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ABSTRACT: The influences of light and nutnents on ratios of pigments/chlorophyll a (chl a) were
investigated for several species of different phytoplankton groups from estuaries and coastal areas lor
the purpose of calculating the biornass of individual phytoplankton groups as chl a based on pigmenWch1 a ratios. Pigment ratios were constructed for varying Light intensities and qualities and for
nutrient-starved algae cultured in the laboratory. The pigrnent ratios were tested on 4 data Sets
obtained in estuanes and coastal areas using the CHEMTAX program, for calculating phytoplankton
group abundance as chl a. Field samples were collected over a vanety of time and spatial scales as well
as being subjects to variations in light and nutnent conditions. The pigmentkhl a ratios derived frorn
the different treatments in culture experiments generally had a minor effect on the CHEMTAX biomass
calculations, although the biomass of cyanobactena and prymnesiophytes was significantly influenced
by the ratios chosen. In addition. interspecies variations in pigment/chl a ratios within the individual
phytoplankton groups were even more pronounced than variations caused by the different growth conditions, indicating that the ratios chosen for CHEMTAX calculations should, if at ali possible. reflect the
dominant phytoplankton species present in a given area. For 2 of the data sets, where larger algal cells
dominated, the composition and the biomass of the individual phytoplankton groups, using our pigrnent ratios in the CHEMTAX prograrn, corresponded well to rnicroscopic determinations of the biomass of phytoplankton. One of the data sets, where small algal cells dominated, was counted under the
microscope by 2 different laboratones. Their biomass estimates were not consistent, and both disagreed with the CHEMTAX results. This probably reflects the subjectivity of microscopic analysis,
which is greatest when small phytoplankton cells dominate. In a fourth data set, owing to the high sensitivity and reproducibility of the pigment analysis, differences were detected between phytoplankton
groups over a transect of 5 km. which might have been unresolved using standard microscopic techniques.

KEY WORDS: Phytoplankton . Chlorophyll a . Pigments . HPLC . CHEMTAX

INTRODUCTION

In the past, the composition and abundance of phytoplankton populations have been determined by microscopy. Since microscopic enumerations are complicated and time consuming, the number of samples and
algal cells that can be counted is limited, and the coef-
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ficient of variation of ceiis counted under the microscope is high, i.e. between 15 and 50% (Wilhelm et al.
1991). Minor vanations in the composition of phytoplankton are consequently not revealed when using
microscopy technique.
The introduction of pigment analyses by High PresSure Liquid Chromatography (HPLC) (Abaychi &
Riley 1979, Mantoura & Llewellyn 1983) facilitated
easy and accurate separation, identification, and
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quantification of phytoplankton pigments. The characteristic composition of phytoplankton pigments
within the individual phytoplankton groups and the
occurrence of diagnostic pigments has favored the
use of pigment analysis in investigations of the composition of phytoplankton populations (e.g. Gieskes &
Kraay 1983, Bidigare et al. 1990, Althuis et al. 1994).
In contrast to microscopic enumerations, analysis by
HPLC 1s reproducible (i.e. the coefficient of variation
on repeated injections is usually below 1 %; L. Schlüter unpubl. results), and the method provides a rapid
way to examine the phytoplankton group composition: with an autosampler connected to the HPLC,
more than 40 samples can be analysed per day. The
large number of samples that can be processed by
HPLC allows a more thorough examination of the
structure and dynamics of phytoplankton populations
than has been possible using enumeration of phytoplankton under the microscope.
The HPLC method has proven especially useful for
samples from oligotrophic areas (e.g. Letelier et al.
1993, Peeken 1997), where the smallest algal cells can
only be correctly identified by electron microscopy
(Andersen et al. 1996). It has been used more sparsely
for samples from eutrophic, coastal marine areas (e.g.
Bianchi et al. 1997),although the HPLC should be useful for detecting phytoplankton groups in such areas
too. In the beginning, conclusions using pigment data
obtained by HPLC analysis were mostly qualitative
(e.g. Gieskes & Kraay 1986, Bidigare et al. 1990), but
recent work indicates that the pigments can also be
used as quantitative measures of phytoplankton
groups (Schlüter & Havskum 1997). To estimate the
biomass of phytoplankton groups frorn the pigment
concentrations, Gieskes et al. (1988) used multiple linear regression to quantify the contribution of the individual phytoplankton groups to the total concentration
of chlorophyll a (chl a). As discussed in Mackey et al.
(1996) and Schlüter & Havskum (1997), the use of linear regression in this way assumes that the ratios between the individual diagnostic pigments and. chl a a.re
constant. If the ratios change (e.g. owing to light adaptation), this approach cannot be used. Other methods
(e.g. Everitt et al. 1990, Letelier et al. 1993. Goencke &
Montoya 1998) have been applied to determine the
abundance of the individ.ua1 phytoplankton groups
from the concentration of the marker pigments.
Mackey et al. (1996) introduced the CHEMTAX prorirnm
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algorithm are used to find the best fit to thc data based
on suggested pigmentlchl a ratios of both diagnostic
pigments and pigments present in several phytoplankton groups for the phytoplankton groups to be deterrnined. Mackey et al. (1996, 1998) and Wright et al,
(1996) provicied strong evidence that CHEMT.4X suc-

cessfully calculates phytoplankton group abundailce
in terms of their chl a concentration from pigment concentrations in ocean samples, even when there were
phytoplankton groups without diagnostic pigments or
when the initial suggested pigment ratios contained
large errors. More data should of Course be tested, but
CHEMTAX certainly seems a promising method for
determination of the abundance and composition of
phytoplankton groups.
The application of the CHEMTAX program to
coastal and estuary samples is limited by the lack of
known pigment ratios for different areas (Wright et al.
1996). The pigment ratios available (i.e. Table 1 in
Mackey et al. 1996), are derived from 18 different references. For most phytoplankton groups, the ratios in
the references vary with growth conditions in the cultures. Since concentrations of carotenoids and chl a in
the cells are influenced by irradiance and nutrient limitation (Latasa 1995, Goericke & Montoya 1998), providing appropriate growth conditions in culture experiments is critical for the assignment of valid pigment/
chl a ratios. Extensive knowledge of the influence of
light intensity, light quality, and nutrient limitation on
the pigment/chl a ratios of different phytoplankton
species is certainly needed before the CHEMTAX program can be generally applied.
In the work presented here, algal cultures were used
to elucidate the influence of varying light climate and
nutrient limitation on the ratios of pigments to chl a
The algal species chosen were mainly species that are
prevalent in estuaries and coastal areas. The pigment
ratios generated were then tested using the CHEMTAX program on 4 different data sets denved from different coastal areas, which included sampling over
various temporal and spatial scales, and variations in
light and nutnent conditions. The results were compared with microscopic determinations of phytoplankton biomass for 3 of the data sets. Furthermore, the
reproducibility of microscopic enumerations was evaluated by having 2 different laboratories Count the
Same samples under the microscope and estimate the
biomass of the phytoplankton groups by standard
methods.

MATERIALS AND METHODS

Culture experirnents. The algal species selected for
!he o x p e r i ~ o n !l.~:ere
~
tho dinnf!?~o!!itor P&_?'iim
fderoense Paulsen (Scandindvian Culture Collection
(SCCAP), K-500), and Prorocentrum micans Ehrenberg (SCCAP, K-03351, m d the diatoms Phaeodacty1um tricornutum Bohlin (Marine Biological Laboratory
[MBL], Helsingsr, Denmarkf and Ditylum brightwellii
(West) Grunow (MBL). Of the prymnesiophytes, 3 out
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Table 1. Average light intensity. reaching the incubation bags at the different
depths, in the Oosterschelde,June 1996
Depthabove June: 17-18
the bottorn (rn)
1
2
3
4
5

43
69
111
228
369

18-19

21-22

22-23

24-25

(pmol photons m" s-I)
12
25
54
115
246

13
27
57
120
251

16
31
63
127
256

11
21
42
83
165

of the 4 types defined by Jeffrey & Wright (1994) were
chosen: Type 1 (without 19'-hexanoyloxyfucoxanthin
[19'-hex]): Isochrysis galbana Parke (MBL); Type 3
(with 19'-hex): Emiliania huxleyi (Lohman) (isolated
from Os10 Fjord, 1990); and Type 4 (with 19'-hex and
19'-butanoyloxyfucoxanthin [19'-but]):Phaeocystis sp.
Lagerheim (SCCAP, K-0494). Other species used were
the chrysophyte Apedinella radians (Lohmann) Campbell (SCCAP, K-OO??), the pelagophyte Pelagococcus
subviridis (Plymouth Culture Collection, C-599), the
cryptophytes Rhodomonas salina (Wislouch) Hill et
Wetherbee (MBL) and Plagioselmis prolonga Butcher
(SCCAP, K-0429), the cyanobactenum Synechococcus
sp. (Nägeli) (provided by Dr W. Eikrem, Manne
Botany, University of Oslo, Norway), the chlorophytes
Chlorella sp. (provided by Dr L. Shapiro, Oregon Marine Biology Institute, Charleston, USA) and Brachiomonas submanna Ettl (SCCAP, K-043?), the prasinophytes Pycnococcus provasoiii Guillard (SCCAP, K-0249)
and Pyramimonas disomata Butcher (SCCAP, K-0285).
and the euglenophyte Eutreptiella gymnastica Throndsen (SCCAP, K-0333).
The algal cultures were grown on a 1 6 8 h 1ight:dark
cycle at 17°C in Keller medium, 30%0 (Keller et al.
198?), in 1 1 glass bottles, and were bubbled with filtered air. Non-motile algae were stirred gently with a
magnetic stirrer to keep the cells suspended. The cultures were grown at 3 different light intensities, using
Pope fluorescent tubes (36W/33): 'low light' (LL),
'medium light' (ML), and 'high light' (HL). HL cultures
received light from 2 sides, ML from 1 side, while LL
cultures received only scattered light. The irradiances
reaching the cultures, measured with a Li-Cor Li 1000
meter with both 4n and 271 quantum Sensors, in pmol
photons m-2 s-', were LL: 23 (4rc)/4(2n),ML: 230(4~)/94
(2n) and HL: 554 (4x)/269 from one side and 118 from
the other side (2x).Since the cultures were allowed to
become dense (chl a concentrations were between 50
and 500 pg 1-'), producing self shading, the light intensities reaching individual algal cells were lower than
the incident irradiances.
The cultures were also grown at 2 different light
qualities: blue (BL) and green light (GL), which are

51

prevaient in oligotrophic and coastal
environrnents, respectively, by screening the cultures with blue and green
filters. The absorption properties of
25-26 27-28
the 2 types of filters resembled the
oceanic Type 111 (blue),and the coastal
11
26
Type 9 (green) in Jerlov (1968), and
53
23
the resulting irradiance reaching the 2
106
49
213
104
screened cultures was 88 pmol pho429
223
tons m-2 s-' for the BL cultures and 98
pmol photons m-2 s-' for the GL cultures, measured with the 2n quantum
Sensor. The screened cultures were ventilated with a
fan, which ensured that the temperature was kept at
17°C.
The algae were maintained as semi-continuous
batch cultures by counting the cells in each light treatment in a haemocytometer every day, calculating the
growth rates to ensure that the algal cells were growing exponentially (usually more than 1 cell division d-'
in ML and HL treatments), and replacing part of the
algal culture with fresh medium to reach the initial cell
density. The cultures were grown for at least 4 or 5 d to
ensure that the cells were acclimated to the given light
conditions. Cells were harvested at noon by filtering
replicate sub-samples through GF/F filters. The filters
were quickly wrapped in aluminium foil, and immediately frozen in liquid nitrogen. Each filtration and
freezing step was finished within 1 min after the cultures were removed from the light source. The filters
were stored in liquid nitrogen until analysis by HPLC,
usually within 2 wk. After these subsamplings, the ML
cultures were allowed to grow without dilution, until
cell division terminated (stationary growth [SG]),usually within 4 d. Subsamples were then filtered as
described above.
Field experiments. Pigment analyses and microscopic enumerations were performed on samples collected from 3 different coastal areas: the Dutch estuary
Oosterschelde (51" 30' N, 4" E), the Norwegian Hylsfjord (59" 30' N, 6" 30' E), the Danish Great Belt
(55" 15'N, l l O E ) ,and pigment analyses alone were
performed on samples from the Danish/Swedish 0 r e sund (55" 30' N, 12" 45' E).
The Oosterschelde: Surface water was collected
before and after tidal water had passed over a n extensive mussel bed of Mytilus edulis L. The 2 samples
tvere incubated for 24 h in 10 1 polyethylene bags on 7
occasions over 2 wk in June 1996. The bags were
deployed at 1 m intervals vertically above the bottom
at a station located beside the mussel bed. The tidal
amplitude averages 3 m in the Oosterschelde, resulting in profound variations in incubation depths. The
light. reaching the bags in each 24 h period was calculated from the incident radiation, the light attenuation

Mar Ecol Prog Ser 192: 49-63. 2000

Table 2. Pigment/chlorophyll a ratios in (a) dinoflagellates. diatoms. prymnesiophytes, a pedinellophyte, a pelagophyte, cryptophytes and
(b] a cyanobacteria, chlorophytes, prasinophytes, and an euglenophyte for each pigment detected in the different light treatments as averages of 2 replicates (left column) and as the average of the 3 light intensity studies (right column). 19'-but-fuco: 19'-butanoyloxyfucoxanthin. 19'-hex-fuco: 19'-hexanoyloxyfucoxanthin, LL: low light, ML.medium light. HL: high light, GL: green light, BL:blue light, SG: stationary growth (see text for details), nd: not determined
a
Dinoiiagellates
Pendinium
faeroense"

Light

0,289

0.711

0.391 0.338
0.333
0.431
0.384
0.317
0.111
0.094 0.099
0.093
0.117
0.090
0.101

0.636 0.655
0.619
0.694
0.687
0.746
0.442
0.415 0.411
0.375
0.420
0.405
0.413

U
ML

HL
GL
8L
Dlaloms
Phaeodactylum
fflconulum

SG
LL
ML
HL

GL
BL
SG
Diclylum
brighl wrellii

LL
blL

HL
GL

BL
PrymnesiophytesEmihaoia huxleyr

Pendinin

LL

SG
mjcdf?sis"

Chl Cl

ML
HL
GL
BL

Prorocenlrum

Chl C

19'-but-fuco Ailoxanthin

Fucoxanlhin

19'-hex-fuco Diadinoxanihui Dlatoxanthin
0.319
0 321
0.269
0.331
0.357
0.401
0.134
0.165
0.193
0.147
0.188
0.131
0.264
0.573
0.784
0.494
0.589
0.456
0.058
0123
0 099
0.093
0.126

1.ZIB
0.977 1035
0 910
0 981
0 860
0 937
0 485
0585 0 522
0.497
0.599
0 500

0'425
0.655 0.473
0.340
0.327
0.330
0.322
0.166
0.196 0.180
0.177
0.191
0.180

Caroiene

0.004
0.088
0 304 0.011 0.068 0.119 0.177
-.

0.000
0.036
0164 0.021 0.016 0.036 0.035
0.026
0.034
0.006
0.020
0.006
0.039
0.040
0.026
0.002
0.060
0.540 0.025 0.034 0.070 0.080
0.074
0.111
0.028
0.079
0.017
0 068
0.111
0.042
0.002
0.034
0.093 0.042 0.113 0.044 0.052
0.296
0.079
0.097
0.043
0.047
0.044

SG

ML

tiL
CL
BL
SG

LL
ML
HL

GL
BL
SG

P'lozocystis sp.

1.L
ML
HL
CL
.

~

SG
Pedinellophyle
Apedinella radidns LL
hU

I

Pelagophyte
Prbpococciis
crrhvinriir

0.093

0.091

0.091

0 101

ML

387
0 171
0 390 0 397 0 155 0 174

SG

0.507
0.546
0.546

ML

O.aW
0.059 0.057'

BL
Cryplophyles
Rhadomußas salina LL

0.260
0.31 1
U.285

0.383

~

~

0.291 0.307

0.344

0.012
0.012
0.001
0.025
0.042
0.001
0.108 0 102 0.011 0.009 0.038 0.036

0 240
0589 0510

0 308
1241
0 638 0 732

0 202
0.019
0 097
0 022
0 170 0 140 0042 0088 OliI6 I1021

0.298
1.246
O.6W

1.373
0.333
11.924

0.131
0.216
0 131

0.100 0.107

SG

GL

0.161

0.172
0.271 0.261

"Echinenonc. wds detected in irare dnlounts:

'Chlorophyll r l ; "P,F-riirriten~

0.052
0.027
0.124

0.024
0.018
0.022
0.051
0.055 0.052"
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coefficient, and a varying depth (cos function), as
described by M ~ h l e n b e r g(unpubl.) (Table 1). Pnor to
and after incubation, samples were transported to a
laboratory nearby, filtered onto GF/F filters within 1 h,
and immediately frozen in liquid nitrogen. The pigments were analysed by HPLC within 3 mo according
to the methods descnbed below. For microscopic
determination of phytoplankton, samples for determination of larger algae ( > 2 0 pm) were fixed in Lugol's
solution and enumerated using an inverted microscope
as descnbed below. Samples for determination of pico
and nano algae were fixed in glutaraldehyde, filtered
onto black 0.8 pm filters, and enumerated using an epifluorescence microscope as descnbed below.
The Hylsfjord: A mesocosm study was conducted in
July 1995. Four enclosures, each containing 1600 1,
were treated with nutrients by adding either nitrogen
(N), nitrogen and phosphorus (NP), nitrogen and
glycine (NG), or nitrogen, phosphorus and glycine
(NPG) to the enclosures. Nutnents were added daily as
foilows: 157 pmol KH2P04, 3140 pmol NaN03, and
6280 pmol glycine. Since phytoplankton in the Hylsfjord is apparently phosphorus limited (Aure & Rey

1992, Thingstad et al. 1993), the N enclosure constituted a control. Further details about sampling and
expenmental setup are descnbed in Thingstad et al.
(1999).Samples were taken every day dunng a penod
of 9 d at 3 depths, which were pooled into 1 sample
before sampling for microscopic enumeration and pigment analysis. The samples were only counted under
the microscope every second day, although an extra
sample was counted for each enclosure on the second
experimental day. Some of the results from the Hylsfjord have been presented elsewhere (Havskum &
Hansen 1997, Schlüter & Havskum 1997). In the present study, pigment ratios, denved from the laboratory experiments described above, were used in the
CHEMTAX program (Mackey et al. 1996) to calculate
the chl a biomass of the phytoplankton groups from the
measured pigment concentrations. These results were
compared to the biomass of the phytoplankton groups
found under the microscope.
The Great Belt: Water samples were taken from the
water surface every second week during a penod of
3'/2 mo from June to September 1997. The samples were
counted microscopically by 2 laboratories, a and b.

Table 2 (continued)
b

Light Mg 2.4 DVP

Neoxanthin

LL
Cyanobacieria
Synechococcus sp. ML

SG

LL

ML
HL
GL

Brachiornonas
su bmarina'

BL
SG
LL
ML
HL
GL

BL
Prasinophytes
~ycnococcus
provasolü'

SG
U
ML
HL

GL
BL

SG
Pyrarnimonas
disornataf

Euglenophyle
Eutrep bella
gymßasoca

L1
ML
HL
GL
BL
SG

LL
ML
HL
CL
BL
SG

Lutein

Chl b

Zeaxanthin

Carotene

=-

Slphonein

0.51 1
1603 1.245
1.620
1.341
1.228

HL
GL
BL
Chlorophyles
ChloreUa sp!

V~olaxanthin

0.035
0.062 0.047
0.043
0.058
0.068
0.088
0.042
0.039 0.038
0.033
0.040
0.040
0.047

0.296
0.396 0.376'
0.435
0.477
0.565
1.721
0.654
0.044
0.108
0.009
0.187
0.030
0.031 0.029 0.221 0.175 0.063 0.057 0.178 0.184 0.048 0.042
0.01 1
0.196
0.099
0.188
0.047
0.037
0.194
0.037
0.199
0.04 1
0.067
0.219
0.020
0.202
0.044
0.081
0.282
0 047
0.192
0.031
0.038
0.128
0.003
0.433
0.056
0.051 0.034 0.150 0.145 0.007 0.024 0.366 0.370 0.062 0.063
0.013
0.158
0.063
0.311
0.07 1
0.046
0.155
0.003
0.336
0.056
0.042
0.143
0 002
0.380
0.057
0.036
0.158
0 023
0.425
0.069

0.052
0.136
0.438
0.002
0.014
0 790
0 070
0.069 0.047 0.122 0.113 0.497 0.458
0.019 0.018 0.066 0.079 0.678 0.679 0.086 0.088
0.032
0.157
0.568
0.019
0.082
0.439
0.108
0.054
0.023
0.055
0.115
0.503
0.691
0.083
0.038
0.110
0.425
0.022
0.095
0.701
0.081
0.063
0 142
0.881
0.058
0.325
0.774
0.089
0 076
0,100
0.005
0 005
0.550
0.057
0.082 0.079
0.161 0.138 0.055 0.049 0.036 0.043 0.522 0.532 0.127 0.113
0.080
0.152
0.087
0.087
0.525
0.154
0.084
0 139
0.028
0.017
0.544
0.102
0.079
0.151
0.05 1
0.044
0.516
0.115

-

0 064
0 070 0.069
0.072
0.070
0.073
0.080

eß,ß-mrotene; 'Antheraxanthin was detected

in

trace amounts

0.002
0.007 0.007
0.012
0.006
0.008
0.010

L

-

.

--

L

.
--

-

-

0 006
0.187
0.029
0.107
0 072
0.057 0.056 0.260 0.219 0.029 0030 0.217 0.189 0 100 0.084
0.104
0.211
0.033
0.244
0.081
0.026
0.236
0.202
0.091
0.027
0.032
0.230
0.211
0.089
0.026
0.092
0.309
0.249
0.119
0.013
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Laboratory a counted only samples fixed in Lugol's
Solution under a n ordinary light microscope, while
Laboratory b analysed the samples by both ordinary
light a n d epifluorescence microscopy as described
below.
Oresund: Water was sampled on 10 June 1997 at 2
depths: at the surface and 0.5 m above secchi depth
on both sides of a sediment plume, which had arisen as
a consequence of a spill from a dredger The stations
were placed in pairs, 8 stations in all, on both sides of
the sediment plume along a 5 km horizontal line following the sediment plume.
HPLC analysis. The filters were thawed, placed wet
in 3 ml 100% acetone, resulting in a nominal concentration of 9 0 % acetone (Bidigare 1991), sonicated on
ice for 10 min, and extracted for 24 h at 4°C. The filters
and cell debris were filtered from the extract using disposable syringes and 0.2 pm Teflon syringe filters. 1 ml
extract and 0.3 ml water (HPLC-grade) were transferred to HPLC vials and the vials were placed in the
cooling rack of the HPLC. The samples were injected
into a Shimadzu LC-1OA HPLC system according to
the method described by Wright et al. (1991), although
the linear gradient was modified slightly. 0 min: 100 %
A; 2 min: 100% B; 2.6 min: 90% B/10% C; 13.6 min:
65 % B/35 % C; 20 min: 31 % B/69 % C; 28 min: 100 %
B; 31 min: 100% A. Divinyl chls a and b could not b e
separated from monovinyl chls a and b with this
method, but since the investigation areas were all
brackish coastal areas, prochlorophytes were not likely
to be present. The HPLC system was calibrated with
pigment standards from The International Agency for
I4C Determinatiori, VKI, Hmsholm, Denmark. Peak
identities were routinely confirmed by on-line diode
array.
Microscopic enumerations. The phytoplankton cells
were assigned to groups by epifluorescence a n d ordinary light microscopy, and at least 100 cells were enumerated. For each sample, at least 20 cells in each
group were measured. The cell volume was calculated
by assigning simple geometric shapes to the organisms
of which 1 or 2 dimensions were measured (HMSO
1990). The dimension of naked flagellates was multiplied by a factor 1.1 to compensate for shrinkage d u e to
fixation (Choi & Stoecker 1989). Phytoplankton cell
volume [for diatoms, the volume of the vacuole was
subtracted fronl the cell volume) was converted to carbon biomass using conversion factors: 0.22 p g and
n qc
U
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P . ---'4
L .

L

...-V,
.
.
,
.
J
" i L i L "Jbu
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--,-.lr77.,,.t;p

iui y . v . . u * , v c r c
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chl a of the phytoplankton groups in the 4 different
experiments, using the pigment/chl a ratios derived
from the laboratory experiments All detected diagnostic pigments as well as pigments that a r e not unarnbiguous markers, but indicative of the presence of only
a few algal groups ( e . g .chl b, lutein, violaxanthin, neoxanthin, fucoxanthin, zeaxanthin) were included in the
files, while the 2 light-protecting pigments, diadinoxanthin a n d diatoxanthin (Demers et al. 1991), ß,Pcarotene, ß,e-carotene a n d chl c were not included,
as recommended by Mackey et al. (1996). Pedinellophytes, originally included in the class Chrysophyceae sensu Christensen (1962),but later defined as
the class Pedinellophyceae (Melkonian 1989, Kristiansen 1990), were detected sporadically under the
microscope, but were not included in the CHEMTAX
program.
The pigment data from the Oosterschelde were
divided into 3 data Sets according to the average light
intensities that reached the incubated water samples
(Table 1): LL: 11 to 50 pmol photons m2 s-I; ML: 51 to
150 pmol photons m-2 s-'; HL: 151 to 429 pmol photons
m-2 s-I. The initial samples collected at the surface
were accordingly placed in the HL group, and the 3
data Sets were run separately in CHEMTAX with ratio
files constructed from the light experiments (see
'Results'). The number of samples in LL, ML, and HL
were 21, 21, a n d 27, respectively. The data set as a
whole was also run in CHEMTAX, using the average
of the ratios of the 3 light intensities.
For the Hylsfjord data Set, the average ratios of the 3
light intensities were used for constructing the CHEMTAX ratio file for the pooled water samples.
For the Great Belt and Oresund data Sets, where the
samples were collected in the surface waters or 0.5 m
above 'I2Secchi depth, which both corresponded to
high light intensity, the CHEMTAX program was
loaded with pigment ratios for algae cultured in HL. In
addition, the chl a biomass of the individual phytoplankton groups was calculated by CHEMTAX for all
light treatrnents with the Great Belt data Set to determine the influence of the different light treatnlents on
the resulting chl a biomass.

RESULTS

Laboratory experiments

n,.l~2rx,

u r i u ru*%u.I

otic picoplankton, respectively (Sondergaard et al.
1991), 0.13 pg :C pin ' ivas used for thecäte dinoflagellates, dnd 0.11 p g C pm .' for all other phytoplankton
cells (Mullin et dl. 1966, BMEPC-f-IC 1988).
Data treatment. The CHEMTAX proyrani (Mackey
et al. 1996) was used for calculating the biomass as

The pigmenflchl a ratios for the different species
grown in different light climates a r e chown in Table 2.
ß,ß-carotene, P,&-caroteneand related carotenes were
grouped as carotenes. Chl c , a n d chl C;, were not separated by the HPLC method, and a r e named eh1 r in
Table 2.
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The diagnostic pigment/chl a ratios in dinoflagellates (peridinin), diatoms (fucoxanthin), the prymnesiophyte without 19'-hex, Isochrysis galbana (fucoxanthin), the pedinellophyte (fucoxanthin), one of the
cryptophytes (Plagioselmis prolonga; alloxanthin), the
chlorophytes (chl b), the prasinophytes (chl b and/or
prasinoxanthin), and the euglenophyte (siphoneidchl
b) showed only minor vanations at the different light
intensities (Table 2). By contrast, in the prymnesiophytes containing 19'-hex and/or 19'-but, the pelagophyte (19'-but), the cryptophyte Rhodomonas salina
(alloxanthin),and in the cyanobacterium (zeaxanthin),
the diagnostic pigment/chl a ratios increased by at
least 100% from LL to HL.
Among the non-diagnostic pigments, the ratios of
diadinoxanthin, diatoxanthin, and carotene to chl a
were strongly influenced by light intensity and generally increased with light intensity. The Same response
was Seen for ratios of zeaxanthin and lutein to chl a,
present in many of the chlorophytes, prasinophytes,
and euglenophytes, while the ratios of violaxanthin to
chl a responded differently to light intensity in these
algae (Table 2).
The influence of light quality on pigment/chl a ratios
was not as profound as the effect of the light intensity,
and the ratios in algae grown in GL and BL were generaliy within the range of the ratios of the 3 light intensities, LL, ML, and HL (Table 2). Exceptions were the 2
prymnesiophytes Erniliania huxleyi and Phaeocystis
sp., which especially in BL for most pigments deviated
from the ratios in light of different intensities, with
higher 19'-hex/chl a ratios and lower fucoxanthin/chl a
ratios (Table 2).
The pigment/chl a ratios in the SG cultures were
generally within the range of the ratios of the 3 light
intensities, although there were some exceptions. For
example in the diatom Ditylum bnghtwellii, the
fucoxanthin/chl a-ratio Inore than doubled in stationary phase compared to all other treatments (Table 2).
In the prymnesiophytes Phaeocystis sp. and Isochrysis
galbana, the fucoxanthin/chl a ratio in stationary
phase was lower than the average ratio found in all
light intensities, while the fucoxanthin/chl a ratio in
Ernilinia huxleyi in SG was within the range of the
light intensity treatments. The 19'-hex/chl a ratios
were, however, higher for both Phaeocystis sp. and
Emiliania huxleyi in SG compared to the light intensity treatments (Table 2). In the chlorophytes, prasinophytes and euglenophytes, the pigmenvchl a ratios
during SG were for some pigments occasionally
slightly beyond the range found in the light intensity
studies, although the prasinoxanthin/chl a ratio in SG
in Pycnococcus provasoJii deviated by being almost
double the average ratio found in the light intensity
treatments (Table 2).

Field experiments
In samples from the Oosteschelde, fucoxanthin was
the dominant accessory pigment indicating dominance
by diatoms (Fig. I ) , and microscopy showed that several diatom species were dominant. At the beginning
of the experimental penod, however, 19'-hex was also
detected, and single cells of vanous species of prymnesiophytes, as well as the colony-forming Phaeocystis
sp., were observed under the microscope (Fig. 1). 19'but was not detected, indicating that it did not occur in

1

B
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22

29
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36

43

50

57

64

number

Sample number

Fig. 1. Biomass of the phytoplankton groups in Oosterschelde,
June 1996, determined by (a)phytoplankton pigments in chl a
by CHEMTAX and (b) the carbon biornass estimated by rnicroscopy. Numbers on the X-axisrefer to the sample nurnbers
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this Phaeocystis sp. (cf. Jeffrey & Wright 1994). Alloxused for calculating chl a biomass of the individual
anthin, prasinoxanthin and chl b (as well as lutein,
phytoplankton groups in CHEMTAX. The biomass of
neoxanthin, violaxanthin, diadinoxanthin, etc.; i.e. pigthe phytoplankton groups calculated using CHEMments which are not unambiguous markers) were
TAX for the Hylsfjord enclosures corresponded well
found in small amounts, indicating low levels of crypwith the carbon biomass observed under the microtophytes, prasinophytes, and possibly also chloroscope (Fig. 2). Both methods were able to detect the
increase in diatoms and dinoflagellates especially in
phytes. Prasinophytes were not observed under the
response to phosphorus addition as compared to the
microscope; instead a few chlorophytes, dinoflagelenclosures with added nitrogen (Fig. 2). Glycine had
lates and pedineliophytes were detected, but the abunno effect on the phytoplankton groups.
dance of these algal groups was much lower than that
The results of the 2 microscopic examinations of the
of diatoms (Fig. 1).
The biomass as chl a of the phytoplankton groups
Same samples from the Great Belt are shown in Fig. 3.
determined by CHEMTAX for different light intensiAs Laboratory a was using ordinary light microscope
only, smaller flagellates could not be identified and are
ties agreed well with the carbon biomass estimated
grouped as 'unknown flagellates' (Fig. 3). Laboratory b
from the microscopic measurements (Fig. 1). Using the
was able to identify flagellates and pico algae (i.e. pico
average pigment ratio of the 3 light intensities for the
cyanobactena). Laboratory b found that cyanobacteria
whole data set, instead of different pigment ratios for
were very abundant, while Laboratory a detected a
the different light intensities, did not, except for the
small amount of chain-forming cyanobacteria on one
pryrnnesiophytes, influence this result. The correlation
between the carbon biomass and the biomass as chl a
calculated either using different ratios corresponding
to the light intensities during the incubations or the
average of the LL, ML and HL ratios were almost equal
for the diatoms (r2= 0.56 and 0.53, respectively), and
equal for cryptophytes (r2 = 0.06 and 0.06, respectively),and for chlorophytes (r2= 0.07 and 0.07, respectively). The chl a biomass of the prymnesiophytes,
however, was affected by the pigment/chl a ratios choSen for the CHEMTAX program: r2 was respectively
0.50 and 0.83 for the biomasses calculated by the different ratios corresponding to the light intensities during the incubation or the average pigment ratios.
The systematic repetition of valleys and peaks in
Fig. 1 reflects the initial samples followed by samples
that were incubated for 24 h at 5 different depths. During the incubation, the increase in carbon biomass was
more pronounced than the increase in chl a, giving rise
to significantly different carbon/chl a ratios before and
after incubation: 25 and 29, respectively (t-test,p < 0.05).
There was no significant difference in the carbon/chl a
ratios for samples incubated at the 5 different depths.
In the Hylsfjord, rnicroscopic analysis showed
that diatoms and dinoflagellates were dominant,
@ Unknown flagellates
while chlorophytes, cryptophytes, cyanobacChrysophytes
tena, prymnesiophytes, and pedinellophytes
@ Prasinophytes
were present in lower concentrations (Fig. 2 ) .
Cyanobacteria
The diagnostic pigments detected by HPLC
8 Cryptophytes
H Euglenophytes
were fucoxanthin, pendinin, chl b, alloxanthin
H Prymnesiophytes
and zeaxanthin, while the diagnostic pigment
Diatoms
for Type 3 and Type 4 prymnesiophytes,
111 Dinofiageiiates
19'-hex (Jeffrey & Wright 1994), was not detected. Instead, the pigment/chl a ratios of
Fig. 3. Carbon biomass of the phytoplankton groups from the Great
Type 1 prymnesiophytes (i.e. Isochrysis galBelt, 1997. estimated by microscopy by 2 laboratories (a and b).
bana, Table 2), as well as pigment ratios of
(a) Laboratory a used only ordinary light microscopy, while (b) Labother detected phytoplankton groups, were
oratory b used both ordinary light and epifluorescence microscopy
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Since many pigments were detected in considerable amounts in the Great Belt, this data
Set was used to test the influence of light and
nutrients on the chl a biomass of individChlorophytes
Prasinophytes
ual phytoplankton groups by running the
Cyanobacteria
CHEMTAX program 6 times with the differCryptophytes
ent pigment/chl a ratios for the different
Prymnesiophytes
treatments (HL, ML, LL, GL, BL, and SG;
Diatoms
Table 2 ) . The chl a biomasses of prymnesDinoflagellates
iophytes and cyanobacteria calculated by
CHEMTAX deviated from biomasses of chlorophytes, cryptophytes, prasinophytes, diatoms,
and dinoflagellates by being significantly different in
the different treatments ( p < 0.05 for prymnesiophytes
and p < 0.001 for cyanobacteria, single-factor ANOVA).
In 0resund samples, many different phytoplankton
pigments were detected, indicating a diverse phytoplankton community. The biomass of prymnesiophytes, cryptophytes, diatoms, and dinoflagellates calFig. 4. Biomass of phytoplankton groups in the samples from
the Great Belt, 1997, determined by phytoplankton pigments
culated using CHEMTAX was highest in the rniddle of
in chl a by CHEMTAX using ratios for algal cells in high light.
the investigation area, while prasinophytes and chloroReplicated samples on each date
phytes generally decreased towards the dredger
(Fig 5). The cyanobacteria showed a different distribution, with high biomasses at both ends of the investiday only (21 July). In the Same sample, laboratory b
gation area (Fig. 5). A factor analysis confirmed the
found cyanobacteria, especially Nodularia spumigena,
assumption that the phytoplankton groups were hetto be dominant (Fig. 3). The 2 laboratories also diserogeneously distributed in the investigation area
agreed on the total algal biomass on several dates,
(Fig. 6 ) . There was generally good agreement between
the samples taken at the surface and the samples taken
especially on 9 June, where the total carbon biomass
0.5 m above Secchi depth, and between pairs across
estimated by Laboratory a was about 10 times higher
the Sediment plume (Fig. 5).
than that found by Laboratory b, and on 21 July, where
the biomass estimated by Laboratory a was more than
4 times lower than that found by Laboratory b. The 2
DISCUSSION
laboratories agreed that dinoflagellates and diatoms
were the most abundant phytoplankton groups (exFor the different treatments in the culture expericluding cyanobacteria) (Fig. 3), and both agreed that
other groups, e.g. prasinophytes, cryptophytes, chrysoinents, the light intensities in particular had an effect
phytes and prymnesiophytes, were sparse (Fig. 3).
on the pigment/chl a ratios (Table 2), but the chl a biomass calculated for the individual phytoplankton
The phytoplankton pigment composition found in
groups by using CHEMTAX was only influenced sigthe Great Belt was generally very diverse (Fig. 4 )
when represented as the phytoplankton biomass in
nificantly for cyanobacteria and prymnesiophytes with
terms of chl a calculated using CHEMTAX. There
19'-hex.It was expected that light would affect the biowas good agreement between replicates (Fig. 4 ) .
mass of cyanobacteria, since their diagnostic pigment,
zeaxanthin, is involved in photo-protection (Bidigare
Chlorophytes were always abundant, and diatoms
and dinoflagellates were also prevalent (Fig. 4). Cyanoet al. 1989) Previously, concentrations of photosynbacteria, cryptophytes, prasinophytes, and prymnethetically active pigments were iound to CO-varywith
siophytes were also present on all dates. The group
chl a in diatoms, prymnesiophytes without 19'-hex,
cryptophytes, chlorophytes, and prasinophytes under
composition and biomass detected with CHEMTAX,
conrlitinnz nf r h a n ~ i n cr~rnwth r a t e s a n d i r r a d i a n c e
I,n.;eic:,
2 i Y x t , crcrp! !er c!innf!~ge!!~!oc 2nd
diatoms, matrh the biomass detcrminations made by
[Goericke & Montoya 1998, and references herein), in
either lahoratory (Fig. 4). All other groups. except
agreement with the results of this study. An exception
cyanobacterid detected by Laboratory a, were generfound in this study was prymnesiophytes with 19'-hex,
ally more abundant when determined from pigment
which is a light-harvesting pigment. Vanleeuwe &
Stefels (1998) found this pigment to be the main
composition thdn from observations mäde from
carotenoid, at the cost of fucoxanthin, for iron-depleted
microscopy (Fig. 41.
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Fig. 6. A factor analysis of the samples from 0resund.
CHLORO: chlorophytes, PRASINO: prasinophytes, CYANO:
cyanobactena, DINOFLAG: Dinoflagellates, PRYMNES:
pryrnnesiophytes, DIATOM: diatoms, CRYPTO: cryptophytes
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Fig. 5. Spatial distnbution of phytoplankton groups detected
with pigrnents and subsequent analysis by CHEMTAX in
Dresund, June 1997. The stations were distnbuted in pairs on
both sides of a sedirnent plume that arose as a consequence of
a spill by a dredger (C). The left panels show samples taken in
the surface, while the right panels show samples taken 0.5 m
above '/2 Secchi depth

Phaeocystis sp. cells and speculated that hydroxylation
of fucoxanthin (a highly efficient light-harvesting pigment) to 19'-hex and 19'-but may cause a modification
of chloroplast membranes, which may result in a
reduced efficiency of energy supply by the light-harvesting complex. This might explain the increase
found in 19'-hex/chl a with increasing light intensity in
this study, which was especially notable in SG
(Table 2). 19'-but was not detected in field experiments, but ratios of 19'-but/chl a also changed with
increases in light intensity and/or nutnent limitation
(Table 2), indicating that the biornass of Type 4 prymnesiophytes and pelagophytes is also subject to considerable change depending on the ratios chosen for
CHEMTAX determinations.
The values of pigment/chl a ratios in cultures grown
under BL and GL were generally within the range of
ratios found in cultures grown at vanous white light
intensities (Table 2). Light intensity is apparently more
important than the quality of light (i.e. prevalence of
BL in oligotrophic areas or GL in coastal areas and
estuanes) for CHEMTAX biomass calculations. Pigment/chl a ratios in the SG cultures were either below
or above the range of pigment ratios Seen in the different light intensity studies for some of the algal species
(Table 2, e.g. Ditylum bnghtwellii, Emiliania huxleyi,
Isochrysis galbana, Phaeocystis sp., Pycnococcus provasolii). In natural environments, remineralization of
nutnents by heterotrophic organisms (which were not
included in the culture studies) will always provide
sorne supply of nutnents for the algae, since phytoplankton growth and grazing by heterotrophic organisms are closely coupled (Schlüter 1998). Nutrient
deficiency is especially pronounced at the end of
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concentration of chl a is generally perceived
as an index of the living, photosynthetically
active phytoplankton biomass (Sakshaug et
@ Chlorophytes
al. 1997). The carbon/chl a relation in the
fßll Prasinophytes
phytoplankton cells varies with changes in
Cyanobacteria
irradiance or nutrient limitation (e.g. Goera
W Cryptophytes
5 2
icke & Montoya 1998). In the Oosterschelde,
Prymnesiophyles
0>
I
0 Diatorns
for example, light intensities during the incubations at the 5 different depths (Table 1)
Dinoflagellales
were all relatively high, even in the samples
which were at the bottom, and the carbon/chl
a ratios did not differ appreciably. After the
24 h incubation, however, increases in carbon/chl a
o
w a a r n v t m m - r ~ u a a w a
ratios were observed, probably owing to a reduction in
m m c c c c = = 2 3 2 2 3 2 , 0
nutrient concentrations. Phytoplankton carbon estiZ E z < < ~ - - 7 - r n r n m r n ~ ~
mates from microscopic enumerations are generally
4 2 2 4 % ~
m a l
quite variable, i.e. the coefficient of variation 1s beV> V)
tween 15 and 50% (Wilhelm et al. 1991). Companng
Fig. 7 . Biomass of phytoplankton groups in samples from the
the chl a biomass of individual phytoplankton groups
~ r e a ~t e l t 1997,
,
determined by phytoplankton ~ i g m e n t sin
calculated by CHEMTAX to microscopic enumerations
chlorophyll a by CHEMTAX using average light intensity
was therefore not optimal, but such a comparison was
ratios Replicate samples for each date were determined
the only way to evaluate the results of the CHEMTAX
program.
Pigment analyses by HPLC and subsequent data
monospecific phytoplankton blooms; in multispecies
treatment by loading the pigment concentrations and
phytoplankton communities, nutrient requirements of
the ratio file for the appropriate light climate into the
the individual species vary (Sakshaug & Olsen 1986).
CHEMTAX program, resulted in a successful descripThe results of the SG cultures in this study therefore
tion of both the composition of the phytoplankton
may not reflect in situ conditions and are probably
groups and their respective biomass in the Oostermost applicable to monospecific post-bloom situations.
When the piginent/chl a ratios for 2 species from the
schelde and the Hylsfjord compared with biomass estimates made by microscopy (Figs. 1 & 2). Even in the
Same group (e.g dinoflagellates, diatoms, cryptoHylsfjord, where the diagnostic pigment 19'-hex was
phytes, and chlorophytes; Table 2) were compared,
not detected, the CHEMTAX program was able to satinter-species variability in pigment/chl a ratios actually
isfactorily calculate the abundance of prymnesioexceeded differences in the ratios caused by the different growth conditions. Mackey et al. (1996) suggested
phytes without 19'-hex, using estimates of carbon biothat pigment ratios to be used in CHEMTAX should
mass made frorn the microscope as a comparison
(Fig 2). Similar results were obtained by Mackey et al.
come from the major phytoplankton species native to
(1996, 1998) for Prochlorococcus sp., where CHEMthe area from which the samples were obtained. CulTAX was able to estimate the abundance of Prochlorotures in this study were generally species prevalent in
coccus sp., even though the concentrations of divinyl
estuaries and coastal areas, but none of them were
chls a and b were not measured. Pigments detected by
dominant in the samples according to microscopic enuHPLC are able to reveal phytoplankton groups which
meration. Thus, the average pigment/c.hl a ratios of the
are difficult to detect and identify when algal cells are
2 species from the Same group were used for constructing the CHEMTAX ratio files, as an approximacounted by microscopy (Wright et al. 1996),depending
on the resolution of the microscope and the operator's
tion, although these might have caused even larger
skill. This was the case in the Oosterschelde, where
errors in the chl a biomass for these algae than the
prasinoxanthin was detected, even though prasinoerrors which might have arisen as a consequence of
phytes were not identified under the microscope.
not considering the light climate.
T ~ dPf i ~ l r ei ~ p ~ r i r n e nwf es r e carried out in different
Chlorophvtes were identified. however, and CHEMTAX was able to quantiiy the contnbution of boih
coastal environments and sampling included temporal
and spatial variations as well as differences in light and
prasinophytes and chlorophytes, although their occurnutrients. The data Sets were therefore suitable for
rence was rather sporadic compared to the diatoms
(Fig. 1). Running the CHEMTAX prograrn only on the
testing the ratiw derived from the laboratory experibasis of the diagnostic pigments detected, however,
ments with the CHEMTAX program. chl a is the termimight cause the biomass of phytoplankton groups
nal photosynthetic pigment in light absorption, and the
4
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without diagnostic pigments (e.g. chrysophytes,
dinoflagellates with prymnesiophyte endosymbionts
instead of pendinin (Tangen €4 Bj~rnland19811, subtypes of prymnesiophytes lacking 19'-hex (Jeffrey &
Wright 1994), prasinophytes without prasinoxanthin
(Egeland et al. 1995),to be included erroneously in the
biomass of other groups. The optimal use of the pigment data is therefore achieved, if preserved sub-samples are exarnined under the microscope to identify
groups without diagnostic pigments prior to analysis of
HPLC results using CHEMTAX.
For the data Set from the Great Belt, the results of the
CHEMTAX program resernbled neither of the biomass
estirnates made by the 2 laboratories on the basis of
microscopic analyses (Figs. 3 & 4). Furthermore, the
biomass estimates made by the 2 laboratones were not
consistent, emphasizing the problem of sublectivity of
rnicroscopy of phytoplankton cell detection and cell
rneasurements. A major cause of the severe discrepancies in the results from the 2 laboratories definitely
arose from the use of a n ordinary light microscope in
Laboratory a, since many flagellates (up to 50%, 3
July) could not be identified, and practically all nonchain-forming cyanobacteria, i.e. Synechococcus sp.,
were too small to be detected (Fig. 3). Although larger
algae cells, e.g. dinoflagellates and diatoms, are common in coastal areas and estuaries, algal cells of
smaller size are also present, particularly dunng penods of stratification and low nutrient concentrations
(Havskum & Riemann 1996). Using only light microscopy for biomass estimates of phytoplankton groups
will not provide satisfactory results if smaller algal cells
are prevalent.
Even though Laboratory b used epifluorescence
microscopy as well as ordinary light microscopy, their
estimated carbon biomass and the CHEMTAX results
were still not consistent. The abundant phytoplankton
groups, i.e. cyanobacteria and diatoms in Fig. 3b, were
more dominant than what was apparent from pigment
analysis, indicating that less abundant species may
have been overlooked. For example on 21 July, Laboratory b found cyanobactena to dominate completely.
Although calculations made using CHEMTAX may be
subject to error, practically all of the diagnostic pigments occurred in a relatively large arnount according
to HPLC analysis, indicating that the other phytoplankton groups were definitely significant contributors to the total chl a biomass. The chl a biomass of
cyanobacteria (and prymnesiophytes) was significantly influenced by the ratios chosen for the CHEMTAX analysis. Thus, if the phytoplankton cells had
become light-adapted to light intensities other than
our experimental HL, for instance, during transport or
handling in the laboratory, or if the phytoplankton
populations were nutnent starved, this would have
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influenced the biomass estimates of, especially,
cyanobacteria. If we had used the average ratio of the
3 light intensities instead of the HL ratios, the estimates
of biomass of cyanobacteria would have increased a t
the expense of the chlorophytes especially (also containing zeaxanthin) (Fig. 7 ) . Th.e general picture of a
diverse phytoplankton community on all dates, however, did not change, even when loading other ratios
(including the ratios selected by Mackey et al. 1996,
data not shown), indicating that the CHEMTAX
method is quite robust and not heavily dependent on
the pigment/chl a ratios used.
The good agreement between the biomass as chl a,
found by CHEMTAX, and the carbon biomass estimated by microscopy in the Oosterschelde and in the
Hylsfjord (compared with the result from the Great
Belt), is likely due to the prevalence of diatoms and
dinoflagellates in those areas. These generally large
cells are easy to identify and quantify, and as long as
sufficient cells are counted, thereby reducing the statistical variability, the microscopic estimate of these
groups is apparently quite precise.
The data Set from 0resund provided a n example of a
spatially variable distribution of phytoplankton populations. This data set was not counted under the microscope, but in light of the discrepancies of the 2 microscopic investigations in Fig. 3, such counting may not
have revealed the vanation in phytoplankton groups
over the 5 km transect. HPLC analysis of pigment composition, because of high sensitivity and reproducibility, provided a n appropnate method for revealing such
variations.

CONCLUSIONS

Light intensity had a n important effect on pigment/chl a ratios in some phytoplankton groups and
therefore should be taken into account when ratio files
are constructed for application of the CHEMTAX program. Inter-species vanations in pigment/chl a ratios,
however, were also considerable, indicating that the
ratios chosen for the CHEMTAX calculations should, if
a t all possible, reflect the dominant phytoplankton species present in the sample. More experiments with a
large number of algal species should be conducted to
reveal the extent of this inter-species variability. Overall, however, the CHEMTAX program appears to be a
robust method for determining the abundance of phytoplankton groups, even if certain diagnostic pigments
are absent. The high sensitivity and reproducibility of
the pigment method also allow the detection of differences between phytoplankton populations, which rnight
not be easily detectable using standard microscopic
techniques.
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