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Barents Sea capelin (Mallotus villosus), Norwegian spring-spawning herring (Cluea
harengus), and Northeast Arctic cod (Gadus morhua) have been associated with large
fluctuations of biomass growth. The cause of these large fluctuations has been poorly
understood and led to problems in biomass management. The identification of a de-
terministic cause would provide the possibility of forecasting future biomass fluctuations. In
this investigation, the Kola Section sea temperature and the biomasses of capelin, herring,
and cod have been analyzed by a wavelet transform to identify the source of the long-term
cycles. The wavelet analysis shows that the Kola Section temperature has dominant cycles
at the lunar-nodal tide cycles of 3 X 18.6 =55.8, 18.5 and 18.6/3 = 6.2 years. The
recruitment of Barents Sea capelin, Norwegian spring-spawning herring, and Northeast
Arctic cod has adopted an optimal recruitment cycle close to the stationary 6.2 years Kola
temperature cycle. Long-term biomass growth is correlated to the phase relation between
the biomass eigen-frequency cycle and the Kola temperature cycles. The biomasses of
capelin, herring and cod have long-term growth when the 6.2 and 18.6 years Kola
temperature cycles are positive at the same time. There is a long-term biomass reduction
when the temperature cycles are not positive at the same time, and a biomass collapse when
the temperature cycles are negative at the same time. The deterministic property of the 18.6
years lunar-nodal tide provides a new way of long-term biomass forecasting over periods of
50—80 years or more.
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Introduction

Norwegian records document good herring periods from
1500 to 1570, 1600 to 1650, 1690 to 1774, and from 1808
to 1874 (Vollan, 1971). Since the herring biomass had
a fluctuation of about 50—80 years, early marine scientists
looked for its fundamental cause. Helland-Hansen and
Nansen (1909) analyzed time-series from 1875 to 1905 and
found close relationships between variations in the number
of sunspots, the quality of cod roe, the quality of cod liver
and the anomaly of the mean air temperature at Ona in
Norway. These were explained by the periodicity in sunspot
occurrence, or rather in the energy received from the Sun,
which caused variations in the ocean currents through
processes in the atmosphere. They concluded that the sea
temperature is only an indicator of the variations from
another primary cause.

The Swedish oceanographer Dr. Otto Pettersson [1848—
1941] postulated that the orbits of the Moon and the Earth
have an influence on long-period tides, climate cycles and
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fluctuations of marine biomasses. Pettersson (1905, 1914,
1915, 1930) explained the fluctuation of herring by a tidal
112-year cycle. Later Maksimov and Smirnov (1964, 1965,
1967), Maksimov and Sleptsov-Shevlevich (1970), Loder
and Garret (1978), and Royer (1993), identified the 18.6-
year lunar-nodal tide in the Atlantic Ocean while Yndestad
(1996a, 1999a) found the spectrum of the lunar-nodal tide
in the Barents Sea. Ottestad (1942) discovered 11-, 17.5-,
23-, and 57-year cycles in historical records of cod landings
in Norway. He compared the estimated cycles with the
annual growth-zones of Norwegian pine at Serfold close to
the Lofoten area and concluded that the recruitment of cod
is influenced by climate cycles. Hjort (1914) analyzed the
length distribution of Northeast Arctic cod. He explained
fluctuations in the biomass by a match between the spawn-
ing time, on the one hand, and food available to the larvae
on the other.

Izhevskii (1961, 1964) reconditioned a system-view of
the interacting processes between the hydrosphere, the
atmosphere and the biosphere. He argued that the heat in
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the ocean is a non-homogeneous system flowing from
a warm equator to the cold pole. In this flow of heat,
influenced by tidal forces, the ocean influences the
atmospheric processes. Izhevskii analyzed the Kola Section
temperature data series and estimated cycles of 4—6, 8—10,
and 18—20 years. Russian records of the Northeast Arctic
cod stock suggested cycles of 8—10 and 18—20 years. In an
analysis of Norwegian spring-spawning herring he con-
cluded that cod and herring do not represent substantially
different ecological types in terms of their patterns of
reproduction. Wyatt et al. (1994) analyzed landing records
of Northeast Arctic cod from 1885 to 1951 and found a
correlation with the 18.6-year nodal tide. Yndestad (1996b,
1999b) reported lunar-nodal cycles of 18.6/3 = 6.2, 18.6,
and 18.6 X 3 = 55.8 years in growth and recruitment of
Northeast Arctic cod. The same cycles of 6.2 and 18.6 years
have been identified in recruitment of the Barents Sea
capelin and Norwegian spring-spawning herring (Yndestad
and Stene, 2001; Yndestad, 2002).

The Barents Sea capelin, Norwegian spring-spawning
herring and Northeast Arctic cod are well described by
Gjosaeter (1997), Hamre (2000), Toresen and Ostvedt
(2000), Nakken (1994), and many others. In this paper
the long time-series of the sea temperature in the Barents
Sea and the separate biomasses of these three species are
analyzed to find a common cause for the long-term biomass
fluctuations. The investigation is based on a wavelet
analysis that identifies the cycle time and phase in dominant
biomass fluctuations. The result shows that the long-term
fluctuation in the biomass of capelin, herring and cod is
caused by a match or mismatch between a biomass eigen-
frequency cycle and dominant stationary Kola Section
temperature cycles.

Materials and methods

Russian scientists at the PINRO institute in Murmansk have
provided monthly temperature values from the upper 200 m
of the Kola Section along the 33°30'E medial from
70°30'N to 72°30'N in the Barents Sea (Bochkov, 1982).
The data series from 1900 to 2000 has quarterly values
over the period 1906—1920 and monthly values from 1921,
partly measured and partly interpolated. In this presentation
the annual mean temperature is analyzed.

The time-series of Norwegian spring-spawning herring
(Cluea harengus) data covers the period 1907—2000. That
from 1907 to 1945 are given in Toresen and Ostvedt
(2000), whilst the information covering 1945—2000 was
provided by ICES (2001a).

The time-series for Northeast Arctic cod (Gadus morhua)
covers the period from 1900 to 2000. That from 1900 to
1945 is based on published estimates from Hylen (2002)
and the period from 1946 to 2000 was provided by ICES
(2001b). The time-series of Lofoten catch numbers from
1866 to 1957 is given in Gode (2000). From 1958 until
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1979 the Lofoten time-series is catch in tons. The data are
interpolated to catch numbers by a scaling of 3.5 (tons/1000
numbers).

The time-series of Barents Sea capelin (Mallotus
villosus) covers the period from 1945 to 2000. The data
series of biomass from 1945 to 1995 is provided by
Marshall et al. (2000), and that from 1995 to 2000 by ICES
(2001a).

Systems theory

The biomass in the Barents Sea is related to a complex
food-chain system. In this investigation the Barents Sea is
modelled by the simplified general-system architecture
S(t) = {BB (t)v {Sn(t)7 Se (t)7sf(t)v Sca(t)7she (t)> SCO(t)>SV(t)}}

(1)
where S,(t) is the lunar-nodal system, Sy(t) the ocean
system, Si(t) the food-chain system, S, (t) the capelin-
biomass system, Sjc(t) the herring-biomass system, Sc(t)
the cod-biomass system, S,(t) an unknown source, and
Bg(t) is the mutual binding between the Barents Sea
system elements. According to Equation (1) the Barents
Sea system is expected to be time varying, structurally
unstable, and mutually state-dependent. In a mutually
related system, a stationary dominant energy source will
influence the others.

The lunar-nodal cycle

The lunar-nodal cycle represents the moving cross-point
between the Moon plane-cycle and the ecliptic plane to the
Sun. This cross-point describes a lunar-nodal cycle of
18.6134 years. The corresponding cycle of changing incli-
nation of the Moon’s orbit to the Earth’s equatorial plane is
described by the model

Uy (1) =23°27" +5°09" sin(wot+ 1.07) (2)

where wo = 27/Ty = 21/18.6134 (rad/year) is the lu-
nar-nodal angle frequency and t (year) is the time. The
cycle amplitude has a maximum in November 1987 and
a minimum in March 1996. The lunar-nodal cycle
introduces a 18.6-year gravity-force cycle from the Moon.
This cycle produces the 18.6-year lunar-nodal tide in the
Atlantic Ocean and the 18.6-year nutation of the Earth
axis.

Biomass state dynamics

The system-state dynamics of stock numbers may be
represented by the state differential equation

X(t) = A()X(t) + B(t)U(t) + V(1) (3)
where X(t) represents a [n X 1] state vector of the year-

class stock numbers, A(t) a [nXn] system-growth
matrix, U(t) a [n X 1] vector from a known source of
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catch, B(t) a [n X n] binding matrix from the U(t)
vectors, V(t) a [nX 1] disturbance vector from an
unknown source Sy (t), and n is the maximum age
numbers in the biomass. The disturbance V(t) is
expected to have a non-correlated red spectrum. The
system-growth matrix A(t) has the elements

Alt) = {R(glzf)a(t)} (4)

where R(t) is the recruitment-rate function, Ma(t) a
[1 X n] maturing vector, and S(t) is a [(n — 1) X n] sur-
vival matrix.

Biomass eigen-frequency

From the state-dynamic model (Equations (3) and (4)), we
may formulate the recursive-recruitment model

Xo(t) = R(t)Ma(t)xs(t) + v(t)
Xo(t) =R(t)Ma(t)S,(t)xo(t —T) + v(t) (5)
Xo(t) =K (t)xo(t— ) +v(t)

where x((t) is the recruited-stock numbers, x4(t) a year-
class of spawning-stock numbers, R(t) the recruitment
rate, Ma(t) the spawning rate, S,(t) the survival rate
from recruitment to the spawning biomass, and 7 is the
delay-time from recruitment to a maximum spawning-
year class.

According to the general-system model (Equation (1))
there is a binding from the lunar-nodal system S,(t) to the
ocean systems S,(t) and to the biomass food chain in the
Barents Sea. An analysis of the recruitment rate of Northeast
Arctic cod and Barents Sea capelin has identified an expo-
nential relationship between the recruitment rate R(t) and
the stationary Kola temperature cycles of 6.2 and 18.6 years
(Yndestad, 1996a, b, 1999a, b; Yndestad and Stene, 2002).
This relation may be expressed by the simplified model

K(t) =K exp(k U(6,) + ko U(18,1)) (6)

where K is the recruitment number per spawning
biomass, k; and k, the binding to the Kola temperature
cycles, U(6,t) the 6.2-year Kola temperature cycle, and
U(18,t) is the 18.6 year Kola temperature cycle. The
time-variant recruitment property (Equations (5) and
(6)) introduces a:

1. maximum biomass-growth period when U(6,t) and
U(18,t) are in a positive state;

2. mean biomass growth when U(6,t) or U(18,t) is in
a negative state;

3. minimum biomass growth when U(6,t) and U(18,t) are
in a negative state.

The code of long-term biomass cycles

Long-term growth is represented by growth in a set of
biomass life cycles. We have a:
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1. long-term biomass growth when U(6,t) and U(18,t) are
positive in a set of life cycles;

2. short biomass growth when U(6,t) or U(18,t) is
negative in a set of life cycles;

3. biomass collapse when U(6,t) and U(18,t) are negative
in a set of life cycles.

Frequency modulation

A Fourier transformation of Equation (5) has the frequency
transfer-function

X()(j(.c.)) _ 1
v(jw) 1 —Ke*

(7)

when K(t) = K. This function system is asymptotically
stable when K<1. Equation (7) has a singularity for
when K=1, wt=27%n, and n=0,1,2,3,....N. A
singularity at an angle-frequency cycle w. means that
the recruitment xq(t) will have a frequency cycle xy(jw.)
where the amplitude is amplified to infinity. A singular-
ity in the frequency function will introduce a stochastic
resonance in the biomass. In this paper a resonance
frequency is called an eigen-frequency. The biomass
eigen-frequency cycle is observed at the maximum
biomass year class (Yndestad and Stene, 2000). When
K(t) = K exp(jwyt) the transfer-function has singulari-
ties for K=1 and (wt+ wgt) =27n. This transfer-
function has singularities at © =0, w3t = wet, and
wT = wo3t. Consequently an interaction between the
recruitment feedback (Equations (5) and (7)) and the
stationary forced cycle (Equation (6)) is expected to
introduce a 3. harmonic and a 3. sub-harmonic cycle in
the biomass time-series. When wo=21/To=27/18.6
(rad/year), there will be singularities in cycles of Typ=
18.6, To/3=6.2, and 3T(=55.8years.

Cycle identification

The gravity from the stationary 18.6-year lunar-nodal cycle
is expected to have an influence on all the elements of the
Barents Sea system (Equations (2) and (3)). We may then
present the hypothesis that time-series from the Barents Sea
have a set of stationary cycles represented by the state model

x(t)=> Uk, t)+ (1) (8)
U(k,t) = u(k,t)sin(kwot + @(k,t))

where x(t) is the measured time-series, U(k,t) a dominant
stationary cycle, k a cycle period, and v(t) is a distur-
bance from an unknown source. The temporary
stationary cycle U(k,t) has an amplitude u(k,t), an angle
frequency wy = 2m/k, (rad/year), and a time-variant
phase angle @(k,t).
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The time-series are analyzed by a wavelet transformation
to identify a dominant cycle period U(k,t) and the time-
variant phase angle ¢(k,t). The set of dominant cycle
periods are identified by a four-step investigation. The first
step is to compute the wavelet spectrum by the trans-
formation

W(a,b) = \/La / X(O)W (?) dt 9)

where x(t) is the analyzed time-series and W() is the
wavelet-impulse function, W(a,b) a set of wavelet cycles,
b the translation in time and a is the time-scaling
parameter in the wavelet transformation. The computed
wavelets W(a,b) represent a correlation between x(t) and
the impulse functions W() over the whole time-series
x(t). The Coiflet3 wavelet transformation was chosen
after many trials on tested data. By this wavelet
transformation it is possible to identify single long-
period cycles in short time-series. Errors in long-period
estimates are reduced by the “sym” property in Matlab
(Daubehies, 1992; Matlab, 1997).

The computed wavelet transformation has a set of
wavelets W(1,...,m,b). Dominant wavelet cycles in
W(l,...,m,b) have a maximum amplitude as the result of
the best correlation to cycles in the time-series x(t). The
most dominant cycle W(k,b) in the wavelet set W(1,...,m,b)
is identified by a maximum cycle amplitude. The source of
a dominant wavelet cycle W(k,b) is identified by computing
the cross-correlation coefficient r(k) between a dominant
wavelet cycle W(k,b) and a known stationary cycle U(k,t).
The phase delay between time-series is identified by the
phase difference ¢q4(k,t) = @;(k,t) — @;(k,t).

H. Yndestad

Results

The Barents Sea system (Equation (1)) has a mutual
interaction B(t) between the Earth-nutation system S(t),
the ocean system S,(t), the food-chain system S{t), and the
fish-biomass systems Sgt). According to the general-
systems theory a dominant 18.6-year gravity-force cycle
from lunar-nodal cycle S,(t), will influence all the others. In
this investigation long-term cycles of the Kola Section
temperature in the Barents Sea, Norwegian spring her-
ring, Northeast Arctic cod and Barents Sea capelin are
analyzed.

Kola Section temperature

The oceanographic system S,(t) is a complex time-variant
dynamic process influenced by sea currents and atmospheric
conditions. To reduce complexity, the Kola Section data
are chosen as a climate indicator to represent the tem-
perature in the Barents Sea.

The Kola Section time-series is an indicator of Atlantic
inflow to the Barents Sea. A wavelet transform (Equation
(9)) of the Kola temperature series xx(nT) has a wavelet set
Wk(1:80,nT). In this wavelet set the dominant cycles
Wk(6,nT), Wg(18,nT), Wg(55,nT), and Wy(74,nT), are
identified and they have a cycle time of 6, 18, 55, and 74
years, respectively (Figure 1). The 6-year wavelet
Wk(6,nT) has a maximum at the years 1907, 1915, 1921,
1930, 1937, 1944, 1951, 1961, 1975, 1983, and 1991, the
18-year wavelet Wi (18,nT) has a maximum at the years
1909, 1922, 1935, 1955, 1973, and 1991, the 55-year
wavelet Wi (55,nT) has a maximum in 1945 and 2000. The
correlation coefficient between the data series xx(nT) and
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Figure 1. The time-series of Kola Section temperature series and the dominant 6-, 18-, 55-, and 74-year wavelet cycles.
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the estimated, dominant wavelet cycles is 1,y = 0.73. The
identified, dominant wavelet cycles are correlated to the
lunar-nodal cycles

Uk (74,nT) = ug (74,nT)sin(w,nT /44 0.297)
whenn = 1900,...,2000

Uk (55,nT) =ug (55,nT)sin(w,nT/3+0.907)
whenn = 1900, ...,2000

Uk (18,nT) =uk (18,nT)sin(w,nT + ¢ (18,nT))
whenn = 1900, ...,2000

Uk (06,nT) = ug (6,nT)sin(3w,nT + @ (6,nT))
whenn = 1900, ...,2000

The 74-year cycle Wi (74,nT) has a trend shift in 1925
and 1960, minimum values in 1905 and 1980, and
a maximum in 1945. The cross-correlation coefficient
between the wavelet cycles Wy (74,nT) and Wg(55,nT),
and the lunar-nodal cycles Ug(74,nT) and Ug(55,nT),
are ryy (74) = 0.95 and ryy (55) = 0.89. The 74-year cycle
introduces a phase reversal on the 18- and 6-year cycles.
The phase angle ¢g (18,nT) = 0.907 (rad) in the period
n = 1930, ...,2000 and ¢k (18,nT) = 1.907 in the period
n = 1900, ...,1930. There was a phase reversal when the
74-year cycle shifted from a negative to a positive state.
The correlation coefficient rg (18) = 0.90 when the phase
angle @g(18,nT) is shifted in this period. The 6-year
cycle has a correlation coefficient r¢(6) = 0.4 when
@k (6,nT) = —0.097 (rad) in the period n = 1930, ...,
1970 and the 74-year cycle is in a positive state. The
phase angle has a phase reversal to @g(6,nT) = —1.097
(rad) in the period n = 1970, ...,2000 when the 74-year
cycle is in a negative state.

The phase relation between the dominant Kola temper-
ature cycles is expected to have a major influence on the
biomass growth in the Barents Sea (Equations (4)—(7)).
The identified 6- and 18-year wavelet cycles are positive at
the same time in the years 1907, 1921, 1937, 1951, 1975,
and 1991. According to the code of long-term growth we
may expect a

(10)

e Maximum biomass-growth period from
1920,...,1937

e Medium biomass-growth period from
1900, ...,1920 and 1945, ...,1975

e Minimum recruitment or biomass collapse in 1905,
1942, 1966, and 1979

(11)

Norwegian spring-spawning herring

The Norwegian spring-spawning herring system Sy(t)
may be modelled by the simplified general system
S(t) = {BB (t) ) {Sn (t)7so (t)7sf (t) +Sea (t)>she (t) +Seo (t) Sy (t)}}
(Equation (1)) where Bg(t) represents a mutual binding
between each system element. In this simplified system the
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capelin system S.,(t), the herring system S;(t), and the cod
system S.,(t) are mutually related as food and predators. If
the nodal system S,(t) influences the food chain, it will in-
fluence the biomass long-term growth.

The spawning-biomass time-series of Norwegian spring-
spawning herring has a mean weight-of-age vector

Xspe(age)=[ 0 0.5 140 948 374
569.9 561.2 428.7 332.9 281.0] 1000 tons

Maximum spawning biomass is 569 900 tons at the age
of 6 years. The herring biomass then has an eigen-
frequency of about Xpe(jw,) = 27/The = 27t/6.2 (rad/
year). The herring biomass eigen-frequency cycle of
The = 6.2 years and the interacting dominant Kola tem-
perature cycles of To/3 = 6.2, Tp = 18.6 and 3T, = 55.8
years are expected to introduce dominant, harmonic bio-
mass cycles of Ther = 6.2, 3Ther = 18.6, and 6Ty, = 55.8
years (Equation (7)).

Herring recruitment rate

The herring recruitment-rate time-series is computed by
Rpe(nT) = x¢(nT)/xs(nT) from 1907 to 1999 where xo(nT)
is the recruited numbers (in millions) of herring and xg(nT)
is the spawning biomass (tons) (Figure 2). A wavelet
transform (Equation (9)) of the recruitment-rate time-series
Ryo(nT) has the wavelet set Wy,(1:80,nT). In this wavelet
set the dominant cycles are Wry,(6,nT), Wrp,(18,nT), and
Wrpe(55,nT), which have a cycle time of 6, 18, and 55 years
(Figure 1). The 6-year wavelet Wrp,(6,nT) has a maximum
value at the years 1913, 1918, 1924, 1930, 1937, 1944,
1950, 1957, 1963, 1983, and 1993; the 18-year wavelet
Wr,(18,nT) has a maximum value at the years 1920, 1938,
1973, and 1992, and the 55-year wavelet Wrp(55,nT) has
a maximum value at the years 1927 and 1982. The cross-
correlation coefficient between the herring spawning-
biomass recruitment rate Ryo(nT) and the dominant wavelet
cycles  Wrpe(nT) = [Wrpe(6,0T) + Wrpe (18,nT) + Wrye
(55,nT)] is ryy = 0.60. The estimated recruitment wavelet
cycles Wrp(6,nT) and Wrp(18,nT) have a maximum at
about the same years as the Kola temperature cycle
Wk(6,nT) and W (18,nT) in the period n = 1910,...,
1950 and from n = 1970,...,2000. This mean that the
recruitment cycles of herring have the same cycle time and
phase as the Kola Section temperature cycles.

The identified recruitment-rate wavelet cycles confirm
the code of long-term growth (Equations (7) and (11)).
There was a set of three 6-year cycles in the period from
1920 to 1937 when the 6- and 18-year Kola temperature
cycles were positive at the same time. The same situation
happened in the period 1972—1991. From 1937 to 1950
there was a period of about 2 X 6.2 = 12.4 years to the
next optimum recruitment in 1950. The next optimal
recruitment came in 1972. The recruitment came after
a period of 4 X 6.2 =24 years. The estimated 55-year
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Figure 2. Herring recruitment rate and the dominant wavelet cycles of 6, 18, and 55 years.

cycle Wry,(55,nT) has information about the mean dynamic
trend of the recruitment rate. The 55-year wavelet cycle has
a maximum in 1937 and 1982.

Herring stock number

Figure 3 shows the stock-number time-series of Norwegian
spring-spawning herring from 1906 to 2000 and the
identified dominant wavelet cycles of 6, 18, and 55 years.
The 6-year wavelet cycle Wny,(6,nT) has a maximum value
at the years 1919, 1925, 1932, 1938, 1945, 1951, 1959,
1984, 1992, and 2000, the 18-year wavelet Wny,(18,nT) has
a maximum value at the years 1922, 1938, 1964, and 1994,
and the 55-year cycle Wny,(55,nT) has a maximum value in
1935 and 1995. The identified dominant wavelet cycles of
stock numbers have a delay of about 1 year compared to the
recruitment-rate wavelet cycles. The data series is influ-
enced by a collapse in the period 1965—1990 which was
caused by overfishing. The cross-correlation coefficient
between the herring spawning-biomass recruitment rate
R(nT) and the dominant wavelet cycles Wnp(nT)=
[Wnpe (6,nT) +Wnp (18,nT) 4+ Wnye (55,nT)] is rry=0.81.
The wavelet cycles of stock numbers are closely related to
the recruitment-rate wavelet cycles since stock numbers are
dominated by 1-year recruitment. The estimated wavelet
cycles show that the stock numbers have modulated cycles
of about Tp.=6.2, 3Tp.=18.6, and 6T, =55.8 years
which are harmonic cycles of the biomass eigen-
frequency cycle time of tp =6.2years.

The stock number increased in the growth period from
1920 to 1937 when the 6.2- and 18.6-year Kola cycle were
positive at the same time. The stock numbers were reduced
to a medium level in the period from 1945 to 1970 when the

6.2- and 18.6-year Kola temperature cycle were not positive
at the same time. In 1965 the 6.2- and 18.6-year cycle were
negative at the same time and there was a collapse in the
stock numbers. The 55-year wavelet cycle Wny(55,nT)
describes the position of the mean number of herring. This
cycle has a maximum in 1937 and 1995.

This analysis shows that the stock-number reduction
started about 1937 when there was no longer a match
between the optimum Kola temperature cycles and the
biomass eigen-frequency cycle. When the biomass col-
lapsed in 1965 there was a minimum condition of new
recruitment (Equation (11)). The biomass collapse must
then be a combination of climate change and overfishing.

Herring biomass

Figure 4 shows the biomass time-series xbp.(nT) of
Norwegian spring-spawning herring from 1906 to 2000
and the identified, dominant biomass-wavelet cycles of 6,
18, and 55 years. The 6-year wavelet cycle Wby,.(6,nT) has
a maximum in 1910, 1929, 1927, 1924, 1945, 1955, 1964,
and 1998, the 18-year wavelet Wby,(18,nT) has a maximum
in 1910, 1918, 1952, and 1995, and the 55-year cycle
Wb,o(55,nT) in 1940 and 2000. In this data series the
biomass had a collapse in the period 1965—1990 which was
caused by overfishing. The cross-correlation coefficient
between the herring spawning-biomass time-series xbp(nT)
and the dominant wavelet cycles sum Wby (nT)=
[Wbhe (6,0T) +Wbpe (18,nT) + Wby (55,nT)], is rxw= 0.81.
The estimated wavelet cycles show the biomass has
modulated cycles of about Tpe=6.2, 3T, =18.6, and
6The =55.8 years which are harmonic cycles of the bio-
mass-resonance cycle time of T, = 6.2 years.
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Figure 3. Stock numbers (100 million) of Norwegian spring-spawn

The 6- and 18-year Kola Section temperature cycles were
positive at the same time in 1921, 1930, and 1937. In this
period there was an optimum recruitment of three life
cycles. Each life cycle had a cycle time of about 6 years and
the biomass grew over the long-term from about 5—25
million tons (Figure 4). In 1942 the 6- and 18-year Kola
cycles were negative at the same time. This introduced
a collapse situation and the biomass growth had a turning
point. In 1945 only the 6-year Kola cycle temperature was

25

ing herring and the dominant wavelet cycles of 6, 18, and 55 years.

positive and the biomass was slightly reduced. After
a period of 2 X 6.2 years the 6- and 18-year Kola cycles
were again positive at the same time. The optimal condition
kept the level of the large biomass for about 5 years.
From 1950 there were four optimal life cycles in a period
of about 4 X 6.2 = 24.8 years before there was a new
optimum Kola temperature-cycle condition in 1975. In this
period there was no optimum growth condition over a set of
biomass life cycles and the biomass was reduced to about
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Figure 4. The biomass of Norwegian spring-spawning herring and the 6-, 18-, and 55-year wavelets.
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seven million tons in 1960. In 1965 the 6- and 18-year Kola
temperature cycles were negative at the same time and
there was a total collapse in the biomass. It has been
a common belief that the biomass collapse in 1965 was
caused by overfishing. This analysis shows that the biomass
reduction started about 25 years earlier.

The 6- and 18-year Kola temperature cycles were
positive again in 1975 and 1991. A positive 6-year Kola
cycle introduced a small growth in 1972 and 1982 (Figures
1—3) and when both temperature cycles were positive
in 1991, the biomass again increased to about 10 million
tons.

Northeast Arctic cod

The Northeast Arctic cod system S, (t) is part of the
simplified Barents Sea system S(t)={Bg(t),{Sa(t),
So(t),Se(t),Sca(t),She (t),Sco(t),Sy(t) } } (Equation (1)) where
Bg(t) represents binding between each system element. In
this simplified system there is a mutual relation between all
systems. If there is one stationary energy source, it will
influence the cod system.

The spawning-biomass time-series of Northeast Arctic
cod has a mean weight-of-age vector

Xseo(age)=[ 0 201 6078 20341 65388
103012 93124 63528 41586 13932] tons

from age 1 until age 10 years. The maximum biomass
year class is 103012 tons at the age of 6 years. Then the
cod biomass has an eigen-frequency at about
Xeo(jwe) = 27/ Teo = 27/6.2 (rad/year). This means that
the biomass of Northeast Arctic cod has a resonance
close to the T, = 6.2 years which is the same cycle time
as the biomass eigen-frequency cycle time 7. of
Norwegian spring-spawning herring and the Kola
temperature cycle of Tk /3 = 6.2 years. The cod-biomass
cycle time Ty, = 6.2 years and the interacting dominant
Kola temperature cycles of Tx /3 = 6.2, Tx = 18.6 and
3Tk = 55.8 years are expected by the approach taken
here to introduce dominant cycles of T.,=6.2,
3T.,=18.6, and 6T.,=55.8years (Equation (7)).

Cod biomass

A wavelet transform (Equation (9)) of the time-series
Xeo(nT) of Northeast Arctic cod has identified a set of
wavelets Wb,(1:50,nT) (Figure 5). The computed wavelet
set has dominant wavelets of 6 and 18 years. The 6-year
wavelet Wb.(6,nT) has a maximum value at about the
years 1903, 1912, 1923, 1926, 1936, 1945, 1955, 1961,
1968, 1975, 1986, and 1993, and the 18-year wavelet
Whb,,(18,nT) has a maximum value at the years 1906, 1925,
1941, 1952, 1973, and 1995. The cross-correlation co-
efficient between the biomass time-series X.,(nT) and the
identified dominant wavelet cycles sum Wb, (nT)=

H. Yndestad

[Wbeo (6,0T) +Wbeo (18,0nT) +Wbeo (55,nT)] is 1y =0.87.
The dominant wavelet cycles have the same cycle time as
the dominant Kola Section temperature cycles, but lag by
about T, =6.2years. This delay is the time from re-
cruitment to a maximum year class of about 6 years. The
estimated 55-year wavelet is influenced by low fishing
activity from 1940 to 1945 and in 1983 there was a collapse
in the biomass.

The identified dominant biomass cycles confirm the code
theory of long-term growth (Equations (7) and (11)). The
biomass of Northeast Arctic cod had a growth period from
1920 to 1945 when the 6- and 18-year Kola Section cycles
were positive at the same time in 1921, 1930, and 1937.
After a delay of about 6 years (7., years) the cod biomass
was maximum in 1928, 1940, and 1946. The biomass had
a reduction from 1945 to 1980. Again the 6- and 18-year
Kola cycles were positive at the same time only in the years
1962, 1973, and 1975. In these years the biomass had
a small growth in 1960 and a strong growth in 1968 and
1975. These estimates demonstrate that the biomass of
Northeast Arctic cod grows when the 6-, 18-, and 55-year
Kola Section temperature cycles are positive. This analysis
shows that the long-term biomass cycles of Northeast
Arctic cod have the same character as the long-term cycles
of Norwegian spring-spawning herring.

Cod catch

It is a common belief that there is a close relationship
between catch and stock numbers and so the same dominant
cycles in each parameter are expected (Figure 6). The
wavelet set Wc.o(1:80,nT) has been computed from the
time-series Xcqo(nT) of cod in Lofoten (Gode, 2000) in
the period 1864—1978 and does have the same dominant
wavelets of 6, 18 and 55 years as estimated in the biomass
time-series. The 6-year wavelet cycle Wc,(6,nT) has
a maximum value in the years 1880, 1886, 1896, 1905,
1915, 1921, 1927, 1939, 1946, 1952, 1961, and 1972, the
18-year wavelet cycle Wc,(18,nT) has a maximum value at
the years 1880, 1892, 1910, 1928, 1946, and 1970, and the
55-year wavelet We (55,nT) has maximum values in the
years 1885 and 1938. The cross-correlation coefficient
between the time-series of catch and the estimated
dominant wavelet cycles Wcgo(nT) = [Weeo(6,nT) +
Weeo(18,nT) + Weeo(55,nT)] is rxw = 0.82. The dominant
wavelet cycles of catch numbers have the same cycle time
as in the biomass time-series. The different cycle-phase is
explained by the difference between the stock-number
distribution and the biomass distribution.

The dominant 6- and 18-year wavelets of the Lofoten catch
have the same pattern as the dominant biomass-wavelet
cycles. The growth period was from 1920 to 1940, while the
decline was from 1940 to 1960. In these data the long-term
reduction of biomasses occurs earlier because of less fishing
effort in the period 1940—1945. The catch grew from 1877 to
1895 when the 6- and 18-year cycles were positive at the
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Figure 5. The time-series of the Northeast Arctic cod biomass and computed wavelets of 6 and 18 years.

same time and was reduced in the period 1900—1920 when
only in 1908 were the wavelet cycles positive at the same
time. The 55-year wavelet indicates that the biomass has
a natural long-term fluctuation of about 55 years.

Barents Sea capelin

The Barents Sea capelin stock is of vital importance in the
Arctic food web. It is the main plankton feeder in the area
and serves as an important forage fish for other fish stocks,

seals, whales, and sea birds. The capelin is therefore in-
fluenced by its abiotic environment and by the abundance of
food, predators, and fisheries.

The Barents Sea capelin-system biomass Sc(t) is thus
influenced by a set of external systems in the Barents Sea.
The recruitment dynamics of Barents Sea capelin are
dependent on a complex set of conditions such as the life-
cycle time, the eigen-frequency, the predator life cycles,
catch-to-landings, the sea temperature, and food supply. If
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Figure 6. The catch numbers of Northeast Arctic cod at Lofoten and the computed wavelets of 6, 18, and 55 years.
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one of these external systems has a dominant property it
will influence the long-term capelin dynamics.

The spawning-biomass time-series of Barents Sea
capelin has a mean weight-at-age vector Xsg,(age)=
[0.0 0.0 29.3 12.8 0.3] in 1000 tons. Maximum spawning
biomass is 29 300 tons at the age of 3 years. This means that
the 3-year-old capelin is the most dominant year class in the
spawning stock. A frequency analysis of the capelin stock
numbers has identified an eigen-frequency cycle time
Tea =3.1years, which introduces large fluctuations in the
biomass (Yndestad and Stene, 2001).

The interacting Kola Section temperature in the Barents
Sea has dominant stationary cycles of Ty = 18.6 years and
To/3 = 6.2 years. The eigen-frequency cycle at 7., =
3.1 years and the interacting dominant Kola temperature
cycles should introduce dominant cycles of T, = 3.1,
2T, = 6.2, 3T, = 9.3, and 6T, = 18.6 years (Equation
(7)). A biomass eigen-frequency period of about 6.2/2 =
3.1 years implies that the biomass will have a different
dynamic property compared to the herring biomass and the
cod biomass.

A wavelet transform of the Barents Sea capelin time-
series X.,(nT) from 1946 to 2000 has a set of wavelets
Whbea(1:30,nT). In this wavelet set there are dominant
wavelet cycles of 6 and 18 years. The 6-year wavelet cycle
Wa(6,nT) has a maximum value around the years 1951,
1960, 1969, 1975, 1983, and 1991 and the 18-year wavelet
cycle W¢,(18,nT) has a maximum value at about the years
1951, 1975, and 1994. The cross-correlation coefficient
between the biomass time-series X.,(nT) and the dominant
wavelet sum W, (nT) = [We,(6,nT) + W, (18,nT)] is
rw = 0.72.

The 18-year cycle W,(18,nT) has a maximum around
the years 1952, 1975, and 1994. This is a growth delay of
about T, = 3.1 years compared to the 18-year cycle of the
recruitment rate and the 18-year Kola Section wavelet cycle
Wi (18,nT). Potential errors in these cycle estimates are the
short-time series and the collapses of the biomass in 1985
and 1995. The computed wavelet cycles show an 18-year
cycle and a higher-frequency cycle shifting between
a period of about 6 and 9 years. The 18-year cycle follows
the 18-year Kola temperature cycle, which had maximum
values at about the years 1955, 1972, and 1991. When the
18-year cycle is in a negative state the biomass growth is
dependent on the relationship between the 6-year Kola
temperature cycle and the 6.2/2 =3.1 year biomass
eigen-frequency cycle. Figure 7 shows that this introduces a
9-year cycle time when the 18-year Kola cycle is negative
and a 6-year cycle time when the 18-year Kola cycle is
positive. These estimated wavelet cycles confirm that the
biomass has modulated cycles of about 2T, = 6.2,
3T, = 9.3, and 6T, = 18.6 years which are sub-harmonic
cycles of the biomass eigen-frequency cycle time of
Tea = 3.1 years.

The recruitment rate R(nT) has a maximum around the
years 1976, 1981—1982, 1989—1990, and 1995—1997
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which are close to the maximum of the Kola temperature
cycles. The recruitment rate R(nT) had a maximum when
the 6.2-year cycle or the 18.6-year temperature cycle had
a maximum (Yndestad and Stene, 2001). This change in the
recruitment cycle introduces dominant biomass cycles of
about 2T, = 6.2 years when the 18.6-year temperature
cycle had a positive state and a cycle of 3T, = 9.3 years
when the 18.6-year cycle was in a negative state.

The Barents Sea capelin has a short eigen-frequency
cycle time of about 7., = 3.1 years. The biomass then has
maximum growth each time the 6.2-year Kola cycle is
positive. The capelin biomass has a growth time of about
three years and a cycle time of about six years. The short
eigen-frequency cycle time influences how the biomass-
cycle phase is able to adjust to the 6.2- and 18.6-year Kola
temperature cycle. The biomass had a maximum growth in
period 1951, 1960, 1970, 1975, and 1991 when the 6.2- and
18.6-year Kola temperature cycles were positive at the
same time. The biomass had a minimum level in 1950,
1965, 1978, and 1995 when the 6.2-year Kola cycle had
a minimum. In 1987 and 1995 the biomass changed from
a minimum to a collapse.

When the 6.2- and 18.6-year temperature cycles have
a negative state, it takes about 37, = 9.3 years for the
adjustment to an optimum condition. In this period the
recruitment system (Equation (5)) is shifted from a positive-
feedback system to that of negative-feedback. The result is
a collapse in the biomass as happened in 1955, 1963, and
1986. The collapse in 1995 was most likely caused by
overfishing in the 1980s (Yndestad and Stene, 2001). The
short eigen-frequency cycle time of 7., = 3.1 years made it
possible to adapt the next biomass cycle to the next 6.2-year
temperature cycle in 1960 and 1991.

This analysis shows that the biomass of Barents Sea
capelin has a long-term growth when the 6- and 18-year Kola
Section temperature cycle has a positive state and a pro-
nounced decline when both temperature cycles have a
negative state. When the 18-year Kola cycle turns to a
negative state the biomass loses the synchronic phase relation
between the biomass eigen-frequency cycle and the Kola
temperature cycles. After a cycle time of 37, years there is
a new adaptation and a new growth period. In a long time-
series this adaptation is shown as a cycle phase reversal and
the cycle time is increased from six to nine years.

Discussion

The dominant biomass dynamics in the Barents Sea are
a result of different environmentally random, mutual
interactions between the ocean system, the food chain,
catch, and a multi-species system (Equation (1)). A fre-
quency analysis of the long-term time-series from this
system is expected to be represented by a non-deterministic
and non-correlated red spectrum. The approach taken in
this paper produces a different result.
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Figure 7. The Barents Sea capelin biomass and the dominant-wavelet cycles of 6 and 18 years.

The code of biomass dynamics

In this investigation, fluctuations in Kola Section temper-
atures and the stocks of the Barents Sea capelin, the
Norwegian spring-spawning herring and Northeast Arctic
cod are analyzed by a wavelet transformation to identify the
source of dominant biomass fluctuations. The results show
a common source of long-term biomass cycles.

The forced oscillator

The Kola Section temperature has dominant temperature
cycles of about 6.2, 18.6, and 55 years which are related to
the 18.6-year lunar-nodal tide. The 18.6-year temperature
cycle is expected to be a deterministic cycle controlled by
gravity from the Moon. This cycle behaves like a forced,
oscillating temperature cycle, which will influence the
biomass dynamics in the food chain.

Eigen-frequency biomass cycle

The biomass of herring, cod and capelin has an eigen-
frequency biomass cycle which is adapted to the 6.2-year
temperature cycle in the Barents Sea.

The long-term biomass growth

The long-term biomass growth is related to a set of optimal
recruitment periods when the 6- and 18-year Kola Section
temperature cycles are positive at the same time. In this
period the 6-year eigen-frequency of recruitment has an
optimal growth in a period of three to four life cycles.

Long-term biomass reduction

The long-term biomass reduction is related to a period
when the 6- and 18-year Kola Section temperature cycles
are not positive at the same time. The growth and reduction

of biomass is therefore not related to the absolute tem-
perature value, but rather to the phase relation between the
dominant eigen-frequency cycle and the Kola temperature
cycles in the Barents Sea.

The biomass collapse

The biomass collapse is related to a period when the 6- and
18-year Kola Section temperature cycles are negative at the
same time. In this period there are poor conditions of re-
cruitment and growth over a period of two to four life cycles.

The three causes of fluctuation

There are three causes of fluctuation in the biomasses. The
6-year cycle in herring and cod is caused by the biomass
eigen-frequency, which is a feedback property where
optimal recruitment is adapted to the 6.2-year Kola temper-
ature cycle. The 18-year biomass cycle is related to a period
of about nine years when there was good recruitment. The
long-term 55-year cycle is caused by a chain of optimal life
cycle recruitment.

The biomass fluctuations in the Barents Sea may be
explained by a deterministic model. According to this
model the optimum biomass life-cycle time is linked with
the Kola temperature cycles of 18.6 and 18.6/3 =
6.2 years. Biomass growth, reduction, and collapse are
associated with the phase relation between these cycles.

The Norwegian spring-spawning herring

The Norwegian spring-spawning herring stock has been
characterized by large fluctuations. Norwegian historical
records document good herring periods from 1500 to 1570,
1600 to 1650, 1690 to 1774 and from 1808 to 1874 (Vollan,
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1971). These records show biomass fluctuations of about
50—80 years. The findings in this paper support the theory
that long-term biomass fluctuations in the Barents Sea have
a cycle of 55—74 years. The changes from 50 to 80 years
may be explained by a time-variant phase in the biomass
cycle, which is controlled by the 74-year temperature cycle.
There is a common belief that the collapse in 1965 was
caused by overfishing. The results here show that the
biomass reduction started 30 years earlier as a climate-
driven process. In the long-term period of less recruitment
from 1940 to 1965, overfishing increased the speed of
biomass reduction. The biomass collapsed in 1965 when the
6- and 18-year temperature cycles were negative at the
same time. The new biomass-growth period came from
1992 when the 6.2-, 18.6-, and 55.8-year Kola Section
temperature cycles were again in a positive state.

The Northeast Arctic cod

The wavelet-cycle analysis shows that the Northeast Arctic
cod has the same growth and reduction cycles as the
Norwegian spring-spawning herring. The dominant cycles
of 6.2-, 18.6-, and 55.8-years support cycles of 18.6 years in
the biomass identified in earlier studies (Wyatt ez al., 1994;
Yndestad, 1999b). The adopted 6.2-year biomass eigen-
frequency cycle and the 55-year cycle in Lofoten catch,
indicates very long-term cycles.

The estimated relationship between biomass cycles and
temperature cycles supports the “matching” theory of Hjort
(1914) at a macro level. In that paper he analyzed the length
distribution of Northeast Arctic cod and explained fluctua-
tions in the biomass as caused by a match between the
spawning time and food for the larvae.

The Barents Sea capelin

The Barents Sea capelin stock has an eigen-frequency cycle
of about 6.2/2 = 3.1 years. In the time-series from 1945 to
2000 the biomass has an increased growth rate when the 6.2-
and 18.6-year Kola Section temperature cycles are in
a positive state. The biomass was reduced from six to two
million tons in 1955 and in 1964 when the 6.2- or 18.6-year
Kola Section temperature cycles were in a negative state. In
1987 there was a new collapse in the biomass. This collapse
was partly caused by the lower temperatures when the 6.2-
and 18.6-year cycles were in a negative state, and partly by
overfishing. The biomass collapse in 1993 is explained by the
overfishing in the 1980s, which caused a limited age
distribution in the capelin stock (Yndestad and Stene, 2001).

Some aspects of the materials and methods

The analytical approach that has been taken has some
potential sources of errors. For example, there may be
errors in the data samples, which cannot be controlled. In
this investigation long trends in the data are analyzed and
so changes in the methods of estimating data may then
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influence the long-term cycles. A potential source of a long-
term error in long-term fluctuations is between linked-up
time-series. The herring time-series has a link-point in
1946, the cod time-series in 1946, the Lofoten catch in
1958, and capelin from 1995. This may have influenced the
phase of the estimated dominant cycles. However, the
computed wavelets represent a low-pass filtered data series
so that single random data errors are unlikely to be a major
problem in their analysis.

The time-series are analyzed by a wavelet transformation
to identify the dominant cycle periods and phase relations.
The Coiflet3 wavelet transformation (Matlab Toolbox,
1997) was chosen after many trials on tested data. The
cycle identification has two fundamental problems. One
problem is that of identifying periodic cycles when the
phase has a reversal in the time-series. The phase-reversal
property of the stationary cycles excludes traditional
spectral analysis methods. The problem is solved by first
identifying the dominant cycles and correlating the cycles
to known reference cycles. A second problem is that of
identifying the long-period cycles of 55 and 74 years. This
problem is solved by the same method. First, identify the
dominant long-wavelet periods and then correlate the
periods to a known cycle reference.

The results show a good correlation between the time-
series and the dominant wavelet cycles, and there is another
good correlation between the dominant wavelet cycles and
the lunar-nodal cycles of 18.6/3=6.2, 18.6, and 3 X 18.6=
55.8years. The close relationship between the lunar-nodal
tide cycles and the biomass eigen-frequency is a strong
indication of a long-term adopted property. The Kola
Section temperature data have dominant stationary cycles
that are of the greatest importance in forecasting future
biomass cycles in this area.

The 18.6-year Kola Section temperature cycle has
a stationary frequency but not always a stationary phase.
The phase reversal of the lunar-nodal cycles explains why
this cycle has been difficult for others to identify (Ottersen
et al., 2000). A closer analysis of the Kola Section temper-
ature series and ice extent in the Barents Sea, has shown
that the phase of the 18.6-year temperature cycle has shifted
180° in the period from about 1890 until 1925 when a 74-
year cycle was in a negative state (unpublished). In this
analysis a 55- and a 74-year temperature cycle in the
Barents Sea has been found. The relationship between the
two cycles is still unclear. The wavelet analysis of the Kola
temperature series indicates that the 55-year temperature
cycle is the sum of the 6.2- and 18.6-year cycles where the
phase relation between them is slowly changing in a period
of 3 X 18.6 = 55.8 years. The 55.8-year cycle may be
explained as the envelope of the two cycles. An analysis of
the Arctic ice extent indicates that the 74-year cycle has its
source in the Arctic Ocean. The fact that the 74-year Kola
cycle has the energy to control the phase of the 18-year
Kola cycle, explains why the herring biomass has
a fluctuation between 50 and 80 years.
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Implications of the results

This analysis shows that the long-term growth of the stocks
of herring, cod, and capelin are influenced by a matching
between the biomass eigen-frequency and the stationary
temperature cycles of 6.2 and 18.6 years in the Barents Sea.
The close relationship to the 18.6-year lunar-nodal cycle
indicates that the stationary cycles are stationary lunar-
nodal tides controlled by gravity from the Moon. These
results suggest that we are able to explain the cause of the
long-term biomass dynamics in the Barents Sea. The
deterministic property of the 18.6-year lunar-nodal tide
provides a new way of long-term forecasting over period of
50—80 years or more.
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