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ABSTRACT: The seasonal variation in the composition of algal communities in the lower St. Lawrence
Estuary was examined using HPLC pigments and cell taxonomy, and the efficiency of these 2 techniques was
compared. A major centric diatom bloom was observed 1n July 1992, preceded by an increase in pennate
diatoms in June, likely caused by bottom resuspension due to spring runoff. Grazing in June and July was
indicated by the presence of pyropheophorbide a, a copepod grazing product tracer, and chlorophyll deqgra-
dation pigments, likely associated with sloppy feeding and with the presence of cells (diatoms) with high
chlorophyllase activity and acidic cell sap. Various pheopigments and degradation products of chl a were
found in these 2 months. This is consistent with observations of maximum abundances of major copepod spe-
cies and of herbivorous ciliates in June preceding the summer diatom bloom. May was characterized by
nanoflagellates from Chrysophyceae, Cryptophyceae and Chlorophyceae, lower values of algal biomass and
production and higher light harvesting efficiency. Mixing prevented the establishment of vertical fluores-
cence patterns in May and September and probably lowered the effective daily light exposure of algae, which
translated into lower light acchimation than in summer and higher ratios of photosynthetic pigments to chl a.
Low-light acclimation was also observed in the deep (>20 m) June and July populations, affecting marker
pigment coefficients used to calculate relative algal contributions. Increases in relative amounts of chloro-
phyllide a and in the allomer of chl ain September were interpreted as signs of algal senescence. The Sep-
tember populations were composed of a number of chlorophyte and chromophyte (fucoxanthin-containing)
algae. Low pigment concentrations and low numbers of observations complicated the identification task for
that month. Pigment and microscopic approaches were compared on the basis of (1) clustering, using each
separately, (2) correlations between pigments and cell groups, and (3) transformation of pigment data into
algal group contnibutions to chl a. The 2 approaches generally gave similar results even though they showed
different characteristics: the presence ot small cells was often a problem for microscopic identifications, while
the lack of specificity of some markers (e.g. fucoxanthin) reduced taxonomic precision from the pigment
approach. Combining both was certainly advantageous, in that cell-pigment correlations helped in the
assignment of a number of pigment markers. Pigments also helped 1n ascribing taxonomuc identities for
unidentified tlagellates, which were numerous in June and September Thus, the choice between using the
methods singly or together will depend partly on the degree of taxonomic detail needed.
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INTRODUCTION which is attributed to the frequency of destabilization

events (Levasseur et al. 1984, Gratton et al. 1988). Pre-

Phytoplankton from the lower St. Lawrence Estuary vious studies have emphasized the importance of
(LSLE) is generally characterized by its small size, physical (stratification, irradiance and temperature)
. and chemical (nutrients) control of these populations
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respect to the summer diatom bloom. Fewer studies
have dealt with the seasonal variation in phytoplank-
ton communities in this environment (Levasseur et al.
1984). The study described here was undertaken in
1992 to examine this aspect. Considering the fre-
quently small size of cells, which renders microscopic
identification difficult, it was thought appropriate to
use, for the first time in this region, HPLC-based
chlorophyll and carotenoid signatures as a taxonomic
complement to cell identification. In addition to their
taxonomic role, pigments can provide information on
the physiological condition of algae (Hallegraeff & Jef-
frey 1985), on light acclimation responses (Demers et
al. 1991, Johnsen et al. 1992, Johnsen & Sakshaug
1993, Claustre et al. 1994}, and on the fate of these cells
(grazing, sedimentation; Welschmeyer & Lorenzen
1985, Bathman & Liebezeit 1986, Klein & Sournia 1987,
Redden 1994, Barlow et al. 1995).

The signature role of pigments has been summarized
in various papers (Liaaen-Jensen 1978, Jeffrey 1981,
Rowan 1989, Gieskes 1991, Wright et al. 1991, Millie et
al. 1993). The taxonomic role of some of them is unam-
biguous, e.g. alloxanthin is found only in Crypto-
phyceae, while Prochlorophyceae are the only algae
with divinyl-chlorophyll derivatives, both the a and b
types (Goericke & Repeta 1992). Frequently found
carotenoids from cyanobacteria include myxoxantho-
phyll and echinenone (Hertzberg & Liaaen-Jensen
1969, Goodwin 1980, Rowan 1989). Peridinin is found
in photosynthetic dinoflagellates, but not all dinofla-
gellates possess this pigment: a number of species from
the genera Gymnodinium, Gyrodinium and Peridinium
have fucoxanthin and fucoxanthin derivatives in place
of peridinin (Jeffrey et al. 1975, Bjornland & Tangen
1979, Tangen & Bjgrnland 1981, Johnsen & Sakshaug
1993, Millie et al. 1995). Combinations of pigments
are often used when a single tracer pigment is not
available. For example, chlorophyte algae contain
chl b and a number of carotenoids, some of which are
characteristic of particular algal classes. Lutein, viola-
xanthin, zeaxanthin, neoxanthin, B,B-carotene and §,&-
carotene are typically found in higher plants and
Chlorophyceae. Prasinophyceae have been separated
into 4 groups based on pigmentation (Ricketts 1970}):
(1) those with the common green algal carotenoids just
mentioned, (2) as the first group + siphonaxanthin,
(3) as the first group - lutein and + siphonein + magne-
sium 2,4-divinylphaeoporphyrin as monomethyl ester
(MgDVP}, a pigment closely-related to chl ¢ and
(4) same as the third group + prasinoxanthin. Recent
work by Egeland et al. (1995) shows that Prasino-
phyceae containing prasinoxanthin also possess char-
acteristic carotenoids such as uriolide, micromonal and
micromonol. Lutein is sometimes present in these
algae, but only in high-light acclimated cells (Egeland

et al. 1995). Chromophyceae algae have, instead of
chl b, a number of chl c derivatives in addition to a dif-
ferent set of carotenoids. Dinoflagellates possessing
peridinin also have chl ¢,, while those with fucoxanthin
or 19'-acylfucoxanthin derivatives (often bloom-form-
ing species) generally have chl ¢; (Bidigare et al. 1990,
Johnsen & Sakshaug 1993, Millie et al. 1995). Chl ¢
also co-occurs with 19'-butanoyloxyfucoxanthin-like
(BFU) or 19'-hexanoyloxyfucoxanthin-like (HFU) in
many Prymnesiophyceae, some Chrysophyceae and 1
diatom species (Stauber & Jeffrey 1988). BFU seems to
be more typical of Chrysophyceae (Bjernland et al.
1984, Vesk & Jeffrey 1987), but not exclusively (Barlow
et al. 1993}, while HFU commonly occurs in Prymne-
siophyceae (Wright & Jeffrey 1987). Bidigare (1989)
sub-divides Chrysophyceae into 3 pigment sub-
groups: Type 1, ‘true’ Chrysophyceae, with fucoxan-
thin, violaxanthin, antheraxanthin and zeaxanthin;
Type 2, ‘aberrant’ Chrysophyceae, with fucoxanthin,
diadinoxanthin and diatoxanthin; and Type 3, same as
Type 2 + BFU + chl ¢ (Withers et al. 1981, Bidigare et
al. 1990). Prymnesiophyceae are also categorized into
sub-groups (Stauber & Jeffrey 1988, Jeffrey & Wright
1994): Type 1 possess fucoxanthin and chl ¢; and c,,
Type 2 fucoxanthin and chl ¢; and ¢;, Type 3 chl ¢, and
¢, with HFU (dominant) and fucoxanthin (BFU < 5%),
and Type 4 chl ¢; and ¢; and BFU (with variable quan-
tities of fucoxanthin and HFU; Jeffrey & Wright 1994).
Pigments common to all Prymnesiophyceae include
diadinoxanthin and (3,p-carotene. Diatoms usually con-
tain chl ¢; and ¢,, fucoxanthin, diadinoxanthin, diatox-
anthin and B,B-carotene, but a few species, often tropi-
cal pennate ones, possess chl c¢; instead of chl ¢
(Stauber & Jeffrey 1988).

Thus, assigning taxonomic identities from pigment
signatures is not always a straightforward task. The
sole use of pigment signatures without concurrent
microscopic verification can sometimes be misleading:
high chl b concentrations in the open ocean led
researchers to believe that green algae were much
more important than previously thought. Further
work, however, suggested that most of this chl b
belonged to Prochlorophyceae (Chisholm et al. 1988,
Gieskes et al. 1988, Gieskes 1991}. On the other hand,
microscopic studies are often plagued by problems
such as poor fixation or small size, making identifica-
tion difficult. Thus, a combination of both approaches
has been recommended; indeed, a number of earlier
studies used both pigments and phytoplankton spe-
cies when examining algal communities (e.g. Halle-
graeff 1981, Jeffrey & Hallegraeff 1987a). However,
recent field studies have tended to rely mostly on pig-
ment chemo-taxonomy because of shorter analysis
time (e.g. Everitt et al. 1990, Barlow et al. 1993, Lete-
lier et al. 1993)
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The objectives of this study were 2-fold: (1) to exam-
ine the seasonal changes in the population composi-
tion of phytoplankton from the LSLE, making use of
both species and pigment information and (2) to com-
pare results from both approaches in order to estimate
whether pigment chemo-taxonomy could substitute for
cell identification and enumeration in future studies in
this area.

METHODS

Study sites. Six stations within a 900 km? area were
selected in the middle portion of the LSLE (Fig. 1); the
same area has been referred to as zone III in previous
studies (Therriault & Levasseur 1985). This region was
chosen on the basis of its importance in terms of primary
production in the area and its relative homogeneity in
physical and chemical characteristics. The stations were
sampled once a month, during 2 d cruises, on the fol-
lowing dates: May 30 to 31, June 28 to 30, July 29 to 30
and September 29 to 30, 1992, The presence of ice pre-
vented regular ship work prior to May. Monthly sam-
pling gives the general seasonal phytoplankton pattern
in this environment (Therriault & Levasseur 1985).
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Physical and chemical characteristics. Vertical pro-
files of temperature and salinity were obtained at each
station with a Guildline digital CTD attached to a sam-
pling rosette of 51 Niskin bottles. Irradiance was mea-
sured at 1 m intervals, from the surface to 22 m, using
a 2n submarine photometer (Kahl Scientific Instru-
ment). Incident irradiance was also measured every
2 to 3 h during daytime with a 2n meter. Nutrients are
generally not limiting in this environment (Levasseur
et al. 1984). Ammonium was the only nutrient mea-
sured, as a general index. It was determined on filtered
(Whatman GF/F) seawater by the alternative method
described in Parsons et al. (1984).

Phytoplankton. Vertical profiles of in situ fluorescence
were taken between the surface and 30 m by pumping
water through a Turner-Designs model 10-005R fluoro-
meter. The standard fluorometric method of Yentsch &
Menzel (1963; modified by Holm-Hansen et al. 1965)
was used (as in previous studies in this area) to deter-
mine chl a concentrations from a series of depths gener-
ally corresponding to 50, 10 and 1 % (sometimes 0.1 %) of
incident light, and also from 50 and 70 m. This method
was chosen because it has shorter analysis times than
does chromatography, allowing us to make 2 size frac-
tions for both chlorophyll biomass and algal productivity.
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Poretics polycarbonate filters, of pore sizes 0.4 and
0.5 pm, were used for biomass and for the determination
of photosynthetic activity by the ''C method (Parsons et
al. 1984) Subsamples (250 ml) from the optical depths
(50, 10 and 1 or 0.1 % of surface light levels) were inocu-
lated with 5 pCi (0.19 MBq) of NaH!"CO;. Two trans-
parent and 1 opaque 70 ml Corning tissue culture flasks
were filled with the inoculated water. The total amount
of radioisotope in each bottle was determined by imme-
diate pipetting of 50 ul into Aquasol-II scintillation cock-
tail containing 50 ul of 6 N NaOH. Inoculated bottles
were placed in temperature-controlled (subsurface wa-
ter flow-through) Plexiglas deck incubators for 3 to 5 h.
At the end of the incubation period, bottle contents were
splitinto two 35 ml aliquots and filtered. The filters were
then put into scintillation vials and acidified with 0.1 ml
of HCI (0.5 N; Lean & Burnison 1979). Following evapo-
ration of the acid, Aquasol-II scintillation cocktail was
added (10 ml per vial). Radioactivity was counted using
a Beckman LS 5801 liquid scintillation counter. Daily
production rate was obtained by dividing the total C up-
take by the fraction of daily irradiance received during
the incubation. In May, photosynthetic activity was mea-
sured at only 2 stations because of weather problems.
Cell identification and enumeration were done on
acid Lugol-preserved water samples collected with 5 1
Niskin bottles at the same depths reported above.
Volumes of 10, 25, 50 or 100 ml were sedimented for
24 to 48 h in sedimentation chambers and observed
with a Wild inverted microscope at a magnification of
200 or 400 (Utermohl's technique; Lund et al. 1958).
[dentity and concentration of pigments were deter-
mined from chromatographic analysis of filtered vol-
umes of sea water (4 1, Whatman GF/F filters). Sam-
pling depths were the same as above, except that deep
samples from May and September gave undetectable
values for all pigments except chl a. Filters were imme-
diately frozen in liquid nitrogen on board ship and
analyzed back in the laboratory using reversed-phase
HPLC (Wright et al. 1991). Extraction was done in 5 ml
of 98% methanol:2% ammonium acetate. The HPLC
system consisted of a Shimadzu LC-600 pump, a
Spherisorb-ODS2 column (150 x 4.6 mm, 5 pm particle
size) and 2 detectors in series: a photodiode array spec-
trophotometric detector (Waters 991), for screening of
absorbances between 400 and 700 nm, and a fluoro-
metric detector (ABI Spectroflow 980) for detection of
the fluorescent chlorophylls and their breakdown
products. Calibration was done with external stan-
dards obtained commercially (chl @ and b and B,B-
carotene), graciously donated by Hoffman-Laroche,
Switzerland (zeaxanthin), or prepared locally (TLC)
from algal cultures (chl ¢, fucoxanthin, peridinin).
Pyropheophorbide a was also prepared locally, follow-
ing Pennington et al. (1964). The method used did not

distinguish between chl ¢; and chl ¢,; hence, this peak
is hereby referred to as chl ¢, ;. Concentrations of
these standards were determined spectrophotometric-
ally using extinction coefficients found in Jensen
(1966}, Jeffrey & Haxo (1968), Jeffrey & Humphrey
(1975) and Davies (1976).

Statistical analyses. Cell abundances and pigment
data were used separately to calculate an association
matrix between samples. The cell data were summed
into major taxonomic groups and pigment concentra-
tions were expressed as fmol I"! and rounded off to
integer values for subsequent calculation of similarity
index. The Bray & Curtis (1957) semi-metric distance
index was used, as recommended in Legendre &
Legendre (1984) for this type of data. The choice of this
index has 2 advantages: calculations are performed on
raw data and they are not affected by double absence
of the same species in 2 samples. Flexible clustering
was then applied on each matrix (pigments and cells)
using the NTSYS (Numerical Taxonomy and Multivari-
ate Analysis System, Exeter Software, Setauket, New
York) program. A number of sample groups was identi-
fied and shown graphically on a 3-dimensional reduced
space using non-metric multidimensional scaling
(MDS) available in the NTSYS program. Spearman
rank order correlations (rsj were also calculated (using
SigmaStat) between cell and pigment data.

RESULTS
Algal fluorescence, biomass and production

In situ fluorescence showed little vertical structure in
May and September, highest values at the surface (2 to
12 m) in June, and deeper maxima (10 to 22 m) in July
coinciding with the bottom of the mixed layer.
Extracted fluorometrically-measured chl a concentra-
tions varied between 0.1 and 10 mg m* Highest
values were observed in July around 10 m and the
lowest in September (<1 mg m™*), at all stations.
Daily carbon fixation rates varied between 0.1 and
879.3mg Cm “d ' highest values being found in July,
lower values in June and the lowest values in May and
September Small algal cells (<5 um) constituted, on
average, 37 and 26 % of chl a in May and June, respec-
tively, in the surface layer (0 to 20 m) and 47 % in Sep-
tember, while they represented only 23 % in July, both
in terms of biomass and primary production (Table 1).
At depths between 20 and 35 m (deepest sampling
depth for primary production), small cells contributed
>60% of total average primary production Their con-
tribution to chlorophyll biomass was smaller and more
variable (13 to 30%). Small cells clearly dominated
algal production in September at all depths.
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Table 1. Average daily primary production (mg C m~* d!; SD in parentheses) and fluorometrically-determined chl a concentra-

tion (mg m~3) in the surface (0 to 20 m) and deeper (21 to 35 m) layers for the 4 monthly samplings. Total production and biomass

(filtration at 0.4 pm) and small-size {<5 pm) fractions, relative to total, are shown. Only surface values are available for May as
primary production was measured at only 2 stations and only 1 deep value was recorded

Month, depth Daily primary production, 0.4 nm % primary production Chl a, 0.4 pm % chl a
(mg C m>3d™") <5pum (mg m™% <5um
May, surface 19.95 (21.88) 55.7 (16.9) 1.36 (0.90) 36.5 (21. 9)
June, surface 115.90 (118.52) 22.4 (17.6) 4.75 (1.74) 26.1(15.9)
July, surface 261.93 (269.15) 23.3(16.8) 5.72 (3.25) 22.7 (20.1)
September, surface 3.72 (3.55) 80.2 (22.9) 0.61 (0.29) 46.8 (25.3)
June, deep 1.89 (1.00) 77.5(25.9) 1.15 (1.00) 29.6 (21.3)
July, deep 3.48 (4.45) 61.7 (38.4) 0.82 (0.29) 16.0 (19.8)
September, deep 1.22 (0.42) 78.9 (14.7) 0.13 (0.11) 13.0(7.0)
Table 2. Average abundances (10° cells I"}) of major species in various algal groups in the surface (0 to 20 m) and deeper

(>20 m) layers

May June July September
Surface Deep Surface  Deep Surface  Deep Surface Deep

Diatoms—centric

Chaetoceros decipiens 6 0 1 82 73 10 7 9

Chaetoceros convolutus 1 1 27 184 17 21 2 2

Chaetoceros debilis 5 0 3 133 9 15 1 1

Chaetoceros difficilis 1 0 18 24 27 3 3 6

Chaetoceros gracilis 6 2 0 18 3 2 0 4

Chaetoceros sp. 1 3 29 242 61 28 4 8

Leptocylindrus danicus 0 0 9 63 25 8 2 4

Skeletonema costatum 4 11 26 199 4706 753 369 532

Thalassiosira sp. 47 75 11 51 921 61 72 105

Thalassiosira gravida 9 32 13 33 220 19 21 27
Diatoms—pennate

Navicula sp. 3 1 0 3 4 1 3 5

Nitzschia closterium 0 1 3 8 63 3 3 9

Nitzschia seriata 2 0 817 2492 263 284 22 31

Nitzschia sp. 0 1 4 0 3 0 0 0
Dinoflagellates

Gyrodinium sp. 14 12 29 18 20 20 9 15

Heterocapsa triquetra 78 20 27 9 17 3 24 3

Protoperidinium sp. 9 6 38 19 18 7 12 8

Pronoctiluca sp. 0 1 2 0 4 2 1 1
Chlorophyceae

Chlamydomonas sp. 52 40 27 35 258 64 79 1
Prasinophyceae

Pyramimonas sp. 36 3 209 4 110 1 33 0
Cryptophyceae

Chroomonas sp. 4 1 37 0 40 0 35 0

Rhodomonas sp. 245 38 180 22 313 25 55 10
Chrysophyceae

Chromulina sp. 63 19 209 9 96 4 30 0
Prymnesiophyceae

Chrysochromulina sp. 78 25 751 57 62 2 120 0

Structure of phytoplankton communities to 5 m, while centric diatoms made up the bulk of the

samples in July (Fig. 2), especially at the surface and the

Diatoms and flagellates dominated the phytoplankton depth of the chl a maximum (10 to 20 m). These reached
communities. Pennate diatoms (Nitzschia sp., Navicula maximum abundances of 107 cells I"! for the dominant
sp.; Table 2) were more abundant in June, generally at 1 species, which included Skeletonema costatum, Thalas-
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face in May and June), but in lower con-
centrations than the previous groups
(Fig. 3). Dominant species included Gy-
rodinium sp., Heterocapsa triquetra,
Protoperidinium sp. and Pronoctilucasp.
(formerly Prorocentrum sp.) (Table 2).
These species were present during all
survey months at average concentra-
tions of 0.5 to 1.5 x 10° cells 1! (Fig. 3);
these concentrations are similar to those
encountered by Sinclair (1978) and
Cembella & Therriault (1989), even
though Alexandrium sp., often the dom-
inant dinoflagellate in this region, was
virtually absent from the 1992 samples.
Cryptophyceae (Chroomonas sp., Rho-
domonas sp.) were also present from
May to September (Fig. 3), with peaks in
May and July at 1 to 5 m, but they could
sometimes be found as deep as 70 m.
Among ‘green algae’, Chlorophyceae
(dominated by Chlamydomonas sp.)
attained their highest abundance in
July at 1 to 5 m, and Prasinophyceae
(mostly Pyramimonassp.) in June at the
same depths (Fig. 4). Euglenophyceae
were only occasionally present in sur-
face waters in July. Finally, choanofla-
gellates and ciliates showed their maxi-
mum abundances in June and were
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Fig. 2. Average cell counts (10° cells I"!) for centric diatoms, Chrysophyceae and

and chl ¢; in the surface (0 to 20 m) and deeper (>20 m) layers. Error bars = SD

siosira gravida and Chaetoceros decipiens (Table 2). A
group of unidentified flagellates as numerous as pennate
diatoms was also prominent in June at the surface. Prym-
nesiophyceae, represented by Chrysochromulina sp.,
were most abundant in June at { to 5 m and also showed
up in September at the surface (Fig. 2). Chrysophyceae
(mostly Chromulina sp.) were found from May to Sep-
tember, but their abundance was highest in May, in the
surface layer (Fig. 2). Dinoflagellates were present from
May to September at most depths (more abundant at sur-

1256123456123456123456

associated with the surface layer (Sime-
Ngando et al. 1995).

On a seasonal basis, Chrysophyceae
and Cryptophyceae dominated in May,
pennate diatoms and unidentified fla-
gellates in June, centric diatoms in July
and, at much lower abundances, Prym-
nesiophyceae, Chrysophyceae, Chlo-
rophyceae and Cryptophyceae in Sep-
tember. Most of the cells were small
(even for centric diatoms: <30 pm) and
were found in the surface layer.

Taxonomically useful pigments de-
tected include chl b, chl ¢, ,, chl ¢, al-
loxanthin, diadinoxanthin, fucoxan-
thin, BFU and HFU, peridinin and zeaxanthin.
No prasinoxanthin, siphonein, MgDVP or other pig-
ments characteristic of Prasinophyceae were observed.
Divinyl-chlorophyll derivatives could not be detected
with the HPLC method used, but their presence is not
suspected, as they are generally found in tropical and
sub-tropical environments (Goericke & Repeta 1993).
Marker pigments from cyanobacteria were also absent
from the HPLC traces. Maximum concentrations of fu-
coxanthin (Fig. 2), diadinoxanthin and chl ¢; ; occurred

July Sept
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in July at 10 to 15 m. Chl ¢, BFU (Fig.
2} and peridinin (Fig. 3) showed their
maxima in June at the surface. HFU
was observed in only 5 samples at 02~
very low concentrations. Alloxanthin
was also found at the surface, but was
more evenly spread throughout the
months (maximum in July; Fig. 3).
Chl b, as well as zeaxanthin, domi- 00 -
nated at the surface in June, although
chl b was present in surface waters
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from May until September (Fig. 4).

The structure of algal communities May
was studied based on cell and pigment
data using ordination techniques and
clustering. Fig. 5 shows the dendro-
gram obtained from flexible-links clu-
stering (B = -0.25) on the major algal 04
groups encountered. Samples were
clustered into 6 groups: (1) May, surface
(0 to 20 m), (2) June, surface, (3) July,
surface, (4) September, surface, . ".
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groups are clearly separated from each
other when shown in the reduced space
of the MDS analysis (Fig. 6a). Chryso-
phyceae dominated in Group 1,
unidentified flagellates in Groups 2 and
4, centric diatoms in Groups 3 and 6 and
dinoflagellates in Group 5 (Table 3a).

A similar analysis run on the pigment data gave the
same 6 groups (Fig. 6b). Fucoxanthin dominated in
Groups 1, 3, 5 and 6, and chl a in Groups 2 and 4
(Table 3b). The dominance of these 2 pigments, and of
chl ¢y 9, which ranks third in terms of relative composi-
tion (Table 3b), is not surprising considering that most
dominant algal groups in these waters possess chl a
and ¢y, and fucoxanthin. Although these 3 pigments
dominated the pigment composition throughout the
sampling period, the statistical analysis was able to
identify sample groups similar to those already identi-
fied independently from the cell taxonomy data
(Fig. 6b). Minor pigments (molar concentration <10 %
of total; Table 3b), as well as the seasonal changes in
concentrations, undoubtedly played an important role
in this discrimination. The 2 deeper groups differed
mostly by a larger contribution of pheopigments, rela-
tive to surface groups, particularly pyropheophorbide
a (11 % of total pigments in June).

Correlations between pigments and cell data within
each of the 4 previously identified surface groups
(Table 4) confirmed the expected marker role of allox-
anthin for Cryptophyceae and of peridinin for photo-
synthetic Dinophyceae. However, for peridinin, signif-

1256123456123456123456
May June

1256123456123456123456
Sept

June July

Sept May

July

Fig. 3. Average cell counts (10° cells I"1) for Dinophyceae and Cryptophyceae
and pigment concentrations (pmol 1"!) for peridinin and alloxanthin in the sur-

face (0 to 20 m) and deeper (>20 m) layers

icant correlations were only observed in May and
June. The association between chl ¢; and Dinophyceae
in September, along with the presence (but correlation
not significant, probably due to the small number of
data points) of fucoxanthin and diadinoxanthin, sug-
gests that these dinoflagellates were of the fucoxan-
thin-containing type. Alternatively, heterotrophic (not
pigmented) dinoflagellates could have been present in
July and September, and the correlation with chl ¢
could be due to variations similar to chl ¢;-containing
cells. In the May and June surface groups, fucoxanthin
was associated with Chrysophyceae, while in the July
surface group it was found in diatoms. The correla-
tion between zeaxanthin and Chrysophyceae in
June (Table 4) suggests that these cells could belong
to Type 1 of Bidigare (1989). Indeed, the dominant
Chrysophyceae species observed here, Chromulina sp.
(Table 2), is part of that group (Bidigare 1989). BFU
was positively correlated with Prymnesiophyceae and
Dinophyceae in June. Considering that this pigment
has been observed in only 2 dinoflagellate species
(Gymnodinium breve: Liaaen-Jensen 1985, Millie et al.
1995; Gymnodinium galatheanum: Johnsen & Sak-
shaug 1993), which were not seen in our samples, it
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seems more likely that BFU here was a tracer for Prym-
nesiophyceae (Type 4 according to Jeffrey & Wright
1994). However, the dominant Prymnesiophyceae spe-
cies (among those that could be identified), Chryso-
chromulina sp. (Type 3), possesses HFU rather than
BFU (Jeffrey & Wright 1994), suggesting that other
unidentified Prymnesiophyceae were responsible for
the presence of BFU. In June chl b was associated with
Prasinophyceae. The absence (or undetectable pres-
ence) of prasinoxanthin, MgDVP, siphonaxanthin and
siphonein suggest that these cells possess a pigmenta-
tion typical of Ricketts' (1970) 'Group 1’; however, it is
interesting to note the rare occurrence of lutein, even
though chl b-containing cells were generally found
near the surface (cf. Egeland et al. 1995). No significant
correlations were found between chl b and Chloro-
phyceae. The pigments associated with unidentified
flagellates included chl ¢;, BFU, alloxanthin, diadino-
xanthin, zeaxanthin and B,B-carotene in June and chl
¢y in September, suggesting possible contributions by
Prymnesiophyceae, Cryptophyceae, Chrysophyceae
and, perhaps, Dinophyceae and diatoms. Negative
correlations, such as those between unidentified fla-
gellates and BFU in May and fucoxanthin in July,

x’ —®— Deeper (>20m) |
II |

1256123456123456123456

ZEAXANTHIN

—O— Surf (0-20m)
-—&— Deeper (>20m)

prey-predator relationships (assum-
ing these flagellates were hetero-
trophic).

[ The 4 monthly surface groups were
| distinct in terms of average physical
characteristics of the environment
(Table 5). Strong stratification and
high daily irradiances in June and
July favored the growth of bloom-
forming diatoms in mid-summer, as
observed by Levasseur et al. (1984).
No nutrient limitation was observed.
In September, the mixed layer
became deeper than the euphotic
layer. Reduced stratification was
probably the major factor favoring the
} growth of flagellates rather than dia-

toms in early fall.

—0— surf (0-20m)

Juty Sept

l Algal physiology and grazing

In May, cells showed evidence of
more efficient light absorption for
photosynthesis, i.e. a higher average
of total photosynthetic pigments (sum
of chl a, b, ¢, ¢, HFU, BFU, fuco-
xanthin and peridinin) relative to chl a
was observed for these samples
(Table 6). This was principally due to
an increase in the chl ¢; 5:chl @ and fucoxanthin:chl a
ratios, indicative of more efficient light harvesting
(Richardson et al. 1983, Johnsen et al. 1992, 1994).
Increases in accessory pigments are often observed in
cells growing under low light intensity (Richardson et
al. 1983, Johnsen & Sakshaug 1993). Interestingly,
photo-protective pigments (diadinoxanthin and diato-
xanthin) also show higher values (relative to chl a) in
May, decreasing thereafter throughout the summer
(Table 6).

Chromatographically determined chl a correlated
significantly with the fluorometrically determined
value (r = 0.82, p < 0.001, n = 42). Derivatives of chl a,
such as the allomer and the epimer of chl a, which
generally represent around 10% of the parent com-
pound, showed an increase with depth relative to chl a
in June and July, as well as an increase at the surface
in September (Fig 7). Some of these compounds have
been related to algal senescence and zooplankton
grazing (Hallegraeff & Jeffrey 1985). They can also be
artefacts of storage or handling (Redden 1994),
although usually adequate precautions (quick-freez-
ing in liquid nitrogen and subsequent storage at
-80°C) were taken here. The recently reported

1256123456123456123456

July Sept
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a PHYTOPLANKTON GROUPS

MAY - surf.

JULY - surf.

PIGME
NTS JULY - surf.

Fig. 6. Non-metric multidimensional scaling applied indepen-
dently to (a) phytoplankton groups and (b} pigments. Sample
codes as in Fig. 5

‘dying-alga pigment’, a pheophorbide a derivative
(Head et al. 1994) with a retention time close to that of
BFU, was not observed here. The presence, especially
in June and July, of 4 derivatives of pheophorbide a
(all less polar than the pigment standard produced by
acidification of chlorophyllide a) suggests that grazing
was taking place. One of these was pyropheophor-
bide a, typically dominant in copepod grazing prod-
ucts (Head & Harris 1992, Redden 1994). It was found
mostly in June and July below the surface layer and
was the only pigment increasing in concentration with
depth (Fig. 7). A significant negative correlation with
diatoms in June below the surface layer (rg = -0.88,
n =6, p < 0.05) suggests that grazing on diatoms was

the source of this pigment. All other pheophorbides
had maximum concentrations in the surface layer
in July, along with the diatom bloom, although their
concentration relative to chl a increased with
depth. Pheophorbide a 3-like, eluting just before pyro-
pheophorbide a, correlated negatively with Prasino-
phyceae (15 = -0.63, n = 17, p < 0.01) and Cryptophy-
ceae (rg = -0.64, n = 17, p < 0.01) in the surface layer
in July, either because of inverse variations of these
algal groups with pheophorbide a3-like or because
grazing on these cells produced this particular pheo-
phorbide a derivative. Pheophytin a and pyropheo-
phytin a were also present, with highest concentra-
tions at the surface in July and highest ratios to chl a
below the surface in June and July, as for most
pheophorbides.

Chlorophyllide a and a methylated derivative pre-
sented maximum concentrations in the surface layer
in July (Fig. 7). These pigments, as well as pheophor-
bides, have been associated with cells with an active
chlorophyllase enzyme (Jeffrey & Hallegraeff 1987b),
and certain diatoms, especially Skeletonema costa-
tum, often cause problems upon extraction because of
a very active chlorophyllase enzyme and acidic cell
sap (Suzuki & Fujita 1986). Indeed, S. costatum was
present in our samples, especially in June (30% of
total centric diatoms), July (30 to 50%) and Septem-
ber (20 to 38%), and the presence of this alga was
significantly correlated with chlorophyllide a and
pheophorbide a in June (rs = 0.59 and 0.80 respec-
tively, n = 13, p < 0.05) and July (rg = 0.88 and 0.70
respectively, n = 17, p < 0.01). In September, how-
ever, the correlation with chlorophyllide a was nega-
tive (rs = -0.70, n = 9, p < 0.05), suggesting that the
presence of this pigment was not always an extrac-
tion artefact. Moreover, significant correlations with
Dinophyceae, Prasinophyceae and Cryptophyceae
(groups known to have a low chlorophyllase activity:;
Jeffrey & Hallegraeff 1987b) in September further
support that, for that month, chlorophyllide a was not
related to extraction problems. Strong correlations of
chlorophyllide a and of the allomer of chl @ with most
pheopigments (except pyropheophorbide a) in June
and July, and the detectable presence of diadino-
chrome in July (an indication of acidic cell sap;
Johnsen & Sakshaug 1993), suggest that most chloro-
phyll degradation pigments were more likely related
to sloppy feeding (cell rupture without complete
ingestion) on S. costatum and other diatoms during
these months (Gieskes 1991). Conversely, increases in
relative amounts of both chlorophyllide a and the
allomer of chl a (Fig. 7), not accompanied by In-
creases in pheopigments in September, suggest that
these pigments were then probably related to algal
senescence and not grazing.
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Table 3. Cluster analysis. (A) Median values, in 10* cells I"! (percent composition in parentheses), for each major algal group that
contributes significantly (p < 0.05) to group discrimination. (B) Median values, in pmol pigment 1"', for each pigment with a
significant (p < 0.05, except for Pyropheophorbide a: p < 0.10) contribution

May, surface  June, surface  July, surface  Sept, surface May, June, Sept, deep* July, deep
m (2) (3) (4) (5) (6)

(A) Algal group
Centric diatoms 7.3 (6) 142.2 (11) 515.8 (82) 3.0 (3) 1.2 (14) 93.4 (90}
Pennate diatoms 0.9(1) 340.9 (29) 104 (2) 0.9 (1) 0.0 (0) 1.3 (1)
Dinoflagellates 7.2(5) 12.6 (1) 6.3 (1) 4.8 (5) 3.3 (37) 3.8 (4)
Chrysophyceae 76.2 (57) 50.5 (4) 27.1 (4) 19.6 (20) 0.0 (0 0.1 (0)
Prymnesiophyceae 6.8 (5) 67.7 (5) 5.5(1) 9.7 (10) 0.0 (0) 0.0 (0)
Cryptophyceae 15.9(12) 24.5 (2) 32.5(5) 8.6 (9) 1.4 (16) 2.9 (3)
Chlorophyceae 5.4 (4) 1.0 (0) 16.6 (3) 7.0(7) 0.1(1) 0.4 (0)
Prasinophyceae 2.0 (2) 16.1 (1) 8.6 (1) 2.9 (3) 0.0 (0) 0.0 (0)
Choanoflagellates 1.8 (1) 6.1 (0) 2.0 (0} 2.4 (2) 0.1 (1) 0.2 (0)
Unidentified flagellates 8.6 (6) 675.8 (51) 4.5 (1) 38.8 (40) 2.5 (28) 2.3 (2)
Ciliates 0.5 (0) 0.4 (0) 0.4 (0) 0.4 (0) 0.2 (2) 0.0 (0}
(B) Pigment
Chl ¢ 74 (4) 212 (3) 0(0) 22 (5) 9 (4) 0 (0)
Chl ¢y, 236 (13) 895 (12) 1662 (8) 52 (12) 44 (19) 209 (19)
Chl b 43 (2) 178 (2) 143 (1) 23 (5) 0 (0) 0 (0)
Chl a 492 (28) 2782 (37) 7033 (36) 155 (36) 24 (11) 257 (23)
Chl a derivative 23 (1) 68 (1) 174 (1) 2 (0) 0 (0) 5 (0)
Chl a allomer 18 (1) 72 (1) 321 (2) 15 (3) 1(0) 12 (1)
Chl a' (epimer) 4 (0) 11 (0) 69 (0) 3(1) 1(0) 1(0)
Chlorophyllide a 23 (1) 338 (5) 670 (3) 16 (4) 0 (0) 25(2)
Pheophorbide a 5(0) 69 (1) 202 (1) 6 (1) 3 (1) 38 (3)
Pheophorbide a, 19 (1) 48 (1) 101 (1) 8 (2) 5(2) 26 (2)
Pheophorbide a, 2 (0) 47 (1) 115 (1) 0 (0} 1(0) 8 (1)
Pyropheophorbide a 0 (0) 9(0) 23 (0) 0 (0} 25 (11) 52 (5)
Pheophytin a 4 (0) 35(0) 81 (0) 2 (0) 1 (0) 9(1)
Pyropheophytin a 0(0) 8 (0) 26 (0) 0 (0} 1(0) 13 (1)
Peridinin 37 (2) 286 (4) 45 (0) 0 (0) 18 (8) 0 (0)
BFU 13 (1) 43 (1) 0 (0) 0(0) 0 (0) 0(0)
Fucoxanthin 591 (33) 1836 (25) 8449 (43) 121 (28) 74 (33) 437 (39)
Violaxanthin 0 (0) 0 (0) 0 (0) 0 (0) 8 (4) 0 (0)
Zeaxanthin 0 (0) 33 (0) 0 (0) 0(0) 0 (0) 0 {0)
Diadinoxanthin 91 (5) 388 (5} 484 (2) 7 (2) 4 (2) 25(2)
Diadinochrome 0(0) 0 (0} 22 {0) 0 (0) 0 (0) 51(0)
Diatoxanthin 20 (1) 15 (0) 53 {0) 0(0) 0 (0) 0 {0)
Alloxanthin 80 (5) 82 (1) 112 (1) 0 (0) 7 (3) 6 (1)
“No pigment data for May and September deep samples (concentrations too low)

DISCUSSION
Phytoplankton communities

Many of the chromophyte groups reported in this
study have seldom been mentioned in earlier pub-
lished studies of the region, probably because of their
relatively low abundances, small sizes and the fact that
all flagellated cells were often reported as 'flagellates’.
Chrysophyceae have been reported in early fall (Sin-
clair 1978) and unidentified flagellates mostly in May
and June (Levasseur et al. 1984) at concentrations
(Therriault & Levasseur 1985) similar to those reported
in this study for Chrysophyceae, Prymnesiophyceae
and Cryptophyceae. Chlorophyceae, often of freshwa-

ter origin, have been observed from May to October
(Cardinal & Lafleur 1977, Sinclair 1978). Abundances
of Chlorophyceae and Prasinophyceae reported here
are clearly higher (by a factor of 10% than those of
previous reports (Sinclair 1978). Small sizes probably
affected counting efficiency for these groups. Dinofla-
gellates in the LSLE have historically attracted interest
because of the presence of toxic species (Alexandrium
sp.; Therriault et al. 1985, Cembella & Therriault 1989).
Blooms generally occur in June and/or August {Cem-
bella & Therriault 1989, Desbiens et al. 1990), but high
abundances can also be found in July (Sinclair 1978).
In 1992, low abundances of Alexandrium sp. were
found, both in this study and in toxic algal surveys
done by government agencies (DFO-Canada: M. Lev-
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Table 4. Spearman rank order correlations between potential marker pigments
and cell abundances 1n various algal groups from surface waters. Only signifi-

cant (p < 0.05) coefficients are listed

characteristic of springtime mixed sur-
face waters in cold environments (cf.
Nommann & Kaasik 1992 for the Baltic

Pigment Algal group May  June
Chl b Prasinophyceae 0.69
Chl 3 Dinophyceae
Unidentified flagellates 0.57
Alloxanthin Cryptophyceae 0.95 0.81
Unidentified flagellates 0.64
BFU Prymnesiophyceae 0.57
Diatoms (pennate) 0.56
Dinophyceae 0.67
Unidentified flagellates -0.89 0.68
Fucoxanthin = Diatoms (centric}
Chrysophyceae 0.75 0.65
Unidentified flagellates
Peridinin Dinophyceae 0.85 0.77
Zeaxanthin Chrysophyceae 0.69
Unidentified flagellates 0.64

July

-0.52

Sea).

Both daily primary production and
chlorophyll values from this study fall
within the range of values published
for the LSLE (Sinclair 1978, Therriault
& Levasseur 1985, Vézina 1994).
Although small cells often constituted a
significant fraction of chlorophyll bio-
mass (Table 1), they seemed to play a
more important role with respect to pri-
mary production. The contribution of
small algal cells (<5 pm) to the total
chl a biomass in the euphotic layer was
always less than 50 %, while the contri-
bution of small cells to the total primary

Sept

0.85
0.75

0.56 0.85

asseur pers. comm.). Instead, dinoflagellates were
dominated by Gyrodinium sp., Heterocaspa triquetra,
Pronoctiluca sp. (formerly Prorocentrum sp.) and Pro-
toperidinium sp., most of these potentially bloom-form-
ing and toxic (Johnsen & Sakshaug 1993). The pre-
dominance of pennate diatoms in June surface waters
is probably related to increased turbulence during
spring runoff (Table 5). Other local studies reported
the presence of these algae either in mid-summer (Sin-
clair 1978) or early fall (Levasseur et al. 1984). Mixing
events probably explain these different patterns. The
dominant centric diatoms found here have been fre-
quently reported in summer in the LSLE (Cardinal &
Lafleur 1977, Sinclair 1978, Levasseur et al. 1984) with
similar abundances.

Phytoplankton succession follows the general pat-
tern reported for this area by Sinclair (1978) and Lev-
asseur et al. (1984) and for other northern temperate
coastal waters (Smayda 1980). The combination of cell
and pigment taxonomy used here, however, provided
greater details. The presence of various groups of
nanoflagellates in May and June in the LSLE is

production varied between 10 and
90% (Fig. 8). Plotting these size frac-
tions one against the other (Fig. 8), as in Tremblay &
Legendre (1994), shows that large cell biomass accu-
mulated in the euphotic layer in May and September
while their production was low, suggesting intensive
grazing on small cells during these months. The share
of biomass and production for each size fraction was
more equilibrated in summer. Overall it appears that
primary production supported a microbial food web in
spring and fall and probably a more classical food web
in summer in this environment. This is consistent with
the pheopigment profiles (Fig. 7)., which were highest
in the 2 summer months, and with the maximum abun-
dances of the major copepod Calanus finmarchicus (S.
Roy unpubl. data) and of herbivorous ciliates (Sime-
Ngando et al. 1995) in June.

Comparisons between pigment and cell taxonomy
Three elements of comparisons were examined in

this study: (1) similarity of groups based on clustering
with both cells and pigments, (2) correlations between

Table 5. Average principal physical and chemical characteristics (SD in parentheses) for the surface groups identified by the sta-

tistical analysis done on cell counts. Depth of the euphotic layer defined as the depth receiving 1% of surface irradiance; depth

of the mixed layer defined as the depth where the gradient in ¢, m™' > 0.2 (Therriault & Levasseur 1985); salinity stratification
index defined as (salinity in the deep layer - salinity at the surface)/average salinity (Dyer 1973); na: not available

Group Temperature Salimity Daily incident Euphotic layer Mixed layer  Salinity strat. Amonium

) (Em*d™) depth (m) depth (m) index conc. (uM)
May, surface 6.0 (2.1) na 51.3 (4.1) 12.5 (2.7) na na 0.70 {0.43)
June, surface 9.2 (2.9 25.7 (1.6) 40.6 (2.3) 13.5(2.5) 12.5(2.3) 0.28 (0.03) 0.26 (0.22)
July, surface 7.9 (1.4) 26.9 (1.1) 48.4 (2.2) 15.1(2.8) 14.5 (6.1) 0.31 (0.13) 0.12 (0.08)
Sept, surface 5.2 (0.9 27.4 (2.0) 15.0 (2.2) 17.2 (2.9) 25.7 (13.6) 0.21 (0.07) 0.34 (0.28)
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marker pigments and cell data from
appropriate algal groups, and (3) con-
version of pigments into relative algal
abundances that can then be com-
pared with microscopic values. The
first 2 elements, presented above,
show generally good agreement be-
tween pigments and cells, although
correlations point out that some asso-
ciations vary seasonally, e.g. fucoxan-
thin mostly with Chrysophyceae in
May and with diatoms in July.

Converting pigment data into rela-
tive abundances of various algal
groups was done by estimating the
contribution to total chl a by various
pigment markers characteristic of dif-
ferent algal groups. Thus, if dino-
flagellates have a certain chl a:peri-
dinin ratio, the peridinin concentration
found is multiplied by this ratio and
expressed relative to total chl a to give
the percent composition of dinoflagel-
lates in the samples. For multiple pig-
ment markers, multiple regression
analysis is applied: (Total chl a) = con-
stant + a(marker 1) + b(marker 2) +
where a,b,... represent various chl a:
marker x ratios.

This approach was used successfully
in earlier studies (Gieskes & Kraay
1983, Gieskes et al. 1988, Everitt et al.
1990, Barlow et al. 1993, Letelier et al.
1993) and was applied here to the var-
ious cluster groups identified previ-
ously. Multiple regression analysis
provided a number of statistically sig-
nificant coefficients (chl a:marker x)
which were used as initial values in a
curve fitting procedure (SigmaPlot
computer program, using the Mar-
quardt-Levenberg algorithm) with the
same equation as above. Curve fitting
forced the overall contributions to add
up to 100 % and avoided solutions con-
taining negative contributions. This
approach is especially useful when
multicolinearity is present (correla-
tions between marker pigments) and
permitted the inclusion of less abun-
dant groups which did not necessarily
show up as significant variables in the
multiple regression. The final marker
pigment coefficients (Table 7) were
used to calculate percent contribu-

Phytoplankton communities in the St. Lawrence
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Table 6. Average surface values (SD in parentheses) of HPLC-

determined chl a, of the sum of photosynthetic pigments (SPP

=chl g, chl b, chl ¢y, 5, ¢hl 3, BFU, HFU, fucoxanthin and peri-

dininj and of the ratios of SPP and photo-protective pigments
(PRP = diadinoxanthin + diatoxanthin) to chl a

Month Chl a SPP SPP:chl a PRP:chl a
(nmol 1"} (nmol 171

May 0.63(0.39) 1.88(0.86) 3.37(0.95) 0.25 (O 14)

June 3.15(1.94) 7.72(4.27) 2.60 (0.59) 0.14 (0.06)

July 6.97 (4.91) 18.29 (13.97) 2.53 (0.58) 0.10 (0.06)

Sept 0.14(0.10) 0.37 (0.26) 2.73 (o 56) 0.04 (0.03)

tions, as described above. In cases where a pigment
occurred in more than 1 group, contributions from
each group were tentatively calculated on the basis of
another discriminating pigment, when possible. In
June (surface), for example, correlations suggested
that fucoxanthin and zeaxanthin were associated with
Chrysophyceae (Type 1), and chl ¢; and BFU with
Prymnesiophyceae (Type 4) (Table 4). Both algal
groups possess fucoxanthin, as do the abundant pen-
nate diatoms found in that month. The fucoxanthin
contribution from Prymnesiophyceae was calculated
from the mean fucoxanthin:chl c¢; ratio for Type 4
Prymnesiophyceae (0.96; Jeffrey & Wright 1994) and
subtracted from total fucoxanthin to give Chryso-
phyceae + diatom-associated fucoxanthin. If micro-
scopic cell information and correlations between pig-
ments and algal groups had not been available, this
exercise would have been more difficult. The marker
pigment coefficients fit relatively well with published
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Fig. 8. P-B diagram. Abscissa: ratio of integrated (over the
euphotic layer) chlorophyll biomass of large (>5 pm) cells (B,)
over total biomass (Bt); ordinate: ratio of integrated (over the
euphotic layer) primary production by large cells (P} over
production by all cells present (P1). Sample codes as in Fig. 5

values in the cases of alloxanthin, peridinin, chl ¢; and
fucoxanthin, although the peridinin coefficients are
somewhat lower (Table 7). For chl b, 2 of the 4 values
were comparable with previously published values
while the 2 others gave excessively large values that
were constrained in the curve-fitting process. The
small number of observations within each group prob-
ably led to this situation. The fucoxanthin coefficient
shows a seasonal increase from May to July, with a
decrease in September. These changes could be taxo-
nomically-related, the highest value (1.23) in July
reflecting the chl a:fucoxanthin ratio in summer bloom
diatoms while lower values in May and June could be
related to the presence of other algal groups contain-
ing fucoxanthin. However, ratios of chl a:fucoxanthin
in Chrysophyceae and Prymnesiophyceae are gener-
ally as high or higher as those of diatoms (Vesk & Jef-
frey 1987, Bidigare 1989, Jeffrey & Wright 1994). The
lower ratios observed here in May and September are
thus more likely due to low-light acclimated cells.
Indeed for September, decreased stratification and
daily irradiance could account for this, and nanoflagel-
lates from early spring are often characterized by
lower compensation light intensity (Takahashi et al.
1978). Decreases in many ratios of chl a: photosynthet-
ically competent pigments have been associated with
decreases in irradiance (Richardson et al. 1983,
Sukenik et al. 1987, Johnsen et al. 1992, 1994, Johnsen
& Sakshaug 1993). Low ratios are also found in the
deeper layers in June and July; again, this can be inter-
preted as an indication of photo-acclimation. Low val-
ues of most chl-a-per-marker-pigment coefficients in
May are also reflected in the higher values of total pho-
tosynthetically competent pigments per chl a (Table 6).
Higher relative amounts of photo-protective pigments
in May (Table 6) are difficult to explain in this context;
maybe they are indicative of frequent vertical move-
ments, bringing cells close to surface light. Cells
exposed to fluctuating light intensities sometimes
resemble high-light photo-acclimated cells (accumu-
lating photo-protective pigments) and sometimes low-
light cells (low relative amounts of photo-protective
pigments; Vignault 1996).

Relative contributions of algal groups determined
from pigment taxonomy were finally compared with
those obtained from microscopy (Table 8). Results gen-
erally show a good fit between them. However, algae
containing chl b are underrated in microscopic counts,
particularly in the May, June and September surface
groups. A number of Prasinophyceae and/or Chloro-
phyceae were probably missed in the counts. High
numbers of unidentified flagellates in microscopic
counts of June and September contribute to a lack of
match between pigments and cells for these samples. It
is generally difficult to distinguish between diatoms,
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Chrysophyceae, Prymnesiophyceae and fucoxanthin- attempts made here gave reasonable results, except
containing Dinophyceae using pigments, although for September. Contributions of various algal groups to

Table 7 (A) Marker pigment coefficients (final values after curve fitting; mol chl a per mol marker pigment) used to transform
concentrations of marker pigments into contributions of various algal groups to total chl a. (B) Comparison with a selection of
literature values of the same coefficients (transformed to molar values)

Chl b Chl ¢, Alloxanthin Fucoxanthin Peridinin
(A) This study
May, surface 3.00¢ 0.74 0.40 0.65 -
June, surface 2.87 1.16 537 0.96 0.38
July, surface 3.009 - 1.35 1.23 -
Sept, surface 2.17 3.66 - 0.65 -
June, deep - - 1.20° 0.23 0.42
July, deep - - 1.20° 0.53 -
(B) Other sources
Wood (1979) 3.05
Gieskes et al. (1988) 3.00 1.27
Hooks et al. (1988) 1.13
Everitt et al. (1990) 0.76 1,27 1.82
Johnsen et al. (1992) 3.33
Jeffrey & Wright (1994) 4.0-12.6
Hager & Stransky (1970) 1.17 1.03
Gieskes & Kraay (1983) 3.86-4.19 1.32-1.89
Wilhelm et al. (1991) 2.54 1.18 1.05
Bidigare (1989) 1.23
Jeffrey et al. (1975) 1.66
“Ratio constrained to 3.00 to prevent values >10
PRatio constrained to 1.20 to prevent values <0.10

Table 8. Relative contributions of major algal groups (in percent) determined from pigments (P) compared with those obtained
from microscopy (M). Values shown are averages for each surface and deeper group determined by the cluster analysis.
Numbers in bold: significant pigment variable in multiple regression equation

Algal group (marker pigment) May June July September
P M P M P M P M

(A) Surface

Chlorophyceae, Prasinophyceae (chl b) 19 6 19 1 5 4 27 10

Chrysophyceae 592 57 4 4 27° 20

(fucox.) {fucox.)
Prymnesiophyceae 11 5 9 5 1 10
(chl ¢3) {chl ¢3)
Diatoms 7 49¢ 36 82 84 4
(fucox.) (fucox.)
Cryptophyceae (alloxanthin) 5 12 13 2 5 5 9
Dinophyceae (peridinin or indicated) 5 6 1 1 37 5
(chl ¢3)

Unidentified flagellates 6 51 1 40

(B) Deeper

Diatoms, Chrysophyceae, 55 14 83 90

Prymnesiophyceae {fucoxanthin)

Dinophyceae (peridinin) 25 37 4

Cryptophyceae (alloxanthin) 19 16 4 3

Unidentified flagellates 28 2

“Based on fucoxanthin and could include Chrysophyceae + diatoms

PBased on fucoxanthin and could include Chrysophyceae + Prymnesiophyceae + diatoms

“No chl ¢; in deep groups (Table 3b), thus no dinoflagellates containing fucoxanthin




70 Mar Ecol Prog Ser 142: 55-73, 1996

Table 9. Contribution of various algal groups to primary production (mg C m™? to chl a. Low-light acclimation was also

d™') based on the pigment approach of Claustre et al. (1994): relative contribu-
tions of major algal groups based on pigments (Table 8) were transformed into
chl a values for each group, then multiplied by appropriate C:chl a ratios and by
typical growth rates for these algal groups (from Claustre et al. 1994). For
fucoxanthin, when the algal origin of this pigment was not clear, calculations
were made assuming the presence of nanoflagellates (n}, and assuming the
presence of diatoms {d}. Only surface groups are presented. Total estimated
primary production is the sum of the contributions by the various algal groups.
Total measured primary production is taken from Table 1

observed in the deep (> 20 m) June and
July populations, affecting marker pig-
ment coefficients used to calculate rel-
ative algal contributions. Increases in
relative amounts of chlorophyllide a
and the allomer of chl a in September
were interpreted as signs of algal
senescence. The fall populations were

May June July
Chl b 4.7 24.5 12.9
Chl ¢ 2.1 11.7
Alloxanthin 1.0 17.9 7.6
Fucoxanthin 13.9 60.6 (n) 173.7
31.8 (d)
Peridinin 7.6
Total estimated primary 21.7 122.3 (n) 194 .2
production 93.5 (d)
Total measured production  19.9 1159 261.9
(Table 1)

September composed of a number of chlorophyte
B and chromophyte (fucoxanthin-con-
2.0 taining) algae. Low pigment concen-
3.1 trations and low numbers of observa-
tions complicated the identification

?2 Eg; task for September.
Comparisons of the pigment and
8.0 (n) microscopic approaches showed differ-
6.6 (d) ent characteristics between the two:
37 the presence of small cells was often a
problem for microscopic identifica-

primary production, calculated as in Claustre et al.
(1994), were used to examine how our pigment-based
interpretation of algal groups corresponded with total
primary production values. Data from Table 9 suggest
that fucoxanthin belonged mostly to nanoflagellates in
June and to diatoms in September. Unidentified flagel-
lates from September seemed to be mostly made up of
Chlorophyceae and Dinophyceae, while in June (sur-
face) Chlorophyceae and Cryptophyceae contribute to
these cells.

In conclusion, the seasonal phytoplankton pattern
observed in this study involved a major centric diatom
bloom event in July, preceded by an increase in pen-
nate diatoms in June, likely caused by bottom resus-
pension due to spring runoff. Grazing in June and July
was indicated by the presence of pyropheophorbide a,
a copepod grazing product tracer, and chlorophyll
degradation pigments, likely associated with sloppy
feeding and with the presence of cells (diatoms) with
high chlorophyllase activity and acidic cell sap.
Pheopigments and degradation products of chl a were
also mostly found in these 2 months. This information
concurs with maximum abundances of major copepod
species and of herbivorous ciliates in June preceding
the summer diatom bloom. May was characterized by
small flagellates from Chrysophyceae, Cryptophyceae
and Chlorophyceae and lower values of algal biomass
and production but higher light harvesting efficiency.
Mixing prevented the establishment of vertical fluo-
rescence patterns in May and September and probably
lowered the effective daily light exposure of algae,
which translated into lower light acclimation than in
summer, with higher ratios of photosynthetic pigments

tions, while the lack of specificity of
some markers (e.g. fucoxanthin) re-
duced taxonomic precision from the pigment ap-
proach. Combining both was certainly advantageous,
in that cell-pigment correlations helped in the assign-
ment of a number of pigment markers. Pigments also
helped in ascribing taxonomic identities for unidenti-
fied flagellates which were numerous in June and Sep-
tember. If only pigments had been available, and if
only significant coefficients had been retained from
the multiple regression analysis used to calculate algal
group contributions, results would have been much
less detailed (see Table 8, bold numbers). On the other
hand, major trends would still have been detected.
Thus, the choice between using the methods singly or
together will depend partly on the degree of taxonomic
detail needed.
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