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ABSTRACT A new matrix factorization program 'CHEMTAX was used to ~nterpre t  high-performance 
hquid chromatography (HPLC) pigment data from a transect between Prydz Bay Antarct~ca and Aus- 
tralla dunng March 1987 The program calculated the abundance of diatoms dinoflagellates hapto- 
phytes resembling Emiliania huxleyl haptophytes resembling Phaeoc j~s t~s  antarctlca cyanobacteria 
prasinophytes, chlorophytes and cryptophytes along the transect The results were  compared with 
those of microscopy and particle size analysis The transect was  dominated by small cells particle size 
analysis showed that particles < 2  pm represented 27 to 44 Oh of the total by number while particles 2 to 
20 pm represented 55 to 68% Particles >20 pm never represented more than 3 % by number but con- 
stituted 57 to 93 % of the total vo lun~e  Microscop~c analysis showed that small flagellates were  the most 
abundant cells along the transect wlth a 5-fold increase In abundance at 47"s  Numbers of dlatoms 
(most <20 pm in size) Increased markedly south of the Polar Front, correlating with the concentration 
of silica D~noflagellate numbers were relatively constant along the transect although somewhat 
higher north of 50"s  Those <20 pm in size were most numerous and accounted for most of the latltu- 
dinal vanation Interpretation of HPLC pigment data using the CHEM TAX program was consistent 
with microscopical analysis The computed abundances of diatoms and dinoflagellates correlated more 
strongly with the numbers of small (<20 pm) dlatoms and d~noflagellates, respectively than with large 
ones Computed cyanobactenal abundances correlated well wlth microscopical observations except for 
small errors where cyanobactena were absent probably due  to m~sallocation of zeaxanthln from 
chlorophvtes and praslnophytes The program was able to distinguish 2 populations of haptophytes 
along the transect representing Phdeocystis antarctlca and coccol~thophonds even though their pig- 
ment compositions were qualitatively (though not quantitatively) Identical It also indicated the  sepa-  
rate distributions of chlorophytes and prasinoxarithin-containing praslnophytes, and showed the pres- 
ence of cryptophytes where none were observed by microscopy 

KEY WORDS: Phytoplankton . Antarctica. Southern O c e a n .  Pigment HPLC . Microscopy . Size analy- 
sls . CHEMTAX 

INTRODUCTION 

Until relatively recently, the phytoplankton of the 
Southern Ocean was believed to be dominated by 
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large diatoms. These were believed to form the base of 
a simple food chain, the diatoms being grazed directly 
by knll which in turn fed fish, seabirds, seals and 
whales. This concept was based on the analysis of sam- 
ples collected by plankton nets which did not retain 
cells less than 20 pm diameter. 

More recent investigations have shown that the 
phytoplankton of the Southern Ocean is in fact numer- 
ically dominated by nanoplankton (Hewes et al. 1985, 
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Marchant & Murphy 1994), as are other parts of the 
world's oceans (Hasle 1969, von Brockel 1981). As well 
as diatoms, the nanoplankton has been found to con- 
tain haptophytes, chlorophytes, prasinophytes, chryso- 
phytes and dinoflagellates (both autotrophic and 
heterotrophic) (El-Sayed & Fryxel 1993, Garrison & 

Gowing 1993). Cyanobacteria are virtually absent 
south of the Polar Front (Marchant et al. 1987). 

Many of the smaller (picoplanktonic and nanoplank- 
tonic) cells are very difficult to study. Their small size 
and absence of clearly discernible features often pre- 
clude identification by light microscopy, even to the 
class level, and many are too fragile to be adequately 
preserved for electron microscopy. Some groups of 
phytoplankton have been investigated in the Southern 
Ocean, e.g. diatoms (Kopczynska et  al. 1986), cyano- 
bacteria (Marchant et al. 1987), coccolithophorids and 
Parmales (Marchant & McEldowney 1986, Nishida 
1986, Booth & Marchant 1987). In general, these 
organisms have features that survive fixation for elec- 
tron rnicroscopy or, in the case of cyanobacteria, have 
distinctive autofluorescence. Other cells that are not 
adequately preserved have been overlooked, notably 
the many varieties of autotrophic flagellates. In any 
case, electron microscopy is impractical for analysing 
large numbers of samples since many hundreds of cells 
must be counted in each sample to give statistically- 
sound results. Flow cytometry, on the other hand, gives 
excellent counting statistics and has proved invaluable 
for enumeration of cyanobacteria (Li &Wood 1988) and 
prochlorophytes (Chisholm et al. 1988, Li & Wood 
1988, Vaulot et al. 1990), but identification of less dis- 
tinctive cells remains a problem. 

Analysis of photosynthetic pigments (chlorophylls 
and carotenoids) can identify taxonomic groups when 
it is difficult or impractical to identify and count indi- 
vidual cells. Many of the classes represented m the 
picoplankton and nanoplankton have distinctive suites 
of marker chlorophylls and carotenoids that indicate 
their presence and abundance in a mixed population 
(Millie et al. 1993, Jeffrey & Vesk in press). Moreover, 
techniques for their extraction and analysis by high- 
performance liquid chromatography (HPLC) are suit- 
able for the analysis of the hundreds of samples 
required in ecological studies. 

Practical HPLC techniques for the analysis of phyto- 
plankton pigments have been available since the early 
1980s (reviewed by Roy 1987, Millie et al. 1993, Jeffrey 
in press). A comprehensive monograph on HPLC tech- 
niques and pigment data has just been produced by 
SCOR-UNESCO (Jeffrey et al. in press). 

Interpretation of pigment HPLC data is not straight- 
forward. While some pigments are unambiguous 
markers for particular phytoplankton classes, many 
markers are present in several classes. Unambiguous 

markers include: peridinin, Dinophyceae; prasinoxan- 
thin, some Prasinophyceae (many prasinophytes have 
pigment compositions resembling Chlorophyceae); 
alloxanthin, Cryptophyceae; and divinylchlorophyll a,  
Prochlorophyceae. Other markers that are not con- 
fined to 1 class include: fucoxanthin, Bacillariophy- 
ceae, Haptophyceae, Dinophyceae; chlorophyll b 
(chl b), Chlorophyceae, Prasinophyceae; 19'-hexan- 
oyloxyfucoxanthin, Haptophyceae, Chrysophyceae 
(reviewed by Jeffrey & Vesk in press). Determining the 
contributions of phytoplankton classes to the concen- 
trations of these pigments is complex. Furthermore, 
the pigment composition of many algal classes is 
poorly known. HPLC surveys of pigments have been 
performed for diatoms (Stauber & Jeffrey 1988) and 
Haptophyceae (Jeffrey & Wright 1994), for which a 
maximum of 51 species have been examined. The des- 
ignated pigment composition for several classes has 
been based on less than 5 species (Jeffrey & Vesk in 
press). Symbioses may further complicate the interpre- 
tation. For instance, some dinoflagellates have been 
found with pigments characteristic of endosymbiotic 
chrysophytes (Jeffrey et al. 1975), haptophytes (Bjern- 
land & Liaaen-Jensen 1989) or green algae (Watanabe 
et al. 1987, 1990), and the ciliate Mesodinium rubrum 
has been found to contain alloxanthin from a cryp- 
tomonad endosymbiont (Hibberd 1977). 

Most interpretations of pigment data have been lim- 
ited to the use of unambiguous markers or 'best-guess' 
deductions from ambiguous markers. Gieskes et al. 
(1988) used multiple linear regression to correlate the 
abundance of various markers (e.g. fucoxanthin) with 
chlorophyll a (chl a), but did not attempt to identify the 
source(s) of the markers. 

A new approach, using matrix calculations, was 
developed as a M A T L A B @ - ~ ~ s ~ ~  program, CHEM- 
TAX. In the companion paper, Mackey et al. (1996) 
characterised and tested CHEMTAX using artificial 
data. This paper uses CHEMTAX to interpret HPLC 
data from the Southern Ocean in conjunction with 
microscopy and size-fractionated particle counts. 

We report a study of the distribution and abundance 
of phytoplankton across the Southern Ocean between 
Antarctica and Australia, using and comparing several 
techniques. The transect ranged from Antarctic to sub- 
tropical waters and covered a wide range of phyto- 
plankton communities, water temperatures and nutri- 
ent regimes. It offered a useful test of the CHEMTAX 
program, since the general characteristics of the phyto- 
plankton were already known. Direct counts were 
available for cells identifiable by shipboard micro- 
scopy-diatoms, dinoflagellates (both slze-fraction- 
ated) and cyanobacteria-plus a group of cells opera- 
tionally classified as 'monads +flagellates1 which were 
too small for shipboard identification. This last group is 
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typically dom~nated by haptophytes, prasinophytes and 
chlorophytes in these waters, with the haptophytes be- 
ing predominantly Phaeocystis antarctica to the south 
and coccolithophorids to the north of the Polar Front. 
Thus, there was a strong basis for evaluating the results 
of the CHEMTAX interpretation and to compare them 
with the results of more traditional methods. 

vlew for each sample were counted using a 40x oil- 
immersion objective. 

The concentration of eukaryotic protists was also 
determined by shipboard phase-contrast microscopy. 
Up to 1 1 of seawater was gently filtered through a 
0.8 pm pore-sized, 47 mm diameter Nuclepore filter 
until it nearly clogged, leaving 2 to 5 m1 of water with 
concentrated organisms above the filter The cells 
were gently resuspended with a pasteur pipette and,  

MATERIALS AND METHODS after measuring the volume, a drop of the concentrate 
was placed on a microscope slide, covered, and the 

Sample collection. Samples were collected from the cells were counted in 5 random transects across the 
surface along a transect from Prydz Bay, Antarctica, to coverslip with 40x oil-immersion objective, using the 
Hobart, Tasmania, between 23 March and 1 April 1987 following categories: diatoms (>20 pm), diatoms 
from MV 'Nella Dan'. The cruise track is shown in (c20 pm), dinoflagellates (>20 pm), dinoflagellates 
Fig. 1, which shows the groupings of stations deter- (<20 pm), and monads+flagellates. 
mined by principal con~ponents analysis of the results For size fractionation and microscopy, 2 1 of seawater 
(see below). The temperature of each sample was mea- was fixed with a mixture of Lugol's iodine and glu- 
sured immediately after bringing it on deck. Aliquots taraldehyde. On return to Australia, the particle size 
were frozen for analysis of nitrate, phosphate and sili- spectrum in a 100 m1 aliquot was determined using a 
cate. Salinity samples were analysed on return to Aus- HIAC RoyCo PC-320 optical particle-size analyser. 
tralia using a Yeo-Kal inductive salinorneter. Phytoplankton in the remainder of the sample were 

Microscopy. Cyanobacteria were counted by filter- settled for enumeration and  identification by light 
ing 100 m1 of seawater through a 0.2 pm pore size, microscopy. 
25 mm diameter Nuclepore filter. The filters were Pigment analysis. Phytoplankton from 3 to 5 1 of sea- 
examined immediately by epifluorescence microscopy water were filtered onto Whatman GF/F glass-fibre fil- 
using a Zeiss WL microscope fitted with a HBO 50 ters (47 mm diam.) using a vacuum of less than 0.5 atm. 
mercury vapour lamp, a BP 450-490 exciter filter, FT All pigment samples were stored in liquid nitrogen for 
510 dichroic beam splitter and LP 520 barrier filter. return to Australia, where the chlorophyll and caro- 
The n~icroscope was shock mounted to minimize tenoid pigments were extracted and analysed using the 
vibrations from the ship's engines (Marchant 1985). HPLC technique of Wright & Shearer (1984). [This tech- 
Yellow autofluorescent picoplankton in 40 fields of nique has since been superseded (Wright et al. 1991, 

Wright & Jeffrey in press) and is no longer 
recommended.] Equipment comprised Wa- 
ters 6000A and  M45 pumps, U6K injector, 
440 absorbance detector (operated at  405 and 
436 nm) and an  Hitachi 1100 fluorescence 
detector (operated in zero-order mode and 
equipped with Turner filters: 370 to 500 nm 
bandpass, excitation; >604 nm longpass, 
emission) all connected via a Waters System 
Interface Module to a computer controller/in- 
tegrator running Waters Maxima software. 
Pigments were initially identified only by re- 
tention time, as the concentrations were too 
low for UV-visible spectra to be obtained; 
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Table 1. Pigment ratios for varlous taxonomic groups after conclusion of the CHEMTAX program. Pigment abbreviations: PER, 
peridinin; BUT, 19'-butanoyloxyfucoxanthin; FUCO, fucoxanthin; HEX, 19'-hexanoyloxyfucoxanthin; NEO, neoxanthin; PRAS, 
prasinoxanthin; VIOL, v~olaxanthin; ALLO, alloxanthin: LUT, lutein; ZEA, zeaxanthln; CHL b, chlorophyll b: CHL a ,  chlorophyll a 

PER BUT FUCO HEX NE0 PRAS VlOL ALLO LUT ZEA CHL b CHL a TOTAL 

Prasinophy tes 
Dinoflagellates 
Cryptophytes 
Haptophytes-N 
Haptophytes-S 
Chlorophytes 
C yanobacteria 
Diatoms 

Antarctic coastal, Antarctic oceanic, Polar Front zone, 
South Sub-Antarctic, and North Sub-Antarctic. These 
groups of stations are shown in Fig. 1. 

Pigment HPLC data was interpreted using CHEM- 
TAX, a matrix factorization program running under 
MATLAB@. The basis of calculations and procedures 
used are described in the companion paper (Mackey et 
al. 1996). The taxonomic groups and the pigments 
used in the analysis are shown in Table 1. Initially, the 
samples were all analysed together, rather than being 

separated into different zones, since we wished to test 
the ability of the program to distinguish major changes 
along the transect, in particular, the change of domi- 
nant haptophytes from Phaeocystis antarctica in polar 
waters to coccolithophorids in temperate waters. Sub- 
sequently, the data set was split at 55"s (correspond- 
ing to the transition from Antarctic to sub-Antarctic 
waters). It was considered that there were too few 
samples in the other zones to justify further division of 
the data. 

RESULTS AND DISCUSSION 

Fig. 3. Concentrations of nitrate, phosphate and silicate across the transect in 
relation to latitude 

- 10-  Physical and chemical data 
e 
5 . The latitudinal variation of tempera- g 5- 

.- 
ture and salinity of surface samples 

t-" along the transect is shown in Fig. 2. 
0 - - 34.0 

(Salinity samples south of 61"s were lost 
after they froze.) The concentrations of 

-5 - l I I 33.5 nitrate, phosphate and silicate are shown 
-65 -60 -55 -50 -45 in Fig. 3. 

Latitude (OS) The transect crossed the Polar Front, 
Fig. 2.  Temperature and salinity of surface water across the transect in rela- the Sub-Antarctic Front and probably 

tion to latitude reached subtropical water at the last sta- 
tion, although the exact positions of these 
features are not obvious from the surface 
temperature data. These oceanographic 
features are charactenzea by subsurface 
phenomena (e.g. where the temperature 
minimum characteristic of Antarctic wa- 
ter dips below 200 m; Deacon 1982)) 
which may not always show a strong sig- 
nature at the surface (e.g. Edwards & 
Emery 1982, Lutjeharms 1985) and may 
be displaced by 1 to 2"  latitude from any 
surface manifestation (Deacon 1982). In 
addition, the situation may be compli- 
cated by the presence of eddy fields 
along the interface between the 2 water 
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masses (Gordon et al. 1977) We located 
the Polar Front at about 56"s and the Sub- 
Antarctic Front at about 4g0S, based on a 
combination of the temperature, salinity 
and nutrient data. Of these data, the sili- 
cate concentration (Fig. 3) shows the most 
dramatic decline across the transect: from 
between l 1  and 29 pM south of the Polar 
Front to less than 3 p M  north of the Sub- 
Antarctic Front. Nitrate and phosphate 
concentrations also declined dramatically 
north of 50"s. Overall, the nutrient concen- 
trations closely followed those mapped by 
Wyrtki et al. (1971). Between 50" and 45"S, 
regions of warmer, salty water with low 
nitrate concentration interleaved with 
cooler, less salty water richer in nitrate. 
Comparison with the data of Nakai et al. 
(1986) suggests that the warmer water 
originated north of the Subtropical conver- 
gence and that the interleaving is probably 
due to an eddy field associated with that 
feature. A similar situation occurred at the 
Polar Front, where the cruise track left 
Antarctic Oceanic waters, entered the 
Polar Front zone, then re-encountered 
Antarctic Oceanic water before re-enter- 
ing the Polar Front zone. This is clearly 
seen in the temperature, nitrate and sili- 
cate data (Figs. 2 & 3).  

Fig. 4 .  Particle numbers and volumes across the  transect as  determined by 
laser particle counting: ( a )  Particle numbers per litre; (b)  cell volumes 
(pm3 1.'). Particles were  classified by size into 3 categories: < 2  pm, 2 to 20 p.m 

and >20 pm 

Particle counter data 

Fig. 4a, b shows the particle numbers and volumes 
across the transect (these include living cells as well as 
detritus). Particle numbers were relatively constant 
across the transect, with the averages in each area 
varying only between 1.22 and 1.81 X 106 particles 1-' 
Particle volun~es were more variable, with area aver- 
ages ranging from 1.78 to 6.25 X 10' ]-1n13 1-'. Most of the 
variation was due to particles greater than 20 pm. 
Small particles predominated numerically: those in the 
nanoplankton size range (2 to 20 pm) consistently rep- 
resented 55 to 68% of the total number in individual 
samples, while particles < 2 pm represented 27 to 44 %. 
The HIAC particle counter does not respond well to 
particles smaller than 2 pm (Harris et al. 1987) so num- 
bers in this size range are probably underestimated. 
However, the numerical importance of nano- and 
picoplankton-sized particles is demonstrated, support- 
ing earlier observations of the importance of small 
phytoplankton [e.g. von Brockel (1981) found 70% of 
phytoplankton carbon to be in cells c20  pm diameter 
between Bellinghausen Sea and South Georgia]. 

Particles larger than 20 pm never represented more 
than 3 % of particles by number, but constituted 57 to 
93% of the total particle volume, and accounted for 
most of the latitudinal variation in total volume. The 
greatest abundance of these microplankton-sized par- 
ticles occurred in the Polar Front zone (corresponding 
to a drop in the concentrations of nitrate and phos- 
phate) and in the Antarctic coast region. 

Microscopic data 

Diatoms 

The distribution of nanoplanktonic (2 to 20 pm) and 
microplanktonic (>20 pm) diatoms is shown in Fig. 5a, 
b. These represent the gross counts obtained for group 
counts. With the exception of one sample, nanoplank- 
tonic diatoms always outnumbered microplanktonic 
ones. The numbers of both increased markedly south 
of the Polar Front. Smaller cells were most numerous 
near the Antarctic coast, where the numbers of micro- 
planktonic diatoms declined. 
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Distributions of the most common species of diatom 
are shown in Fig. 6, in order of their abundance. The 
most numerous species were Fragilan.opsis cylindrus, 
F pseudonana, F. kerguelensis, Proboscis alata and 
F. curta. (The Fragilariopsis species were previously 
classified as Nitzschia, and P. alata was Rhizosolenia 
alata; Hasle & Syvertsen 1996). Two species, F 
pseudonana and F. curfa, were broadly distributed 
through Antarctic waters, whereas E cylindrus and 
P. alata were restricted to southern Antarctic waters, 
and F kerguelensis to northern Antarctic. 

Dinoflagellates 

Amongst the dinoflagellates, the nanoplanktonic 
forms also greatly outnumbered the microplankton 
(Fig. 5c, d).  Numbers of nanoplanktonlc dinoflagellate 
were relatively constant south of the Polar Front, with 
a gradual increase to the north before trebling in the 
northernmost sample. Microplanktonic dinoflagellates 
were less than a third as numerous as nanoplanktonic 
forms. They declined north of the Sub-Antarctic Front 
followed by a steady rise to 5 X 103 cells I-' 
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Fig. 7. Concentrations of major 
pigments (pg I- ' )  across the 
transect: (a) chl a; (b) fucoxanthin; 
(c) 19'-hexanoyloxyfucoxanthin; 
(d) 19'-butanoyloxyfucoxanthin; 
(e) peridinin; (f)  chl b; (g) prasino- 
xanthin; (h) lutein; (i) zeaxanthin; 

(j) alloxanthin 

- 
7 - 0.6 Chlorophyll a 
p 0 4  - 
j 0.2 

S O 
-65 -60 4 5  -50  -45 

0.15 Fucoranlhin 
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" 0.05 
C 
.? 0 

Peridinin 

Chlorophyll b 

Prasinoxanchin 

Alloxanlhin 

W 

0.01 

C 
0 0 

.65 -60 -55 -50 -45  
Latitude (OS) 

Pigment data 

Concentrations of chl a were relatively low across 
the transect (Fig. 7a), ranging between 0.08 and 0.25 
pg 1-' in all but the northernmost sample (0.49 pg 1-l). 
These values are consistent with sparse autumn popu- 
l a t ion~  after the summer maximum. 

The concentration of fucoxanthin, the major caro- 
tenoid of diatoms, was greatest in southern samples 

(Fig. 7b) corresponding to the abundance of diatoms. 
Fucoxanthin is not an unambiguous marker for 
diatoms since it is also found in haptophytes and chrys- 
ophytes, but in these samples there was a reasonably 
strong correlation (r2 = 0.84) between numbers of 
diatoms (small and large) and fucoxanthin concentra- 
tion (usin.g multiple linear regression). 

The concentrations of 19'-hexanoyloxyfucoxanth~n 
(19'-hex, Fig. 7c) were similar to those of fucoxanthin 
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south of the Sub-Antarctic Front but to the north 
it was approximately 3 times as abundant as fuco- 
xanthin. There was a peak of abundance at 47"s cor- 
responding to the peak abundance of flagellates 
(Fig. 5e). 

The distribution pattern of 19'-butanoyloxyfucoxan- 
thin (19'-but, Fig. 7d), which is found in some chryso- 
phytes and haptophytes (Wright & Jeffrey 1987), 
resembled that of 19'-hex north of the Polar Front, 
although the concentration was much lower. There 
was a similar peak at 47"s corresponding to the fla- 
gellate peak and a rise at 45's. South of the Polar 
Front, there was not the close similarity to the 19'-hex 
distribution; the large peak seen near the Antarctic 
coast in 19'-hex was not seen in 19'-but. Clearly, there 
were different sources for the 2 pigments in this 
region. 

Peridinin, an unequivocal marker for dinoflagel- 
lates, was generally in low concentrations across the 
transect except for a small peak at 4 7 O S ,  and a very 
large peak at 45"s (Fig. 7e). The concentration of 
peridinin correlated well with the abundance of small 
and large dinoflagellates (r2 = 0.95). The peak of peri- 
dinin concentration at 47's was not matched by any 
rise in the counts of dinoflagellates observed by light 
microscopy, but did correspond to the 'monads+fla- 
gellates' peak, suggesting that the flagellates in this 
region, at  least, must have included dinoflagellates 
too small (or too fragile) to be recognized by light 
microscopy. 

The distribution of pigments associated with green 
algae (Chlorophyceae and Prasinophyceae) are shown 
in Figs 7f-h. Chl b (Fig. 7f) is found in both classes. 
There was very little chl b south of 51"s apart from a 
small peak in the southern Antarctic Oceanic samples. 
The peak at 47"s corresponded to the flagellate peak 
and there was a large peak at 45"s. The distribution of 
prasinoxanthin, which is an unequivocal marker for 
some prasinophytes, was strongly correlated (r2 = 0.90) 
with that of chl b north of 51"s (Fig. ?g), suggesting 
that most of the chl b in this region (including the fla- 
gellate peak) arises from prasinophytes. There was no 
prasinoxanthin peak at 63"S, showing that prasinoxan- 
thin-containing prasinophytes were not represented 
there (this does not exclude the presence of other 
prasinophytes which lack prasinoxanthin). The distrib- 
ution of lutein, the major carotenoid of the Chloro- 
phyceae, is shown in Fig. ?h. Concentrations were very 
low across the transect. In the Antarctic Oceanic area 
there was a peak of 8 X 10-4 pg l-', corresponding to the 
peak observed for chl b in this region; however, in the 
northern Sub-Antarctic samples, the concentrations 
did not follow those of chlorophyll b at all, suggesting 
a non-chlorophycean origin for most of the chloro- 
phyll b in this region. 

The distribution of zeaxanthin is shown in Fig. 7i. It 
is the major carotenoid of marine cyanobacteria 
(notably Synechococcus sp.), but it is also present in 
Prochlorophyceae, Chlorophyceae and Prasinophy- 
ceae and must therefore be used cautiously as a 
marker for cyanobacteria. In this transect, a steady 
increase was observed north of 50"s which peaked at 
46"s. This distribution was strongly correlated (r2 = 

0.81) with the distribution of cyanobactena (Fig. 5f). 
Some zeaxanthin was observed south of the Polar 
Front, where cyanobacteria were virtually absent, 
implying that green al.gae may have been the source in 
this region. 

The distribution of the unequivocal cryptophyte 
marker, alloxanthin, is shown in Fig. 7j. This was high- 
est near the Antarctic coast, dropped sharply in the 
Antarctic oceanic zone and fell below detectability in 
the Polar Front zone before rising sharply to the north. 
No free-living cryptophytes were recognised by 
microscopy; however, cryptophytes may have been 
present as endosymbionts in the ciliate Mesodinium 
rubrum (Hibberd 1977). This species has been ob- 
served in other Antarctic locations: blooming under 
sea-ice near Syowa station (Satoh & Watanabe 1991), 
in sea-ice brine near McMurdo (Stoecker et al. 1993) 
and in many saline lakes of the Vestfold Hills (Perris et 
al. 1995). Ciliates were counted along with the phyto- 
plankton in this study, but their numbers were so small 
that good statistics could not be obtained on the small 
sample volumes appropriate for counting phytoplank- 
ton (the maximum concentration of 1.5 X 103 ciliates 1-' 
represented only 13 cells observed and these would 
have included heterotrophic ciliates as well as M. 
rubrum). The abundance of alloxanthin correlated 
poorly with total ciliates (r2 = 0.18), but because of the 
poor counting statistics and the presence of hetero- 
trophic ciliates, this source cannot be excluded. 

CHEMTAX interpretation of pigment data 

The pigment data-set was analysed by CHEMTAX 
in 2 ways. First, the entire data-set was computed to 
test the ability of the program to differentiate the 
northern and southern populations, in particular, the 
change of dominant haptophytes from coccolitho- 
phorids in the north to Phaeocystis in the south. Sec- 
ondly, the data-set was split at 55"S, corresponding to 
the Polar Front that separates Antarctic from sub- 
Antarctic waters. This strategy was recommended by 
Mackey et al. (1996) to reduce the variation of pigment 
ratios (which the model ass.umes to be constant) due to 
changes in species composition across a sample set. In 
fact, the former strategy was found to be more success- 
ful in this case, as shown below. 
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Interpretation of complete data-set 

The contributions of various classes to phytoplank- 
ton chl a,  as interpreted by CHEMTAX on the com- 
plete data set, are shown in Fig. 8a-i. The interpreted 
abundance of diatoms (Fig. 8a) more closely followed 
the microscopic counts of small diatoms (Fig 5a) than 
large diatoms (Fig. 5b). CHEMTAX suggested that 
there were no diatoms north of 55"S, although low 
numbers were observed by microscopy but generally 
the correspondence with the microscopic counts was 
good. This was surprising since the diatom species var- 
ied markedly along the transect (Fig. 6).  Apparently, 

the pigment ratios of these species were not suffi- 
ciently different to cause problems with the computa- 
tions. 

Likewise, the interpreted abundance of dinoflagel- 
lates (Fig. 8b) correlated more closely with microscopic 
counts of small dinoflagellates (Fig. 5c) than large 
(Fig. 5d).  The interpreted abundance clearly followed 
that of peridinin and the small peak at 48OS, which was 
associated with the flagellate peak, was apparent in 
the CHEMTAX output. It is likely that many of the 
dinoflagellates present were heterotrophic, especially 
the larger ones. These would have been counted 
microscopically but would not have contained peri- 



Wright et al.: Analysis of phy toplankton using CHEMTAX 293 

dinin or chl a,  and hence would not have contributed to 
the CHEMTAX results. 

The interpreted abundance of cyanobacteria is 
shown in Fig. 8e. The general trend follows that of the 
cyanobacterial fluorescence counts (Fig. 5f), except 
that CHEMTAX predicted that some cyanobacteria 
were present south of 50"s (following zeaxanthin con- 
centrations) whereas none were observed. Apparently, 
zeaxanthin from chlorophytes or prasinophytes in this 
region was not fully ascribed to these sources and was 
interpreted as coming from cyanobacteria. 

CHEMTAX interpretations of classes likely to be 
represented in the flagellates are shown in Fig. 8c, d ,  
f-h. As with the dinoflagellates, the proportion of het- 
erotrophic cells in the microscopic flagellate category 
is unknown, but it is likely to be of a magnitude simi- 
lar to that of autotrophic cells. Heterotrophic flagel- 
lates would not influence the CHEMTAX results. Two 
categories of haptophytes are shown in Fig. 8c, d .  
These were originally based on our designation of 
northerly populations (Haptophytes-N, represented 
by Emiliania huxleyl] and southern populations (Hap- 
tophytes-S, represented by Phaeocystis antarctica). 
Although the calculations were not constrained by lat- 
itude, CHEMTAX found that the Haptophytes-N cate- 
gory did not occur south of 53"S, and that the Hapto- 
phytes-S category dominated there and was reduced 
north of 50" S. 

This result was very encouraging because the 2 cat- 
egories had qualitatively identical pigment composi- 
tions, although in different proportions (Table 1). This 
similarity meant that extreme care had to be used in 
selecting the initial pigment ratios to distinguish the 2 
populations of haptophytes and in controlling the 
degree to which the CHEMTAX program could alter 
these ratios (using a ratio limits file: see Mackey et al. 
1996). When the ratio limits file allowed almost unre- 
stricted changes in the pigment ratios (500% varia- 
tion), the final 19'-but pigment ratio of Haptophytes-S 
for this data-set was almost as large as the final fucox- 
anthin ratio and the plots of haptophyte-specific chl a 
were unrealistic. 

Literature values (Wright & Jeffrey 1987) and unpub- 
lished data (S. W. Wright & A. T. Davidson) for Phaeo- 
cystis antarctica suggest that the 19'-but ratio is less 
than that for fucoxanthin. Consequently the initial 19'- 
but ratio for Haptophytes-S was set substantially lower 
than the fucoxanthin ratio and the ratio limits were set 
to 100% allowing a maximum 2-fold variation in the 
ratios. Although the CHEMTAX program was quite 
sensitive to changes in the initial 19'-but ratio for this 
data-set, the program was less sensitive to changes in 
other pigments. Changes of the order of 5 to 10 O/o for 
the initial ratios had very little effect on the recovery of 
class-specific chl a across the transect. 

The interpreted abundance of prasinophytes (Fig. 8f) 
was greater than that of chlorophytes (Fig. 8g). Both 
had peaks associated with the peak in flagellate num- 
bers at 47"s (Fig. 5e), although the distribution of 
prasinophytes was displaced to the north of that of the 
chlorophytes. There are at least 3 types of pigment 
composition in oceanic prasinophytes (Mackey et al. 
1996) with zeaxanthin:chl a ratios ranging from 0 to 
0.283. We have used ratios covering this range with our 
data-set and found the CHEMTAX results to be 
remarkably tolerant; the results for other ratios show 
little difference from that shown here with no prasino- 
phyte zeaxanthin. 

The interpreted abundance of cryptophytes (Fig. 8h) 
was low across the transect with small peaks a t  59" and 
47"s and a large peak at the northernmost point. 
These data followed the distribution of alloxanthin, an 
unequivocal marker for Cryptophyceae. Cryptophytes 
have been observed previously in Antarctic coastal 
waters by Buck & Garrison (1983), who found the cryp- 
tophyte Chroomonas sp. in the Weddell Sea in the area 
nearest the coast and Taylor & Lee (1971), who found 
Cryptomonas criophila beneath the sea-ice in the 
Weddell Sea; however, no cryptophytes were encoun- 
tered during our microscopical analysis. This situation 
parallels that of Gieskes & Kraay (1983), who found 
sufficient alloxanthin in the North Sea to indicate large 
numbers of cryptophytes in the water column, but also 
observed none by microscopy. They concluded that 
cryptophytes were present but did not survive the 
fixation process. As discussed earlier, an alternative 
source of alloxanthin may be endosymbiotic crypto- 
phytes in the ciliate Mesodinium rubrum. This source 
cannot be excluded on the basis of pigment composi- 
tion. 

Interpretation of split data-set 

When the data set was split into two at  the Polar 
Front, the results were less satisfactory. A sharp dis- 
continuity was shown at the Polar Front that did not 
correspond to microscopical observations. This was 
contrary to expectations. We ascribe the superiority of 
the complete data-set over the split set to: (1) the rela- 
tively constant pigment ratio within the diatoms across 
the transect; (2)  the inclusion of 2 haptophyte cate- 
gories that accommodated the natural split of the hap- 
tophytes between the northern and southern popula- 
tions; and (3) the minor proportion of cyanobacteria, 
chlorophytes and prasinophytes in the southern popu- 
lations compared with the northern populations (pig- 
ment ratios could be optimized for these taxa in north- 
ern samples, but differences in these ratios in southern 
samples would have only a small effect on the total 
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pigment composition). It would appear that these 
effects, plus the constraining effect of the greater sam- 
ple numbers in the complete set, overrode the benefits 
of splitting the data into more homogenous subsets. 

CONCLUSIONS 

Each of the techniques used in this study gave a 
selective view of the phytoplankton populations across 
the transect. Microscopic data is certainly the least 
equivocal for robust classes (diatoms, dinoflagellates 
and cyanobacteria), but gave little information on 
others. 

Pigment analysis complemented microscopic results 
well and implied the presence of haptophytes, crypto- 
phytes (possibly endosymbiotic) and green algae 
where none were observed by microscopy. Multiple 
linear regression of pigment data (Gieskes et al. 1988) 
was not attempted in this study but would not have 
been able to distinguish fucoxanthin of diatoms from 
that of haptophytes, or among the many other phyto- 
plankton groups that lack unequivocal markers. 

CHEMTAX interpretation of pigment data allowed 2 
populations of haptophytes to be distinguished even 
though they had qualitatively identical pigment com- 
positions. It implied that the northern type of these two 
(represented by Emiliania huxleyi) was not found 
south of the Polar Front, a result consistent with previ- 
ous microscopical studies (e.g. Nishida 1986). Simi- 
larly, Prasinophyceae and Chlorophyceae were distin- 
guished and their separate distributions established. 

CHEMTAX computed that small proportions of 
cyanobacteria were present in southern samples 
where none were observed by microscopy. This was 
probably due to slight errors in the calculation of zea- 
xanthin concentrations of chlorophytes and prasino- 
phytes. Since computed abundance of cyanobacteria 
was not constrained by pigments other than zeaxan- 
thln, any errors in these estimates would be reflected 
In the cyanobacterlal computation. This is unlikely to 
be a problem in other oceans where cyanobacteria are 
a major component of the population. 

CHEMTAX was able to give reasonable results 
across a transect covering diverse areas where the spe- 
cies distributions varied widely. It would be expected 
that the program would give even better results if the 
survey was restricted to a smaller geographic area. For 
many of the algal classes, CHEMTAX did not change 
the initial pigment ratlos so I.ong as they were within 
about 10 to 2 0 %  of the initi.al 'guess' based on the 
SCOR workshop values. Using a synthetic data-set 
with the same number of algal classes, pigments and 
samples, and random normal errors of 25% added to 
the pigment ratio matrix, Mackey et al. (1996) found a 

residual error of 0.03 when a random normal error of 
10% was added to the data-set. The real error in the 
analytical data for the pigment concentrations is ex- 
pected to be much lower than 10%. The residual error 
of the fit shown in Fig. 8 was significantly worse (0.12).  
However, the program assumes that each taxonomic 
category has a consistent set of pigment ratios across 
all samples. This was not true in the present case 
where the samples were collected from waters ranging 
from the Antarctic coast to temperate regions. There 
would be changes expected across the transect both in 
the pigment ratios within a given algal species and in 
the species composition of an algal class. Indeed, the 
diatom species varied markedly along the transect. 
The program also assumes that all taxonomic groups 
present are included in the pigment ratio table. This 
was the case with the synthetic data but is unlikely to 
be true for the field data. 

CHEMTAX analysis requires a table of expected 
taxonomic groups and their pigment ratios. It is neces- 
sary to have a reasonable idea of the species present to 
construct such a table, and thus some microscopic 
analysis is essential. Our application of the CHEMTAX 
program was limited by the lack of known pigment 
ratios for the study area. This would be the case in most 
studies; however, literature values derived from cul- 
tures proved to be adequate starting points for adjust- 
ment by the program. Obviously, it would be better if 
values for local populations were available. 

This study provides an example of how CHEMTAX 
can enhance the complementarity of microscopy and 
pigment analysis. Only a combination of light- and 
electron-microscopy can determine the species com- 
position of phytoplankton populations, but these tech- 
niques are too time-consuming for analysis of hun- 
dreds of samples in ecological studies. Pigment 
analysis does not have the taxonomic precision of 
microscopy but can accommodate the sample numbers 
required for spatial or temporal studies of phytoplank- 
ton distribution and i.nterpolate between microscopic 
samples. The CHEMTAX program was able to distin- 
gui.sh taxa from the pigment data that would be other- 
wise unrecognisable. 

In this study, only pigment data were interpreted by 
the program, but it would be capable of interpreting 
any set of taxon-associated markers (e.g. lipids) or 
combinations thereof. 
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