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ABSTRACT: Monthly medians of phytoplankton pigment concentration in the Global Data Set of the 
Coastal Zone Color Scanner and direct chlorophyll measurements at  the Japanese Antarctic Station 
SYOWA were used to study the global scale pattern of seasonal phytoplankton oscillations between 
55" N and 69" S. Using periodic regression, sine and cosine amplitudes for the annual and the semian- 
nual harmonic components were estimated and the amplitudes expressed as polynomial functions of 
geographical latitude. At latitudes >50°, seasonal oscillations run in approximately opposite phases in 
the Northern and Southern Hemispheres, with hemispheric summer maxima and winter minima. The 
same phase reversal is clearly seen between 10"-4O0N and 10"-4O0S, but the maxima are  observed in 
hemispheric winter, and the minima in summer. Between 10"N and 10" S, with 2 maxima of solar radi- 
ation, 2 pigment maxima per year are observed, and the same 2 maxima presumably occur near 50" N 
and 50°S, where the phase of the oscillation abruptly changes. In spite of the intentionally simplistic 
character of the approach, the derived pattern retains and quantifies many features of seasonal phyto- 
plankton changes at  different latitudes known from the literature. 
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INTRODUCTION 

The oceanic phytoplankton abundance changes 
greatly not only in space but also in time. The general 
pattern of phytoplankton distribution on a global scale 
was assessed using both biomass evaluation based on 
cell counts (Semina 1977) and pigment concentrations 
estimated by remote sensing for numerous areas in the 
offshore ocean (Banse & English 1994). The patterns of 
ocean-wide seasonality of phytoplankton were also 
described by remote sensing for latitudinal bands, 
including the shelves (Yoder et  al. 1993). Nevertheless, 
in modelling oceanic productivity and in making rough 
estimates of global ecological relations, these rules 
need to be expressed mathematically. Recently, an  
expression was constructed for latitude-dependent 
seasonal oscillations of mesozooplankton (Rudjakov et  
al. 1995). To extract seasonal variability from zoo- 
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plankton time series, the harmonic least squares fit 
was used. The derived estimates of the sine and cosine 
amplitudes of annual and semiannual variability were 
expressed as polynomial functions of latitude. This 
article applies the same statistics to annual cycles of 
phytoplankton. 

MATERIALS AND METHODS 

The main bulk of the data was obtained from panels 
illustrating seasonal changes of median pigment con- 
centration at  48 offshore sites derived by Banse & Eng- 
lish (1994, Figs. 3 to 7) from the monthly mean pigment 
arrays in the Global Data Set of the Coastal Zone Color 
Scanner between 5 5 " N  and 53"s. The sites were 
chosen to be  '... seemingly typical a s  well as singular ... 
in a framework formed by the major oceanic conver- 
gences' (Banse & English 1994, p. 7330). This data set 
of estimates of near-surface pigment was supple- 
mented by in situ chlorophyll measurements at the 
Japanese Antarctic near-shore Station SYOWA, at  
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Fig. 1 .  Observation sites 

69"s  (Fukuchi et al. 1985). From the latter, only 322 
measurements between 3 and 26 m depth were used, 
because, judging from abrupt temperature changes, 
the upper layer was subject to quite irregular dilution 
by melt water during summer, and the deeper layers 
were not sampled regularly. The observation sites are 
shown in Fig. 1. 

The log-transformed (to base 10) monthly medians in 
each region were fitted to a periodic regression (Bliss 
1958) with 2 harmonic terms, which have annual and 
semiannual periods respectively (2 higher harmonics 
were also tested, but their influence on the residual 
mean squares proved to be insignificant): 

RESULTS AND DISCUSSION 

The quality of fit of seasonal cycle regression is mea- 
sured by the statistic 100r2 which, in this context, rep- 
resents the percentage of the variance of pigment con- 
centration that is explained by the regression model 
described by Eq. (1). The periodic regression with 2 
harmonic terms accounts for 21 to 98% of the total 
variance of pigment values (Table 1). The 100r2 does 
not show an apparent relation to the latitude and on 
average equals 7 1 %. 

The amplitude calculations (Table 1) show that the 
oscillation amplitudes for the first harmonic component 
AI = d(b2 + c2) and for the second harmonic component 

log(B) = a + bcos(n t/6) + csin(n t/6) 
(1) A 2  = d(d2 + e2) are not clearly related to the latitude, + dcos(n t/3) + esin(n t/3) 

contrary to the first harmonic component of mesozoo- 
where B is the pigment concentration; a is the mean 
log of B (antilog of a is the annual geometric mean pig- 
ment concentration B'); and b, c, d, and e are the cosine 
and sine amplitudes. The coefficients b, c, d, and e are 
invariable with the concentration unit, as log(B) - a = 
log(B/B'), whose antilog is the factor by which the bio- 
mass value at time t exceeds the annual mean blomass 
level. Time t was equal to month minus 1 plus (day 
divided by 32). For example, for 31 December, t = 
12 - 1 + 31/32 = 11.97 and for 1 January, t = 1 - 1 + 1/32 
= 0.03. For a monthly median, t is equal to month 
minus 1 plus 15/32. The multiple regression was fitted 
such that log(B) was the dependent variable. and 
 cos(^ t/6), sin(n t/6), cos(x t/3), and sin(n t/3) were inde- 

plankton biomass oscillations (Rudjakov et al. 1995). 
Nevertheless, some of the terms of polynomial fitting of 
the latitudinal changes in the b, c, d, and e coefficients 
proved to be significant at p < 0.05 or even at p < 0.001. 
For a better visualization of the pattern of seasonal 
change of phytoplankton at different latitudes, a 2-step 
approach was chosen. 

As the first step, all terms of Eq. (2) were held, with- 
out regard to their significance: 

b = 0.0382 + 0.00904L - 0.000028.L2 
- 3.906 X 10-6 .~3  + 4.533 X 10-11.~4 

c = -0.0918 + 0.00573.L + 0.000070.L2 
- 2.542 X I O - ~ . L ~  - 1.636 X 

pendent variables. 
To construct a global scale pattern of seasonal oscil- 

lations, sine and cosine amplitudes b, c, d, and e of 
Eq. (1) were considered as functions of latitude using a 
polynomial fitting: 

P = koLO + klL1 + k2L2 + k3L3 + k4L4 (2) The quality of the fit can be visually judged from 
where L is latitude (degrees); and P denotes b, c, d, or Figs. 2a-d where the usual data noise of a time 
e from Eq. (1). series and the dissimilarity in the longitude depen- 
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Table 1 Oscillation cosine and sine amplitudes of the first (b, c, A I )  and of the second (d, e. A2) harmonics, and 100r2 values. 
L: latitude (south negative), h: longitude (west negative) 

dence of phytoplankton seasonality in different As the second step, only the polynomial terms signif- 
oceans show up. In contrast to zooplankton amplitude icant at p < 0.05 were kept: 
changes (Rudjakov et al. 1995). the latitude-depen- 

b = 0.0030 + 0.00872-L - 3.710 X IO-~.L" 
dent sine and cosine amplitude changes of phyto- 
plankton pigment have a quite similar shape. The 
topography of the surface, specified by Eq. (1) with b, 
c, d, and e substituted by Eqs. (3), (4 ) ,  (5) & ( 6 ) ,  is 

d = 0 (all terms are insignificant) 

given in Fig. 3. 
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Latitude Latitude 

Latitude 

Fig. 2. Cosine and sine amplitudes versus latitude. (a) First harmonic cosine; (b) first harmonic sine; (c) second harmonic cosine; 
(d) second harmonic sine; (- ) approximation with Eqs. (7) to (10); (- - -) approximation with Eqs. (3) to (6) 

The goodness of fit of the polynomial Eqs. (3) to (10) 
can be judged from the data listed in Table 2. With the 
exception of the cosine amplitude of the second har- 
monic term, longitude-dependent changes in ampli- 
tudes are highly significant, although the fitting of the 
first harmonic term is considerably better than that of 
the second term. 

The regression lines described by Eqs. (7) to (10) are 
shown in Figs. 2a-d to facilitate the comparison with 
those described by Eqs. (3) to (6). The topography of 
the surface specified by Eq. (1) with b, c, d, and e sub- 
stituted by Eqs. (?), (8), (g), and (10) is given in Fig. 4. 

The comparison between the dashed and solid lines 
in Fig. 2a-d and between Figs. 3 & 4 shows that nei- 

Table 2. Goodness of fit of polynomial regressions Eqs. (3) to 
(10) expressed as percent of the variance explained by the 
regression (100r2), the ratio of the regression and residual 

mean squares (F), and the probability value (p) 

Eq. no l00 r2 F P 

3 60.30 16.33 <0.001 
7 57.68 30.66 <0.001 
4 34.34 5.62 0.001 
8 30.69 9.96 <0.001 
5 11.35 1.38 >0.05 
9 0.0 (not calculated) 
6 29.00 4.39 <0.01 

10 25.28 7.61 0.001 
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ther the regression llnes nor the result- 
ing patterns differ substantially, except 
in small details whose significance is 
very problematic. The general pattern is 
quite stable and can be easily recog- 
nized even if only the first harmonic 
terms are kept. At latitudes >50°, sea- 
sonal oscillations run in opposite phases 
in the Northern and Southern Hemi- 
spheres, with hemispheric summer max- 
ima and winter minima. The same phase 
reversal is clearly seen between 
10"-40°N and 10"-40" S, but now the 
maxima are observed in the hemispheric 
winter, and the minima in summer. 
Between 10" N and 10" S, 2 maxima per 
year occur, and the same can presurn- 
ably be observed near latitudes 50°N 
and 50" S, where the phase of the oscilla- 
tion abruptly changes. 

Judging from Fig. 2a-d, the sine and 
cosine amplitudes of the seasonal pig- 
ment oscillations at the near-shore sta- 
tion SYOWA (at 69"s) are in line with 
the general trend of latitude-dependent 
amplitude changes in offshore oceanic 
regions. They show such good consis- 
tency with this trend that they change 
the polynomial coefficients b, c, d, and e 

- - 

of Eqs. (3) to (10), derived only from the 
offshore data, only insignificantly. This 
results in practically no changes in Figs. 3 
& 4. It may simply be  a coincidence, of 
course, and the data are certainly insuf- 
ficient for more general conclusions, but 
this case shows that seasonal changes of 
phytoplankton abundance may be quite 
similar in some near- and offshore 
regions of the same latitude range. 

In spite of the heuristic character of 
the approach, the derived pattern re- 
tains and quantifies many features of 
seasonal phytoplankton changes at dif- 
ferent latitudes reviewed by Heinnch 
(1993) and traced and mapped anew by 
Banse & English (1994). Thus, hopefully, 
the formulae may be useful in oceanic 
ecosystem modelling. In comparison 
with mesozooplankton biomass seasonal 
oscillations (Rudjakov et  al. 1995), the 
picture developed here might seem too 
complicated to some. The only evidence 
of its reality may be seen in the general 
pattern of seasonal insolation changes 
(Holmes 1957, Fig. 2): the period of sea- 

Fig. 3. Logarithmic (base 10) oscillations of phytoplankton pigment a t  dif- 
ferent latitudes (south negative) relative to the mean level; approximated 

with Eqs. (3) to (6) 

Month 

Fig. 4.  Logarithmic (base 10) oscillations of phytoplankton pigment at dif- 
ferent latitudes (south negative) relative to the mean level; approximated 

with Eqs. (7) to (10) 
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Table 3. Months (1 = January, etc.) of maximal (Max) and 
minimal (Min) abundance values of phytoplankton pigment 
(Phyto) and mesozooplankton (Zoo) at different latitudes (L) 

(south negative) 

L Max Min 
Phyto Zoo Phyto Zoo 

60 7 - 8  6 - 7 1 - 2  1 2 - 1  
4 0 1 - 3  5 - 6  7 11 
20 1 - 2  5 5 - 6  1 2  
0 1 - 2 , 8 - 9  11 4 - 5 , 1 1 - 1 2  5 

-20 7 - 8  12 3 - 4  6 
-40 7 - 8 1 1 - 2  7 
-70 1 - 2  2 - 3  6 - 7 8 - 9 

sonal solar radiation change in the tropics is close to 
6 mo, with the maxima approximately in March and 
September and the minima in June and December. 
The coincidence is very rough, and one can only say 
that the seasonal oscillations of insolation and of pig- 
ment concentration run approximately in the same 
phase. Since light does not limit the rate of primary 
production at low latitudes, it is unlikely itself to deter- 
mine the pigment concentration in the approximately 
upper third of the photic zone, where the satellite data 
are obtained. Instead, the seasonal change of insola- 
tion must be considered as a clue for more involved 
processes, physical as well as biological. The corre- 
spondence between daily insolation and pigment con- 
centration values holds also for the higher latitudes 
covered by this study (1 maximum each in the middle 
of summer, the pigment maxima being 1 mo later than 
the maxima of insolation). One could not expect a bet- 
ter coincidence in the case of so complicated a phe- 
nomenon as time changes of phytoplankton concentra- 
tions, which depend not only on physical and chemical 
processes affecting all physiology, but on zooplankton 
grazing as well. 

A comparison of seasonal changes of phytoplankton 
pigment (this study) and mesozooplankton (Rudjakov 
et al. 1995) biomass values is given in Table 3, summa- 
rizing the approximate tlmes of biomass maxima and 
minima. At higher latitudes the seasons of maximal 
and minimal phyto- and zooplankton abundances 
coincide approximately, with an accuracy of a month. 
If the data at hand allow more precise conclusions, in 
the Antarctic zone the phytoplankton maximum pre- 
cedes the peak of mesozooplankton abundance, but, in 
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contrast, follows it in the higher latitudes of the North- 
ern Hemisphere: these patterns result in production 
types I and I1 identified by Heinrich (1993) for Antarc- 
tic and offshore regions of the boreal Pacific, respec- 
tively. At intermediate latitudes, the seasonal cycles of 
phyto- and zooplankton abundance differ greatly. The 
cause-and-effect relations between them cannot be 
traced intuitively. The processes of phyto- and zoo- 
plankton interactions are hardly understandable with- 
out the development of a mathematical model. 
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