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There is increasing evidence that zooplankton inter-annual variability is related to
changes in the physical and atmospheric environments. Here, we analyse and compare
the inter-annual variations of zooplankton biomass and of two environmental properties
– surface temperature and surface salinity – at Station P, Gulf of Alaska (50)N 145)W).
This 1956–1980 data set was gathered by Canadian weatherships, with a frequency of
approximately 1 month. Spectral analysis shows that the annual cycle dominates the
variations of zooplankton biomass, as well as temperature and salinity. However, most of
the inter-annual variability in all three properties is contained in frequency bands
corresponding to periods near 12–24 years, 26 years, 229 months, and 214.5 months.
These frequencies correspond to those found in well-known oscillations in the
atmosphere–ocean system. In this article we summarize some of the results of our
work, compare our results with others reported in the literature and discuss possible
mechanisms for the relationships between zooplankton, salinity, and temperature.
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Introduction

Zooplankton biomass is highly variable in space and
time (Haury et al., 1978; Steele, 1985; Wroblewski et al.,
1975; Mullin, 1979; Mackas et al., 1985; Steele and
Henderson, 1992), but it is known to undergo similar
changes across large oceanic regions on the inter-annual
time scale (Garrod and Colebrook, 1978; Chelton
et al., 1982), suggesting the existence of low-frequency
environmental changes that affect the planktonic
standing stocks over large areas.

Since most marine species have planktonic life stages
and/or depend on plankton as a food source at some
stage, changes in planktonic abundances can have wide-
spread effects on whole ecosystems. As zooplankters are
under the influence of their surrounding element, it is
natural to seek to relate their variations quantitatively to
changes in the physical environment or, more generally,
to climate changes. In the last decade, several studies
in the Atlantic (Southward, 1984; Radach, 1984;

Colebrook, 1986; Dickson et al., 1988; Aebischer et al.,
1990; Cushing, 1990; Taylor, 1995; Fromentin and
Planque, 1996) and Pacific (Miller et al., 1985; Brodeur
and Ware, 1992; Francis and Hare, 1994; McFarlane
and Beamish, 1992; Mackas, 1995) oceans have sug-
gested relationships between zooplankton inter-annual
variations and variations in physical or atmospheric
properties.

In this article we summarize some of the results of our
work on time-series analysis of the mesozooplankton
biomass, temperature, and salinity series measured for
24 years at Station P, in the Gulf of Alaska, and
compare our results with others reported in the litera-
ture. The basic question we seek to answer is ‘‘why does
zooplankton biomass vary from year to year?’’. To this
end, the following specific questions are addressed:

- How does mesozooplankton biomass vary over the
period of observation and are there identifiable
patterns?
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- If so, are these patterns also found in the physical
environment?

- Are they found in atmospheric variables as well?
- If there are common patterns of variability, are they

causally related, and, if so, what are the mechanisms
involved?

Data and analyses

Station P is located in the open ocean (4200 m depth) at
50)N 145)W. Mesozooplankton biomass (wet weight in
mg m"3; daytime vertical hauls from 150 m to the
surface) was measured using methods described by
LeBrasseur (1965), Fulton (1983), and Frost (1983). A
number of biological, chemical and physical parameters
(including chlorophyll a, oxygen, nutrients, temperature,
salinity, and mixed layer depth) were also measured
(Frost, 1983; Tabata et al., 1986). The monthly time
series of zooplankton, sea surface temperature (SST),
and salinity are shown in Fig. 1.

The time series were analysed using standard tech-
niques of spectral analysis (e.g., Platt and Denman,
1975; Bloomfield, 1976) to identify the frequencies at
which significant variations occur. Spectra were calcu-
lated using a standard Fast Fourier Transform algor-
ithm as implemented at the Center of Coastal Studies,
Scripps Institution of Oceanography. The time series
were detrended before transformation, and tapered.
Spectra with two degrees of freedom are presented (Figs
2 and 3) in order to obtain maximum resolution. The
average noise level shown was calculated by subtracting
the variance of the 12-month period and its harmonics
(since these periods represent well-known, non-random
signals) from the total variance, assuming that all
remaining fluctuations in the data represent a white
noise process, and dividing by n. The 95% level of
significance was calculated by using the theorem that for
a noise process the sample spectrum estimates at a given
frequency are distributed about the population spectrum
according to the chi-square distribution, divided by the
number of degrees of freedom (Bloomfield, 1976, pp.
195–196). Details about the bandpass filter used for the
analysis of the Quasi Biennial Oscillation (QBO) signals
are reported in Conversi and Hameed (1997).

Results

Although very different, the time series of raw data of
mesozooplankton biomass, temperature, and salinity
(Fig. 1) are all dominated by the annual signal, and all
three show inter-annual variability, i.e. some years are
‘high’ while others are ‘low’. The difference is not only in
the shapes of the time series, but also in the magnitudes
of their variability: while zooplankton biomass varies
100-fold, from less than 5 mg m"3 (the minimum winter
value; Jan 1980) to more than 480 mg m"3 (the maxi-

mum spring value; May 1958), temperature varies
three-fold, from 4.5)C (March 59) to 14.5)C (in August
1979), and salinity varies by less than 1.5%, from
32.41 (in October 1980) to 32.88 (in May 1958). Yet
spectral analysis of the three variables (Fig. 2) shows
that, in addition to the expected annual peak, there
are common patterns not visible in the raw time
series.

The common features among all three variables in the
inter-annual part of the spectra (enlarged in Fig. 3) are:

- A long-term peak (12 years in zooplankton, 24 years
in SST and salinity). Note, however, that the resol-
ution at the low-frequency end of the spectrum is very
low, e.g. an 18-year variation (e.g., Royer, 1993)
could fall in either the 24- or the 12-year category.
Since it is difficult to discern the periodicity at this
time scale, this type of variation will henceforth be
referred to as ‘‘interdecadal band’’.

- A near 6-year (72 month) peak.
- A near 2.3 years (29 month) peak.
- A near 14/15-month peak.

In addition, salinity has a significant peak at 41 months
(3.4 years) and at 20.5 months, and temperature has a
significant peak at 22 months. Note also (Fig. 2) the
harmonics of the annual signal in the zooplankton
spectrum, at 6 and 4 months, and the 6-month harmonic
in the SST spectrum. These harmonics account for a
good part of the intra-annual variability in these prop-
erties and are present because the annual cycles are not
sinusoidal (not shown). The annual cycle of salinity
follows an almost perfect sinusoid and the spectrum has
no significant harmonics.

The next question was whether these peaks were
somehow associated. Cross spectral and bandpass filter
analysis indicated the presence of a phase relationship
between temperature and zooplankton at the 2.3-year
periodicity, i.e. changes in temperature at the quasi-
biennial time scale precede changes in zooplankton by
24 months (Conversi and Hameed, 1997). There is a
phase relationship also between salinity and zooplank-
ton at the 6-year (72 months) periodicity, with changes
in salinity preceding changes in zooplankton by nearly
11 months. A phase relationship showing a change in a
physical variable preceding a change in a biological
variable is of interest because it may indicate the pres-
ence of a causal relationship between the two systems
(e.g. changes in temperature/salinity – or in the water
masses that they represent – influencing inter-annual
changes in zooplankton biomass).

Discussion

We address the questions posed in the introduction
sequentially:
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How does mesozooplankton biomass vary over
the period of observation and are there
identifiable patterns?
Zooplankton biomass variations are dominated by the
annual signal and by its harmonics (Fig. 2a). The
inter-annual variations (Fig. 3a), although smaller than
the annual variation (17% of the total variability vs.
58%), fall mostly within four frequency bands – near the
inter-decadal band and at periods of 26 years, 229
months, and 214 months. We shall see later that the
variance in these frequency bands is also found in
physical and atmospheric variables.

If there are identifiable patterns, are they also
found in the physical environment?
SST and salinity inter-annual variations both have sig-
nificant energy at the inter-decadal band and at periods
of 26 years, 229 months, and 215 months (Figs 2 and
3). Thus, spectral analysis shows that most of the
inter-annual variations in all three variables tend to fall
into common cycles, suggesting that this may be more
than a simple coincidence. Mysak et al. (1982), analysing
40–80 years of data in the Gulf of Alaska, found
coherent 5–6 year signals in sea level, SST, and salinity
measured at coastal stations, and also in cross spectra of
sockeye salmon catch and herring recruitment (data
from open waters) with physical variables (sea level and
salinity). Their results suggest that the 6-year cycle in
physical and biological variables has a wide spatial scale,
possibly encompassing a large portion of the Gulf of
Alaska. And on a larger, Pacific Ocean scale, Favorite
and McLain (1973) found movements of anomalously
warm or cold surface water in the North Pacific gyre
from Japan to US, with a period of 5–7 years. Mysak
et al. (1982) also found 2.3-year signals in sea level and
SST and the sockeye catch off the Gulf of Alaska. This
last signal was also found by Tabata (1989) in the
27-year SST record at Station P; Tabata noted its
possible association with the atmospheric QBO.

Are these found in atmospheric variables as well?
A survey of the literature shows that similar periodicities
are found in several atmospheric variables (Table 1). A
6-year variation is found in the Southern Oscillation
Index (Burroughs, 1992), as well as in the North Atlantic
Oscillation, which is the seesaw of atmospheric pressure
between subtropical and high latitude regions of the
North Atlantic (Hurrell and van Loon, 1995). In
addition, an oscillation of nearly 6 years has long been
noted in a large number of other variables, including
tree rings (Liritzis and Kosmatos, 1995), and in the
Baltic ice cover and sedimentary deposits (Lamb, 1972).
A similar periodicity has also been found in marine biota
outside the Pacific; for example the 5-year cycle in
diatom abundance at Narragansett Bay (Smayda, 1998).

Hameed et al. (1995) have suggested that the 26-year
oscillation is linked to the Pole Tide and the annual cycle
through non-linear interactions in the climatic system.

The 29-month period found here is in the range of
periods attributed to the QBO, which was originally
identified in the 26-month quasi-periodic reversal of
tropical stratospheric winds (Reed et al., 1961). A simi-
lar signal (25–30 months) has also been detected in the
troposphere, sea level pressure, air and SSTs (Landsberg
et al., 1963; Trenberth, 1975; Currie and Hameed, 1988;
Labitzke and van Loon, 1992). This has been proposed
as the explanation for the alternation of weak and strong
El Niños (Rasmusson et al., 1990; Kane, 1992; Angell,
1992; Gray et al., 1992). A detailed analysis of the
specific QBO signal in the temperature and zooplankton
time series at station P, its phase relationship, and
its possible meaning was made in a previous study
(Conversi and Hameed, 1997), and indicates that a
climatic signal is possibly present in the oceanic biota.

Finally, the 14-month periodicity observed is similar to
that found in another oscillation, the Pole Tide, also
known as Chandler wobble. Originally found in 1891,
following analysis of astronomical data by Chandler, as an
oscillation of the earth’s surface about the rotation axis
with a period of ~14 months (Lambeck, 1980), the Pole
Tide has been observed in variations of the sea level (Miller
and Wunsch, 1973; Currie, 1975) and atmospheric pressure
(Maksimov, 1952; Bryson and Starr, 1977). Its amplitude
is particularly large at high northern latitudes (Maksimov,
1952; Hameed and Currie, 1989), which may explain why
the peak at 214 months is the strongest in the inter-annual
range of frequencies in the zooplankton data (Fig. 3a).

In a previous study (Hameed and Conversi, 1995) we
discussed the presence of this signal in the North Pacific
Index of Trenberth and Hurrell (1994) and in the
zooplankton biomass at Station P. Further work on the
phase relationship between these signals in the air–
water–biota compartments needs to be done in order to
identify a possible link.

In addition to the above signals, which are common to
all three variables, the 41-month (3.4-year) periodicity
found in salinity coincides with another common phe-
nomenon in climatic data, called the Quasi Triennial
Oscillation (Hameed et al., 1995). And the 20.6-month
peak found in salinity, close to the 22-month peak in
SST, is also found in the North Pacific Index (Hameed
and Conversi, 1995). This period, being the difference
frequency between the annual cycle and the QBO,
represents the non-linear characterization of ocean
variability in this region.

If there are common patterns of variability, are
they causally related and, if so, what are the
mechanisms involved?
This last question is more difficult to answer. Several
possibilities can be invoked, and at this point they are
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simple speculations. Since the relationship between zoo-
plankton and SST was positive, we have postulated
(Conversi and Hameed, 1997) that slight inter-annual
changes in SST at the QBO range affect the growth rates
of copepods (the major component of Station P zoo-
plankton biomass) directly, and indirectly by affecting

the growth rates of their prey. This is based on indi-
cations that copepod growth rates and those of their
prey, phytoplankton, and microzooplankton, are posi-
tively affected by an increase in temperature (Huntley
and Lopez, 1992; Eppley, 1972), and on the consider-
ation that, at the severely low temperatures of the
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Figure 1. Times series of raw data: (a) Mesozooplankton biomass at station P (mg m"3 wet weight); (b) sea surface temperature
(SST, )C); (c) surface salinity.
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Subarctic Pacific, even small temperature changes are
likely to have major repercussions on the biota, particu-
larly because the Subarctic Pacific is not nutrient limited
(Miller et al., 1991). According to this hypothesis, subtle

changes in SST from year to year would result in
same-sign changes in the zooplankton biomass, the
magnitude of which depending on whether the season of
the anomaly is crucial for the copepod development.
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The above hypothesis does not address the effect of
salinity. Another hypothesis would be that inter-annual
changes in SST and salinity are due to shifts in the
latitude of the West Wind Drift. This would seem likely
since low amplitude oscillations have been found in the
Kuroshio Current (McPhaden, 1994; Kawasaki, 1984;
Qiu and Joyce, 1992; Qiu and Lukas, 1996), which feeds
the West Wind Drift. Station P is near the outer edge of
the Alaskan gyre and is likely to be influenced by shifts

in the latitude of the West Wind Drift/Transition Zone
(Parslow, 1981). The West Wind Drift has higher
salinity and temperature than the Subarctic Current
(Parslow, 1981) and probably supports different zoo-
plankton communities (and associated biomass). On the
other hand, zooplankton biomass is known to increase
at convergence areas (Kingsford and Suthers, 1994;
Thibault et al., 1994). Thus it is plausible that higher
temperatures and salinities from the lower-latitude water

1

0.00001

Period (months)

pp
t2 /c

pm

0.001

0.1

0.01

0.0001

(c)

28
8

14
4 96 72 57

.6 48 41
.1 36 32 28

.8
26

.2 24 22
.2

20
.6

19
.2 18 16

.9 16 15
.2

14
.4

13
.7

13
.1

12
.5 12

1000.00

0.0

°C
2 /c

pm

1.00

100.00

10.00

0.10

(b)

28
7.8

14
4.1 96

.0
72

.0
57

.6
48

.0
41

.1
36

.0
32

.0
28

.8
26

.2
24

.0
22

.2
20

.6
19

.2
18

.0
16

.9
16

.0
15

.2
14

.4
13

.7
13

.1
12

.5
12

.0

1 000 000

100

(w
et

 w
ei

gh
ts

)2 /c
pm

1 000

100 000

10 000

(a)

28
7.8 96

.0
57

.6
41

.1
32

.0
26

.2
22

.2
19

.2
16

.9
15

.2
13

.7
12

.5

QBO

624

PT

1

0.01

PT

1

QBO6 yr24

1

PT

QBO
612

Figure 3. Enlargement of the inter-annual part of the spectra: (a) Mesozooplankton biomass; (b) SST; and (c) surface salinity. (See
also legend of Fig. 2.) Noise (——); 95% significance level (– – –).

744 Alessandra Conversi and Sultan Hameed



masses contribute to higher zooplankton biomass, and
that slow, inter-annual shifts in the current system
would result in changes of the same sign in salinity,
temperature, and zooplankton, which is what we find.

The latter hypothesis is more appealing from a global
perspective, since inter-annual changes in the
atmosphere–ocean system are expected to affect the
oceanic circulation. Mysak et al. (1982) put forward a
different hypothesis; namely, that the presence of the
26-year cycle in the physical properties was due to
northward-propagating baroclinic Kelvin waves.

Conclusions

Inter-annual changes in zooplankton, SST, and salinity
at Station P fall into common bands of periodicity. A
literature survey indicates that similar periodicities are
also found in several other oceanic and atmospheric
variables. It seems unlikely that these co-occur by co-
incidence only. Rather, they appear to represent links
between the physical and the biological systems at the
inter-annual scale. The mechanisms involved are still
unclear and could involve large circulation shifts as well
as direct effects of some of the physical properties on the
biota. The results presented may provide grounds for
hypothesis-testing through modelling.
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