheries Statistics of Japan
1952 -1991 FAO Yearbooks of Fishery Statistics
Californian sardine 1916 — 1967 Radovich, J. (1981)
(S. sagax caerulea) 1968 — 1991 FAO Yearbooks of Fishery Statistics
Chilean sardine 1962 — 1991 FAOQO Yearbooks of Fishery Statistics
(S. sagax sagax)
European sardine 1958 ~ 1991 FAO Yearbooks of Fishery Statistics
(Sardina pilchardus)
Pacific herring 1894 — 1951  Yearbooks of Fisheries Statistics of Japan
(Clupea pallasi) 1952 - 1991 FAO Yearbooks of Fishery Statistics
Atlantic herring* 1925 - 1938  Schumacher, A. (1980)
(C. harengus) 1946 — 1951  Schumacher, A. (1980)
1952 - 1991 FAO Yearbooks of Fishery Statistics

*: Catch records from 1939 to 1945 which are missing were estimated by linear interpolation.

Together it is called the SH Cycle.

In the preceding papers mentioned above, data
were not processed in terms of elaborate mathe-
matical context in describing the oscillatory rela-
tion between fish populations. The purpose of this
report is to make a precise mathematical analysis
of the catch records of sardines and herrings and
the surface air temperature records using the sin-
gular spectrum analysis (SSA), to figure out their
cycles, phases and oscillatory relations, which
would present an important basis for inquiring
into mechanisms of the regime shift occurring on
the global scale.

Materials and methods

Northern hemispheric annual temperature ano-
malies from 1854 to 1993 by Jones et al. (1994) and
the catch data listed in Table 1 were used for analy-
sis. '

The singular spectrum analysis (SSA) was em-
ployed to investigate the oscillation component of
time series of catch records and the annual surface
temperature anomalies over the Northern Hemi-
sphere.

SSA is expressed as following numerical formu-
las (Schlesinger and Ramankutty, 1994).

The eigenvalues 1, and eigenvectors onk=1,..,

M, of the scaled autocovariance matrix, C, a
Toeplitz matrix with the first row,

Cuper = UMD A/N = D) 5, XX

=0, .,M—1,

have been determined, where X;= (X () —X)/d;j
=1, ., N; X is the average of detrended catch
records, X(¢;); ¢ is the standard error; and M—1 is
the maximum number of lags I. Standardization,
which is not necessarily requisite mathematically,
was conducted only for the sake of easy compari-
son of fluctuations among species with different os-
cillation amplitudes. The time series for mode k is
given by

i1
Xe(t) = (/G — 1))}; Ak j-iPrj
forj=2,...M

M
(l/M);/_:—'I Ari~iPr;
forj=M+1,..,N—M+1,and

M
(1/(M - ] + 1))z§1 Ak,j-,’pk'j
forj=N—M+2,...,N,
M
where A, ; = .}_:21 X;+i0k; is the amplitude, or prin-
cipal comonent (PC), of mode k at time ¢; (Vautard

and Ghil, 1989; Ghil and Vautard, 1991; Vautard et
al., 1992).
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For the northern hemispheric annual tempera- 1000
ture anomalies, the standardization was not per- 7 Zzg Catch = -3.76 Year - 7769.01
formed, and SSA was applied to the centered data. ‘,z
Two detrending methods were adopted. One is g
to obtain residuals from a linear regression i«
through the time series. The other is: providing the §
difference between successive two peaks of catch

oscillation was positively related to the change in
fishing intensity, the catch for respective year was
rectified by multiplying (; - ¢;) exp (Z), where ¢;
and ¢; are years at successive two peaks and Z is a
rate of change in catch between the two peaks.
The method provides for us an oscillation with a
couple of peaks of leveled height. Two data sets
detrended by the two different methods and origi-
nal catch data, were used for SSA. To the northern
hemispheric annual temperature anomalies, only
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Figure. 1. Time series of catch of the Pacific herring.

Anomalies from the straight line through the

time series were used for singular spectrum

analysis as a detrended time series.
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the former method was applied.

Results
SSA results for the Pacific herring are shown in
Figs. 1, 2 and 3 as an example. Catches of the her-
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Figure. 2. a - d. Singular spectrum analysis (SSA) results for the detrended and standardized catch data of the
Pacific herring. a: eigenvalues of the scaled autocovariance matrix together with the 95% confidence inter-
val. b: eigenvectors of p, and p, (EOFs 1 and 2). c: time series of modes 1 and 2; X,(¢,) and X,(,), =2, ...
N, where N is the length of the catch record (data set). d: X,(z) + X,(,) in comparison with the detrended
and standardized catch.

— 363 —



Michio OmoRrl and Tsuyoshi KAWASAKI

Year
1900 1920 1840

Original catch data

J Detrendad by
1.0 the first method

Standardized catch

L
T

Detrended by.
the second method

—_
[=]
N

Standardized and
detrended catch
- o
[=] o

1860 1880

Standardized
detrended catch

Standardized and
detrended catch
; o =

[=] [=N

EN
o

1
g
=1

1
-
(=

2.0+

Standardized and
detrended catch
: .

T T

-
P 3
PR

o
[=)
1

T 1
= o
o o
Standardized and
detrended catch

!
N
(=3

ML R L AL LA b S LR LA R P R E Al R bt tn i LA R L s RN ud R A ascen

1900 1920 1940 .1"960 1980
Year
Figure. 3. Comparison of SSA results for the Pacific herring under the condition of M=40 between different
detrending methods (top) and comparison of SSA results for the catch data detrended by the second
method between different maximum time lags (bottom). For the detrending methods, see the text.

ring continued to decline from 1894 through 1991 as
an overall trend as shown by a downward straight
line through the time series, fluctuating cyclically
with two peaks at 1920 and 1965 (Fig. 1). We also
applied SSA to a series of anomalies of catch record
from the straight line, and similar results were ob-
tained for 30 < M < 50 years as shown in the bot-
tom 3 figures of Fig. 3. Figure 2 is the result for

M = 40.

Figure 2-a shows eigenvalues 1, together with
the 9596 confidence interval, § 2, = 2 1,(2/N)"?
(Ghil and Vautard, 1991), while N is the length of
the catch record (data set) in years. Modes 1 and
2 form a pair that contribute 63.06% of the total
variance (mode 1: 37.03%6; mode 2: 26.03%). Figure
2-b presents eigenvectors, p, and p., each of which
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Figure. 4. SSA results for sardines and herrings and for the annual temperature anomalies in the )

Northern Hemisphere by Jones et al. (1994).

exhibits a quasiperiodic structure. Figure 2-c
shows a time series of modes 1 and 2, X, () and
X@),7 =2, .,N. In Figure 2-d, a time series of
X1 + X,() is compared with the detrended and
standardized catch. Similar results were obtained
for the three data sets, while amplitudes of oscilla-
tion were somewhat different from each other

among them (see the top 3 figures of Fig. 8).

* Figure 4 presents time series of X,(t) + X,(t;) of
the Far Eastern, Californian, Chilean and European
sardine and the Pacific and Atlantic herring with
that of the northern hemispheric annual tempera-
ture anomalies to compare them with each other.
The results for the Far Eastern, Californian
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Figure. 5. Trajectories of species-species and species-northern hemispheric annual temperature anomalies rela-
tions in the field of mode 1 -+ 2. The cross-correlation coefficient (r;) of species on the abcissa to species or
temperature anomalies on the ordinate and the time lag (f) at the peak (the trough when inversly related)

of cross-correlation coefficient piot are also shown.

sardines and the Atlantic herring are obtained by
analysing the data set detrended by the first
method under the condition of M = 40. Calcula-
tions carried out under the condition of M = 30, 40
and 50 resulted in similar ones and so did those for
two data sets detrended by the different methods.
Cumulative contribution ratios of eigenvalues of
modes 1 and 2 were 66.3% for the Far Eastern sar-
dine, 82.8% for the Californian sardine and 76.2%
for the Atlantic herring. Each oscillation curve of
the Chilean and European sardine in the figure is
obtained for the original catch record under the
condition of M = 20. Maximum time lags from 15 to
25 led to similar curves, and the cumulative contri-
bution ratio of modes 1 and 2 attained 93.2% and

71.7% for respective fish. The mode time series of
the northern hemispheric annual temperature
40, and the sum of
eigenvalues of modes 1 and 2 was 29.1% of the total
variance.

It is seen that X;(t) + X;(t,) of each population
and the temperature anomalies have respective os-

anomalies is the case for M =

cillation structures, with time scales of 40— 52 years
for the Far Eastern sardine, 50-52 years for the Cali-
fornian sardine, 52-54 years for the Pacific herring,
44 years for the Atlantic herring and 58 — 60 years
for the annual temperature anomalies, each of
which was estimated from the interval between
successive two peaks and between successive two
troughs and from the duration from a peak to the
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succeeding trough. Because the full data set for
one oscillation cycle was not available, the time
scales of oscillation for the Chilean and European
sardine were not estimated.

Figure 5 shows trajectories of relations of modes
1 + 2 between two fish populations and between a
fish population and the northern hemispheric an-
nual temperature anomalies. Cross-correlation co-
efficients of species on the abscissa to species or
temperature anomalies on the ordinate were com-
puted, and the coefficient (;) and the time lag ()
at the peak (or the trough when inversely related)
of cross-correlation plots are also shown in the fig-
ure.

Cross-correlation between fish populations is
very positive with 0-4 years’ lag; 0 year for 9 combi-
nations, 1 year for 1 combination, 2 years for 3 com-
binations and 4 years for 2 combinations. Coherent
increase and decrease are obvious to a high degree
between the sardine populations, as well as be-
tween the herring populations. It is also evident
that sardine-herring relations are completely nega-
tive.

Trajectories resembling the fish—fish relations
are shown also for the fish-termperature relations,
though the synchronism is not so clear as the fish
-fish relations. The fish catch led the temperature
by 4 to 11 years and cross—correlation coefficients
were not so high as the fish—fish relations.

Discussion

SSA has been used to analyze the long—term
variation in air temperature in the meteorological
field since Broomhead and King (1986) and
Fraedrich (1986) introduced the method. The
method is fully data-adaptive and fully non-
parametric (Ghil and Vautard, 1991). Accoding to
Vautard et al. (1992), SSA can easily and automati-
cally localize in time intermittent oscillation spells,
in contradiction to the classical spectrum analysis,
where the basic functions are prescribed sines and
cosines. The method works well for short, noisy
time series without requiring numerous data
points (Vautard et al., 1992) and allows us to recon-

struct detailedly the subset of significant compo-
nents into time series of oscillation components
(Ghil and Vautard, 1991). The catch records are
available for only about 0.5 to 2.5 cycles and the
number of data points is between 30 and 98, and the
SSA is considered the most appropriate method for
the present analysis.

The cumulative contribution ratio of eigenvalues
of modes 1 and 2 ranged from 63.6% (the Pacific
herring) to 93.2% (the Chilean sardine), which are
extremely high compared to 28.7% in the SSA for
global-mean surface temperature anomalies by
Schlesinger and Ramankutty (1994), and attained
29.1% in case of the temperature. Such an
eigenvalue pair of high-variance indicates that
these modes are deterministic rather than stochas-
tic (Ghil and Vautard, 1991).
called empirical orthogonal functions (EOFs).
When there exist a number of distinctive

Eigenvectors are

eigenvalues whose magnitude is appreciable,
whereas the rests are close to zero, the modes
would be a strong indication of “detérministic”
parts in the subspace of eigenmodes with the rest
of the modes acting as noise (Elsner and Tsonis,
1991). Schlesinger and Ramankutty (1994) re-
vealed that, in such cases, the time series of X,(z,)
of modes 1 and 2 is indicative of an oscillation.
The sardine populations off Japan and off Cali-
fornia and herring populations in the northern
North Pacific and North Atlantic have been exten-
sively fished since the years before World War 1I,
and the fishing intensity for these fish is thought to
have changed with shifts of the major fishing
ground and changes in fishing gear. Although
catch data should be corrected dependeing on the
fishing intensity by multiplying some factor, it is,
however, impossible to do it, because of lack of data
on the fishing intensity for the time frame of all the
time series. It would be, however, meaningful that
the results of SSA for the data sets detrended by
the different methods and those for the original
ones coincided, possibly indicating that the vari-
ance caused by the change in fishing intensity is
negligibly small compared to that in oscillation
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component.

Inphase long-term changes in abundance of geo-
graphically separated sardine populations and in-
verse oscillatory changes between sardine and
herring populations were described by Kawasaki
(1983, 1991, 1992) and Lluch-Belda et al. (1989), but
strengths of these positive or negative relations
have not been mathematically analyzed. By the
present analysis these findings are strongly en-
dorsed mathematically, and it is very interesting
that the cycles are completely out of phase be-
tween the sardine and herring, both belonging to
the same taxon but each being a member of differ-
ent ecosystem.

As shown in Fig. 4, changes from downswing to
upswing in global temperature occurred in 1911
and 1974 and the reverse in 1945. Polvina et al.
(1994) analyzed physical and biological conse-
quences of a climate event in the central North Pa-
cific, which began in the mid 1970s, peaked in the
early 1980s, and ended by the late 1980s. On the
other hand, Francis and Hare (1994) examined
interdecacal atmospheric and oceanic physical re-
gime shifts in the subarctic Northeast Pacific by
means of ARIMA (autoregressive integrated mov-
ing average), and observed three regimes over the
period from 1925 to 1992: 1926-46 (a regime of
higher temperature and lower North Pacific Index
(NPD), 1947-76 (that of lower temperature and
higher NPI) and 1977-92 (that of the first one), the
timing of the events coinciding with the result by
Polvina et al. (1994) and that of the present paper.
Complete inverse changes in abundance between
the sardine and herring and coincidence in timing
of the events occurring in the two different ecologi-
cal systems, the temperate North Pacific system
and the subarctic Northeast Pacific system, suggest
a direct or indirect linkage between the atmos-
pheric—oceanic physical process and biological
process over the North Pacific.

The fish populations showed the oscillation
phase 4 to 10 years ahead of the air temperature,
which was not detected by the rough examination
by Kawasaki and Omori (1988) and Lluch-Belda et

al. (1989). This shows that the atmospheric warm-
ing or cooling itself is not directly responsible for
the population change but should be regarded as
an aspect of the whole structure of climate change.

Kawasaki (1994) discussed the mechanism that
triggers the synchronous long-term and high am-
plitude cyclic ﬂuc@uation of the sardines in the
¢ Bakun (1990,
Schlesinger and Ramankutty (1994) and Weaver et

world oceans, referring to
al. (1991). He argued that the long-term oscillatory
variation in distribution of atmospheric pressure
caused by the interdecadal shift of sinking area of
the North Atlantic Deep Water (NADW) (Weaver
et al., 1991) will change geographical patterns of
the wind stress, resulting in the variability of bio-
logical productivity (Bakun, 1990). The fluctua-
tions in the sardine populations might have been
governed by such variations as occurr in the
thermohaline circulation, though the causal
mechanisms have yet to be investigated. Now that
coincidental cycles of sardines and herrings and
their correlation to the climate change have been
confirmed mathematically, our next step will be to
inquire into mechanisms causing the regime shift.

Although Schlesinger and Ramankutty (1994)
and Weaver et al. (1991) have disclosed the
interdecadal oscillation of the thermohaline circu-
lation and its impact on the global climate, which
originates in the northern North Altantic Ocean,
processes through which the global temperature
exhibits variability remained insufficiently dis-
closed. Although the time lags of 4 to 11 years be-
tween the fish and the northern hemispheric
annual temperature anomalies are not able to be
explained today, the importance to resolve the
mechanisms of the density—independent process
such as that mentioned above should be focused on
in the field of the population dynamics.
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