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Abstract 

Microscopic observations of Lugol-preserved samples col- 
lected near a subsurface drogue during the spring bloom 
of 1981 in the central North Sea suggested that the phyto- 
plankton crop consisted mainly of diatoms. However, the 
relative abundance of alloxanthin among the carotenoids 
measured by reversed-phase, high-performance liquid 
chromatography indicated that in most samples Crypto- 
phyceae were at least as abundant. On the basis of a 
multiple regression analysis of pigment concentrations to 
obtain pigment ratios, the contribution of Cryptophycean 
chlorophyll to total chlorophyll was calculated. The 
Cryptophyceae:diatom ratio appeared to be variable 
during the period of observations, ranging between 0 at 
the beginning to 1.0 ten days later. It is recommended 
that the classical method of counting phytoplankton for 
crop estimates be supplemented by chemotaxonomical 
studies with modern quantitative chromatographic methods 
such as HPLC for the measurement of algal pigments. 

Introduction 

It is a widely accepted concept that in the open North Sea 
the spring bloom of phytoplankton consists mainly of 
Bacillariophyceae, i.e. diatoms (e.g. Hardy, 1959). Brief 
outbursts of Phaeocystis (Prymnesiophyceae) are appar- 
ently considered to be of no more than local importance. 
However, several years ago Reid (1975, 1977) convincingly 
refuted this notion of diatom dominance during the spring 
in the North Sea. On the basis of an analysis of samples 
collected during many years in the framework of the Con- 
tinuous Plankton Recorder Survey, Reid (1977) showed 
that, in the central and northern North Sea, algal species 
not classifiable either as diatoms or as Phaeocystis 
contributed most to the green colour of the Recorder silks 
during the first half of the growing season. He was not 

able to identify any of the species but he suggested that 
they must have been "microflagellates". 

The reason why the importance of this nanoplankton 
was not appreciated earlier by microscopists is that small 
cells are not recognized easily in natural samples con- 
taining other small particles and particle aggregates. 
Moreover, the structure of delicate algal cells is often 
altered beyond recognition due to sample treatment and 
preservation in Lugol's solution, formaldehyde, glutar 
aldehyde, and similar fixatives. In the present paper we 
report that, during the 1981 spring bloom in the central 
North Sea, Cryptophyceae became dominant in the 
plankton. Their abundance was not detected by micro- 
scopic observation but only after measurement of the con- 
centration of characteristic carotenoid pigments. 

Chromatography has been used earlier as a chemo- 
taxonomical supplement to the classical but more subjec- 
tive method of microscopy for the analysis of the compo- 
sition of natural phytoplankton populations. Several years 
ago Jeffrey (1976), observing a relatively large amount of 
chlorophyll b in open ocean samples after thin-layer 
chromatographic analysis, discovered therewith the abun- 
dance of "green algae" in the ocean (Euglenophyceae, 
Prasinophyceae and Chlorophyceae typically contain 
chlorophyll b). The high-performance (or high-pressure) 
liquid chromatographic method (HPLC; Robinson, 1979) 
that we used proved to be highly successful not only as a 
chemotaxonomical tool but also as a means of quantifying 
the relative importance of different algal groups in natural 
phytoplankton populations. 

Material and methods 

Between 30 April and 10 May, 1981, samples were taken in 
the central North Sea from R.V. "Tyro" near a buoy 
attached to a subsurface drogue at 14-m depth. This 
drifting system was launched on 30 April at Lat. 54~ 
Long. 4~ Samples were taken with a rosette sampler 
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with 30-1 bottles at depths selected in accordance with the 
shape of VarioSens profiles (showing in-situ chlorophyll 
fluorescence) recorded daily at noon. Properties of the 
VarioSens fluorometer are discussed in detail by Herman 
and Denman (1977). 

Phytoplankton cells were counted, and the volumes of 
the cells estimated, within two months after the end of the 
cruise in Lugol-preserved samples, using a Zeiss inverted 
microscope. Cell volumes were converted to carbon with 
formulae based on studies of Hagmeier (1961) and con- 
versions of Helgoland plankton data 1962-1975 (Hag- 
meier, unpublished data): for flagellates, C (picograms)= 
0.075 Volume CureS); for diatoms, log C (picograms)= 
- 0.864 + 0.857 log Volume &m3). 

For the chromatographic analysis of chlorophylls and 
carotenoids, 10 1 of seawater were filtered through What- 
man GF/C filters. The filters were stored at -30~ All 
samples were analysed within 2 months after the end of 
the cruise. The high-performance liquid chromatography 
was reversed-phase. Filters were extracted in 10 or 20 ml 
90% acetone; 100ktl of the pigment extracts (obtained 
after 30s shaking in a Braun-Melsungen CO2-cooled 
Homogeniser followed by centrifugation) was directly 
injected in the HPLC system with an Injector U6K of 
Waters Associates. The column, 30 cm long with an inner 
diameter of 3.9 ram, was packed with Lichrosorp 10RP18. 
Two solvents were used: no. I (30% water in methanol) 
and no. II (20% ethylacetate in methanol). These solvents 
were pumped through the column in a linear gradient: 
from 25% of solvent II to 95% of solvent II in 40 min, 
1.5 ml min -1, programmed with a Waters Associates gra- 
dient mixer (Model 660 Solvent Programmer). 

Detection was performed with an Absorbance Detector 
(Waters model 440) at 436 rim, and with a Perkin-Elmer 
2000 fluorescence spectrophotometer set at an excitation 
wavelength of 436 nm and an emission wavelength of 
660 nm; the detectors were attached to an Omniscribe 

Recorder (Houston Instruments). Peak areas were auto- 
maticaIly integrated with a Hewlett-Packard 3390 A Inte- 
grator. 

Pigments were identified after evaporation of the 
solvent containing an eluted pigment under vacuum and 
redissolution in ethanol (fucoxanthin, diadinoxanthin, 
diatoxanthin, peridinin, alloxanthin), methanol (chloro- 
phyll c), or acetone (chlorophyll a). An absorption spec- 
trum was then obtained with a Perkin-Elmer Hitachi 
spectrophotometer. The spectra (Fig. 1) and the retention 
times of the various pigments were compared with absorp- 
tion and chromatographic characteristics of pigments 
isolated from Phaeodactylum sp., Dunaliella sp., Isochrysis 
sp. and Rhodomonas sp. cultures, from a culture of a 
benthic diatom (Navicula sp.), and from natural phyto- 
plankton. Confirmation of the identification of carotenoids 
was obtained by comparison with published maxima of 
absorption spectra (Foppen, 1971). 

Calibration curves were made after isolating a pigment 
and diluting it in acetone (90%) to a series of different 
concentrations before injecting it into the system and 
recording the resulting peak areas. Concentrations in the 
dilution series were quantified after measuring the maxi- 
mum absorption in the solution and calculating the con- 
centration with Lamber-Beer's law, using extinction 
coefficients listed by Foppen (1971) and Abaychi and 
Riley (1979). The coefficient for alloxanthin was assumed 
to be close to that of zeaxanthin and diatoxanthin, which it 
resembles (Haxo and Fork, 1959; Allen et al., 1964). 

.~1"0 t 

The "pigment fingerprint" of the samples was rather 
simple: besides a number of minor peaks in the chromato- 
grams indicating the presence of small amounts of 
diadinoxanthin and peridinin, and a number of chlorophyll 
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Fig. 2. Chromatogram of a sample taken on 5 May 1981, 19.30 hrs, at a depth of 40 m. Concentrations in ktg per liter seawater. Detection 
at 436 nm (absorbance) 

a derivatives, only five major  pigments were found: caro- 
tene, chlorophylls a and c, and the carotenoids fucoxanthin 
and alloxanthin (Fig. 2), It is o f  interest to note that with a 
conventional "acidification" method for the measurement 
of  chlorophyll a (Holm-Hansen et al., 1965), the concen- 
tration was 30% higher than the chlorophyll a concentra- 
tion measured after chromatographic separation. This 
discrepancy may  be due to the presence o f  the chlorophyll 
a derivatives (Fig. 2), compounds  that are measured as 
"chlorophyll a"  with conventional methods (cf. Jensen and 
Sakshaug, 1973). These derivatives were not the result of  
sample treatment: tests have shown that they were never 
present in healthy cultures o f  algae or in fresh leaf frag- 
ments (Gieskes and Kraay, 1983). 

The "pigment fingerprint" was variable from sample to 
sample due to short-term concentration changes of  all 
pigments, especially between 3 and 7 May. In Fig. 3 the 
concentrations o f  fucoxanthin and alloxanthin in surface 
samples and in samples taken near the bottom are 
presented; chlorophyll a concentrations are given for three 
sampling depths, chlorophyll c for two depths. In general, 
the lowest chlorophyll a concentrations were recorded at 

mid-depth. Near the surface, chlorophyll a concentrations 
tended to be highest towards the end of  the day (cf. Baars 
and Oosterhuis, 1982). The pattern of  changes of  chloro- 
phyll a concentration appeared to be different at each 
depth (Fig. 3). 

The number  of  algal cells varied from day to day 
(Table 1); coincident with the maximum in chlorophyll a 
there was a tendency towards the highest algal cell 
numbers between 3 and 7 May. Most of  the cells that were 
counted in the Lugol-preserved samples belonged to the 
diatoms; dinoflagellate numbers (Ceratium spp., Gymno- 

dinium spp., Dinophysis spp., Peridinium spp.) were low 
(Table 1). 

The cell numbers, summarized in Table 1, have been 
converted (via cell volumes, see "Material and methods") 
to phytoplankton carbon. M. A. Baars (personal com- 
munication) has pointed out that Hagmeier 's  formulae 
give lower carbon values than estimates based on formulae 
for conversion of  cell volume to carbon presented by 
Mullin etal. (1966) and Strathmann (1967), the discrep- 
ancy being greatest when small cells dominate. However, 
since most of  the volume of  cells that we registered by 

Table 1. Numbers (per liter seawater) of cells of species contributing more than 90% of total volume of algal cells counted in lugol-pre- 
served samples. Phytoptankton carbon of samples (estimates based on these cell counts) in/~g per liter 

Surface samples 0-10 m 30 April 1 May 2 May 3 May 4 May 5 May 6 May 8 May 9 May 10 May 

Rhizosolenia setigera 
Rhizoso[enia alata 
Chaetoceros spp. 
Nitzschia seriata 
Dinoflagellates 
Phytoplankton carbon 
Phyto-C : chl a 

Near bottom 40-45 m 
Rhizoso[enia setigera 
Chaetoceros spp. 
Nitzschia seriata 
Dinoflagellates 
Phytoplankton carbon 
Phyto-C: chl a 

8 000 3 000 1 800 7 000 2 200 2 000 1 800 1 500 650 300 
- - 250 300 250 400 400 480 650 300 

4 000 1 100 1 440 1 200 4 800 6 400 4 200 2 200 2 500 1 600 
4 500 1 800 1 800 1 200 2 800 13 000 6 500 650 1 600 1 500 
1 580 1 450 850 350 1 200 l I00 800 2 470 1 410 2 000 

26.6 10.7 6.8 22.0 9.1 10.0 7.2 7.6 4.4 3.4 
33 12 6 18 6 6 4 8 6 3 

10 000 18 000 15 000 1 200 2 100 500 500 400 
600 2 800 1 000 2 500 800 2 800 500 300 

6000 4000 9000 15 000 2 250 80 100 100 
1 800 300 1 650 250 320 800 500 200 

32.5 55.0 47.8 6.1 7.0 2.7 1.9 1.8 
32 27 18 2 9 5 4 4 
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Fig. 3. Concentration changes of chlorophyll a, chlorophyll c, and fucoxanthin and alloxanthin (u g per liter seawater) 

microscope was contributed by large-celled species (see 
Table 1), the choice of  Hagmeier 's formulae cannot have 
influenced our results. Comparison of the carbon values 
with the concentration of chlorophyll a measured in the 
same samples resulted in carbon to chlorophyll ratios that 
were below 10 in most cases (Table 1). In surface samples 
the ratio decreased from 33 on 30 April to no more than 3 
on 10 May; in samples near the bottom the ratio was 
above 10 until 5 May, then decreased to less than 5 for the 
rest of the observation period. 

Discussion 

The ratio of  phytoplankton carbon to chlorophyll a, which 
we estimated on the basis of  cell counts (see Table 1), was 
in most samples far lower than the lowest estimate of  the 
C:chlorophyll a ratio in natural phytoplankton popula- 
tions (25; Parsons e ta l . ,  1977). During the extensive 
Fladen Ground experiment in the northern North Sea in 

1976, estimated C:chlorophyll a ratios were also un- 
realistically low: less than 10 (Gieskes and Kraay, 1980; 
also compare the C data in Gassmann and Gillbricht 
(1982) with the chlorophyll concentrations in Radach 
et al., 1980). Since all these carbon estimates were in fact 
based on numbers of  algal cells, one is tempted to 
conclude that the counted numbers were underestimates 
of the numbers that were actually present, in other words: 
part of the phytoplankton crop may have been overlooked 
during microscopic analysis. 

In the material analysed for the present study, a com- 
parison of the observations made by microscope with the 
pigments present in the samples reveals that a whole class 
of  algae was missing in the microscopy record: no 
Cryptophyceae were registered, yet alloxanthin, a pigment 
that is typical for this family (Chapman, 1966; Riley and 
Wilson, 1967; Hager and Stransky, 1970) was usually the 
most abundant carotenoid in the samples (Figs. 2 and 3; it 
was not possible to decide which one of the small peaks 
between Rt (retention time) 30 and 40 min was crocoxan- 
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thin, another typical Cryptophycean pigment; both had a 
similar, diadinoxanthin-like absorption spectrum). Pre- 
cisely on the days when the C:ch!orophyll a ratio was 
suspiciously low (less than 20, cf. Parsons e t  al . ,  1977), sug- 
gesting that part of the crop was overlooked during 
counting, the relative abundance of alloxanthin among 
carotenoids was high (Fig. 3). 

We have calculated the contribution of Cryptophycean 
chlorophyll a to the total chlorophyll a stock on the 
assumption that the chlorophyll a:fucoxanthin and the 
chlorophyll a:alloxanthin ratios were constant throughout 
the sampling period. The ratios were treated as dimension- 
less constants "x" and "y" in the equation: 

Total chl a in sample = C + x [fucoxanthin] 
+y  [alloxanthin]. 

C is a constant term that is equal to the amount of 
chlorophyll a that is left when the other terms are zero. 
Multiple regression analysis of 49 samples from all depths 
gave the following solution: 

[Chl a] = - 0.06 + 1.47 [fucoxanthin] 
+ 4.28 [alloxanthin]. 

The goodness of fit was 0.86, the correlation coefficient 
0.93. 

This means that the mean ratio of chl a:fucoxanthin 
was 1.47; the mean ratio of chla:alloxanthin 4.28. The 
very low value of C indicates that no species other than 

those containing fucoxanthin and alloxanthin contributed 
significantly to chlorophyll a in our samples. Besides 
Bacillariophyceae (diatoms), Chrysophyceae and Prymne- 
siophyceae also contain fucoxanthin. However, the chl a: 
fucoxanthin ratio that we found (1.47) is typical for 
diatoms (Vesk and Jeffrey, 1977), so diatoms were prob- 
ably the most important fucoxanthin carriers in our 
samples. The high correlation (r=0.76) between diatom 
cell volume (Table 1) and fucoxanthin concentrations 
(Fig. 3) confirms this. 

The equations valid for each separate sampling depth 
are presented in Table 2. The contribution of bacillario- 
phyceae (diatoms) and Cryptophyceae to the chlorophyll a 
crop has been calculated for each depth on the basis of 
these ratios. The contribution is graphically shown in 
Fig. 4. Most striking is the persistent dominance of dia- 
toms near the bottom until 6 May. Relatively high con- 
centrations of chlorophyll c during diatom dominance 
(chlorophyll a:chlorophyll c ratios between 1 and 2, see 
Fig. 3) suggest the presence of detrital material (Jeffrey, 
1974; in diatom cultures the ratio is at least 4, see Vesk 
and Jeffrey, 1977). The a : c  ratio was between 4 and 10 
when Cryptophyceae dominated. Apparently, detrital algal 
matter was relatively scarce in such samples. 

Re-examination of the Lugol-preserved plankton sam- 
pies revealed the abundance of a ciliate of 30-80gin 
diameter. In samples with an alloxanthin content of more 
than 0.3 ~g (per liter seawater), the number of this ciliate 
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Table 2. Relation between pigment concentrations (in #g per liter) at three depths, calculated on the basis of a multiple regression analysis 
of major pigments 

Depth No. of Equation Goodness Corr. chl a chl a 
(m) samples of fit coefficient 

Fucoxanthin Alloxanthin 

0-10 19 [chl a]=0.08+ 1.37 [fucoxanthin] +4.19 [alloxanthin] 0.82 0.91 1.4 4.2 
20-25 17 [chl a] = 0.004 + 1.32 [fucoxanthin] + 3.86 [alloxanthin] 0.94 0.97 1.3 3.9 
40-45 13 [chl a] =-0.07 + 1.89 [fucoxanthin] + 3.92 [alloxanthin] 0.98 0.99 1.9 3.9 

was between 25 000 and 50 000 per liter. Inspection of the 
best-preserved specimens (Lugol's solution is not the ideal 
fixative for ciliates: Bakker, 1966) and comparison under 
high magnification (12.5x40, phase contrast) with the 
detailed description of Bakker (1966) and Taylor etal. 
(1971) revealed the identity of the ciliate Mesodinium 
rubrum (Lohmann). This ciliate is known to contain a 
Cryptophycean endosymbiont (Bakker, 1966; Parsons and 
Blackbourn, 1968). Since the correlation coefficient be- 
tween the calculated Cryptophycean abundance and 
counted M. rubrum numbers was only 0.55, implying that 
only 30% of the variability is "explained", we conclude 
that much, but not necessarily all, Cryptophycean chloro- 
phyll was enclosed in M. rubrurn. The rest must have been 
in free-living Cryptophyceae. 

Chemotaxonomical analysis of the kind presented in 
this paper can be recommended as a useful supplement to 
microscopic observations when estimating the total phyto- 
plankton crop in a sample. In our case, much of the crop 
appeared to be overlooked partly because is was not 
recognized as algal matter, partly because it was present in 
symbiosis with a ciliate - a type of organism that may 
easily escape the attention of a microscopist trained in 
counting algal cells. In the sea, algal species are often 
symbiotic with heterotrophs: from Cryptophyceae in 
Mesodinium rubrum, Cyclotrichium meunieri and Radiolaria 
(PowerS, 1932; Ryther, 1967; Parsons and Blackbourn, 
1968; Smith and Barber, 1979), to green monads in flat- 
worms (Keeble and Gamble, 1907). Even algae are known 
to carry symbiotic algae (Tomas and Cox, 1973; Jeffrey 
and Vesk, 1976). Of course, such algae can also be 
detected by other means: by autoradiography, or with 
epifluorescence microscopy (e.g. the bright-red fluorescing 
z0oxanthellae of planktonic tropical Radiolaria; unpub- 
lished observations in the Caribbean near Curacao). 
However, in the case of Cryptophyceae, the fluorescence of 
chlorophyll may be quenched by phyco-erythrin, a pink 
water-soluble biliprotein pigment of Cryptophyceae (Haxo 
and Fork, 1959; Riley and Wilson, 1967; Vesk and Jeffrey, 
1977). 

But even when groups of more easily recognizable 
algae are present, chemotaxonomical data can be a useful 
supplement to cell counts. The imprecision of Uterm6hl's 
method for counting algal cells is well-known (Hobro and 
Will6n, 1977). Therefore, an independent method for 
estimating the abundance of algal groups is often neces- 
sary. HPLC methodology now serves in our laboratory as 

a control of counting results. For example, peridinin con- 
centrations often vary with armoured dinoflagellate num- 
bers. We have also been able to relate numbers of 
Emiliana huxleyi with the concentration of a pigment 
tentatively identified as hexanoyloxyfucoxanthin (see 
Norg~rd et al., 1974; retention time of this pigment with 
our HPLC reversed-phase method is 22 min). On the other 
hand, a good correlation between fucoxanthin and diatom 
counts (as found during the present study) implies scarcity 
of other fucoxanthin-containing algal classes (Chryso- 
phyceae, Prymnesiophyceae). Characteristic pigment com- 
binations are of course even more useful for the detection 
of algal groups than the measurement of single pigments. 
For example, Gieskes and Kraay (1983) have presented 
evidence that the relative abundance of zeaxanthin in 
open-ocean samples in which chlorophyll b was absent or 
scarce is indicative of the importance of cyanobacteria in 
oceanic phytoplankton. 

However, one must bear in mind that the classification 
of algae is not only based on colour criteria. Morphology, 
phytochemistry, ultrastructure and cytology are other im- 
portant characteristics. A relation between the concentra- 
tion of any algal pigment with cell counts may further be 
obscured by variability in the pigment concentration of 
algal cells. 
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