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species were identified and enumerated using the Utermohl (1931) technique with a Zeiss

Axiovert 10 inverted microscope.

Statistical analyses - The association between pairs of variables was measured
with Spearman rank correlations, because the data were not normally distributed and did
not respect homoscedasticity (Zar 1999). These statistical tests were carried out with the

SPSS 9.0 program.

Multivariate approaches were applied to the community analysis. Phytoplankton
cell concentrations were ordinated by non-metric multi-dimensional scaling (MDS)
(Clarke 1993). The input was a similarity matrix based on Bray-Curtis similarity of fourth
root transformed cell abundances, to put more weight on the species composition in the
samples (Field et al. 1982). These multivariate analyses were performed with the program

Primer version 5.0 (Plymouth Marine Laboratory).
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RESULTS

Physical, chemical and biogeochemical parameters in the St. Lawrence
system - The St. Lawrence Estuary was characterized by a strong surface salinity
gradient (from 12 to 30 for both years) and an inverse surface temperature gradient (from
9 to 4°C for 2000 and from 4 to 0.7°C for 2001) from the west near the Saguenay Fjord
(stations 13 and 14) to the east near Pointe-des-Monts (stations 35 and 45). The western,
more estuarine zone of the Gulf presented intermediate temperature (= 4°C for 2000 and
~ 1.5°C for 2001) and salinity (= 28 for 2000 and = 30 for 2001) compared to the more
oceanic waters of the Gulf (stations 72 to 114), which were characterized by cold and less
variable temperatures (= 3°C for 2000 and = 0.7°C for 2001) and high salinity (= 31 for

2000 and = 31.5 for 2001), characteristic of Atlantic Ocean Waters (Fig. 2, Table 1).

For the two cruises, the surface waters of the Upper Estuary were characterized by
the lowest TChl a concentrations (<0.7 mg'm™) and sunlight penetration as well as

highest concentrations of SPM and nutrients, and high N/P ratios (>16) (Fig. 2, Table 1).
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Figure 2: Distribution of temperature (T, °C) and salinity (a and d); dissolved
inorganic nitrogen, (NOz" + NO3), dissolved inorganic phosphorus, PO.”, and
ortho-silicic acid, SiO4 (b and e); diffuse attenuation coefficient (K, m™) and
suspended particulate matter concentrations (SPM, g'm™) (¢ and f) for May
2000 (left panels) and April 2001 (right panels). The I, II, III, IV and V
correspond to the Upper Estuary, the Lower Estuary, the Gaspé current

system, the Anticosti gyre and the eastern zone of the Gulf, respectively.
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Table 1: Mean values of the different physico-chemical and biological variables, and
FCM cell parameters in 2000 and 2001, in the Upper Estuary and under pre-
bloom, bloom and post-bloom situations. The numbers in brackets correspond
to standard deviations. The 11, III, IV and V represent the Lower Estuary, the
Gaspé current system, the Anticosti gyre and the eastern zone of the Gulf,

respectively. bu = bead unit.



2000 2001
Upper Estuary 11+ III IV+V Upper Estuary II +IH IV+V
(bloom) (post-bloom) (pre-bloom) (bloom)
Physico-chemical variables
Temperature (°C) 8.3(0.8) S5.0(1.1D) 3.4(0.8) 2.9 (1.0) 2.1 (1.0) 0.9(0.5)
Salinity 15.0 (3.6) 25.5(2.5) 30.9 (0.7) 18.3 (5.8) 26.9 (2.9) 31.4(0.5)
NO3+NO, (uM) 21.1(4.2) 4.1(5.5) 2.3(2.8) 30.3(9.8) 13.8 (3.9) 1.2 (1.9)
PO4 (uM) 0.6 (0.1) 0.3(0.3) 0.6 (0.2) 0.9 (0.2) 1.0 (0.1) 0.4 (0.1)
N/P (MM 36.4 (9.2) 12.9 (7.6) 33(24) 38.5(19.7) 14.0 (3.9) 2.0(2.5)
Si0 (M) 27.6 (2.8) 7.9 (9.0) 3.6 (3.5) 31.5(8.3) 18.5(4.5) 1.9 (2.6)
Kq (m™ 0.8 (0.3) 0.5(0.1) 0.2 (0.1) 1.1 (0.8) 0.3 (0.1) 0.2 (0.03)
SPM (g-m™) 4.7(1.2) 2.4 (1.1) 0.5(0.3) 10.3 (5.8) 1.4 (0.5) 0.8 (0.2)
OM contribution to SPM (%) 24 (2) 43 (8) 42 (5) 21(4) 33(11) 45 (6)
Biological variables
TChla (mg-m™) 0.7 (0.3) 8.7 (5.6) 0.7 (0.9) 0.3(0.2) 1.0 (0.8) 5.9(2.3)
TChla in <5 um fraction (%) / / / 18(8) 38(20) 27(11)
TChla in (5-20 um) fraction (%) / / / 64 (4) 32(13) 40 (28)
TChla in >20 um fraction (%) / / / 18(5) 30(19) 33(34)
<20 um abundance (cells.mL™") 300 (112) 1331 (877) 4627 (3674) 1019 (479) 6676 (5115) 8969 (6780)
Picophytoplankton (%) 65(7) 51(12) 67(19) 73 (4) 71(13) 61(19)
Ultraphytoplankton (%) 22(21) 19(9) 14(12) 21(3) 19(10) 28(11)
Nanophytoplankton (%) 13(16) 30(9) 18 (24) 6(1) 10(8) 11(11)
FCM cell parameters
FSCpico (bu) 0.76 (0.09) 0.73 (0.14) 0.68 (0.07) 0.85 (0.08) 0.79 (0.08) 0.56 (0.08)
FL3,ico (bu) 1.94 (0.09) 1.90 (0.16) 1.52 (0.31) 1.60 (0.08) 1.54 (0.18) 1.42 (0.15)
FSC oy (bu) 2.80(0.03) 2.80 (0.11) 2.68 (0.18) .86 (0.07) 2.23(0.07) 1.84 (0.10)
FL3uir (bu) 3.03 (0.08) 2.79 (0.17) 2.46 (0.21) 2.27 (0.10) 2.36 (0.11) 2.31(0.16)
FSChuno (bu) 4.04 (0.10) 4.34 (0.26) 4.33 (0.36) 327 (0.11) 3.79 (0.28) 3.79 (0.18)
FL3 200 (bU) 3.10¢0.01) 3.50(0.16) 3.19(0.12) 3.11(0.06) 2.98 (0.12) 3.26 (0.23)

681
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During May 2000, the sampling area showed evidence of regions undergoing the
spring algal bloom, and others that were characteristic of post-bloom conditions. The
bloom was located in the Lower Estuary (stations 32, 34, 35, 42 and 44) and in the
western zone of the Gulf, more specifically in the Gaspé current region (stations 52, 53,
[, 2 and 66). Bloom stations were characterized by high concentrations of TChl a (8.7
mg-m'3), SPM, high Ky, and by a N/P mean ratio slightly below 16 (Fig. 2, Table |),
which suggests a possible deficiency in dissolved nitrogen relative to phosphorus. The
dissolved inorganic nitrogen, phosphorus and silicate concentrations varied strongly (Fig.
2, Table 1) and were generally low with peaks in the plume region of the Manicouagan
and Aux-Outardes rivers (St. 51, 33 and 2). Conversely, the surface waters of the eastern
zone of the Gulf were characterized by low values of TChl a (<! mg-m'3), SPM, K, and
very low N/P ratios (suggesting nitrate limitation) (Table 1). These conditions are typical
of the post-bloom period, since the spring algal bloom normally occurs in April in the
Gulf region (see below).

In April 2001, the bloom was located in the Gulf, characterized by high TChl a
concentrations (5.9 mg-m'J) and low N/P ratios. Surface dissolved inorganic nitrogen and
silicate concentrations were more depleted in the surface layer of the eastern Gulf
compared to its western region and the Estuary. At that time, the Lower Estuary showed
pre-bloom conditions with low TChla (1.0 mg-m'3) and SPM concentrations, low K
values, high concentrations of nutrients, and N/P ratios around 16 (Fig. 2, Table 1).

For both years, the spatial distribution of SPM exhibited the same west-to-east

decrease as did salinity (Fig. 2, Table 1) and CDOM (see Cizmeli 2008). In the Upper
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Estuary, the organic matter contributed up to 20% of the SPM on average for both years.
This fraction was less than 50% for the Gulf and the Lower Estuary in May 2000;
whereas in April 2001 the composition varied regionally and was higher in the regions
undergoing the spring algal bloom: 40-60% of OM in the Gulf, around 28% in the Lower

Estuary and 47% in the Gaspé current.

Spatial and temporal variability of phytoplankton community -
Multidimensional scaling analyses performed on species abundances discriminated
between the bloom and pre- or post-bloom conditions for both years, and highlighted the
different character of the stations from the Upper Estuary (Fig. 3). Taxonomic and
pigment composition confirmed these trends (Tables 2 and 3, respectively). For both
years, the accessory pigment pool under bloom conditions was clearly dominated by
fucoxanthin and Chl ¢4, associated with high diatom abundance (>70% of total
phytoplankton abundance), mostly Skeletonema costatum (Greville) Cleve (3-16 um
diameter, 52%) in May 2000 and Neodenticula seminae (Simonsen and Kanaya) Akiba
and Yanagisawa (8 um wide x 20 pm long, 40%) in April 2001 (Tables 2 and 3).
Pigment composition was more variable in the Upper Estuary and under pre- and post-
bloom conditions, reflecting high flagellates abundance (>50%) and a higher taxonomic

diversity (Table 2).



192

Table 2: Average percent contribution of the major phytoplankton groups and
dominant diatom species to phytoplankton abundance in 2000 and 2001, in the
Upper Estuary and under pre-bloom, bloom and post-bloom situations. The
numbers in brackets correspond to standard deviations. The II, III, IV and V
represent the Lower Estuary, the Gaspé current system, the Anticosti gyre and

the eastern zone of the Gulf, respectively.



2000 2001

Upper Estuary 1T + 1II IV+V Upper Estuary I+ 111 IV+V
(bloom) (post-bloom) (pre-bloom) (bloom)

Total number of cells per mL 633 4957 (3973) 1846 (1276) 58 886 (602) 2102 (617)

Taxonomic composition (%)

Diatoms 24.6 74.4 (15.2) 45.3 (28.8) 33.1 42.7 (20.1) 73.8 (9.9)
Chactoceros debilis (10-40 um) 0 0.3(0.1) 1.0 (1.8) 0 0.02 (0.03) 2.6 (4.8)
Chaetoceros furcellatus (5-19 pm) 0 2.2 (3.4) 2.8 (4.1 0 0.05 (0.07) 0.2 (0.5)
Chaetoceros socialis (5-14 um) 0 0.2(0.2) 16.3 (26.7) 0 0 10.2 (13.4)
Fragilariopsis pseudonana (8 x 10 upm) 0 0 0 0 0.4 (0.8) 1.0 (1.5)
Neodenticula seminae (8 x 20 um) 0 0 0 4.1 1.9 (3.1) 39.4(19.2)
Skeletonema costatum (3-16 um) 15.1 52.2(18.7) 4.8 (12.8) 18.0 29.2 (23.7) 0.9 (1.9
Thalassiosira nordenskioeldii (11-41 pm) 0.7 17.1 (5.4) 1.7 (3.0) 0.5 1 (0.5) 4.5 (9.8)
Thalassiosira pacifica (9-48 um) 8.6 0.6 (0.4) 0.1 (0.1) 3.7 8.8 (5.9) 0
Unidentified pennate diatoms (2-5 um) 0 0 0.1 (0.3) 3.8 0.7 (0.6) 0.1 (8.8)
Unidentified pennate diatoms (5-10 um) 0 1.1 (2.4) 16.3 (22.0) 0 0 0.1 (0.3)

Flagellates 75.4 25.6 (15.2) 54.7 (28.8) 66.9 57.3 (20.1) 26.2 (9.9)
Dinoflagellates 2.2 5.0(5.2) 11.3(7.8) 6.2 7.9 (3.9) 4.7 (5.6)
Chlorophytes 0.1 0 0 0.1 0 0
Chrysophytes 0 0.6 (0.5) 0.9(1.2) 0.2 0.5 (0.6) 0.2(0.2)
Cryptophytes 0.4 48 (4.2) 6.0 (3.8) 34 12.5(9.4) 54.7)
Dictyochophytes 0 0.5 (0.8) 1.2 (1.6) 0 2.8 (2.0) 0.3(0.5)
Euglenopytes 0.1 0.3 (0.6) 0.9(1.2) 0.3 0.2 (0.2) 0.1 (0.D
Prasinophytes 0 1.0 (1.0) 3.9(4.6) 0.1 32(3.3) 0.9 (0.9)
Prymnesiophytes 0 2.4 (2.0) 7.0 (4.6) 214 15.1 (8.8) 5.8 (4.1)
Raphidophytes 0 0.1 (0.1) 0.1 (0.2) 1.5 0.1 (0.2) 0.1 (0.1)
Unidentified flagellates (2-5 um) 72.6 10.9 (6.1) 23.4(27.1) 33.7 15.0(11.2) 8.7(3.9)

eol
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Highest abundances of <20 um phytoplankton were observed in the eastern Gulf
under post-bloom conditions in May 2000 and in the western Gulf in April 2001 during
the bloom; the maximum was two-fold higher in April 2001 than May 2000 (Fig. 4). In
May 2000, cell concentrations of picophytoplankton and ultraphytoplankton were 4-5
fold lower under bloom conditions compared to their concentrations in post-bloom (Table
1). During the April 2001 bloom, the highest concentrations of the three size classes were
recorded in the western Gulf (Table 1). For both years and in all regions,
picophytoplankton dominated numerically the small-sized phytoplankton (generally
>50%). For both years, the mean cell concentration of picophytoplankton was 2.5 to 8

fold higher than that of ultra- and nanophytoplankton.



Figure 3: MDS ordination plot of phytoplankton species abundances in 2000 (A:
Upper Estuary, @ : bloom, #: post-bloom) and 2001 (A: Upper Estuary, @:

pre-bloom, : bloom).
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Figure 4: Distribution of total chlorophyll a concentration (TChl a, mg'm'3) (a and
¢) and <20 pum phytoplankton abundances (cellssmL™) (b and d) for May 2000
(left panels) and April 2001 (right panels). The 1, 1L, III, IV and V correspond
to the Upper Estuary, the Lower Estuary, the Gaspé current, the Anticosti

gyre system and the eastern zone of the Gulf, respectively.
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Table 3: Mean pigment ratios in 2000 and 2001, in the Upper Estuary and under
pre-bloom, bloom and post-bloom situations. The numbers in brackets
correspond to standard deviations. The II, III, IV and V represent the Lower
Estuary, the Gaspé current system, the Anticosti gyre and the eastern zone of

the Gulf, respectively.



2000 2001
Upper Estuary I+ III IV+V Upper Estuary IT + III IVv+V
(bloom) (post-bloom) (pre-bloom) (bloom)
Pigment composition ( x107%, g-g'l )
TChl a/Tpig 49.6 (3.6) 52.0(2.3) 41.5(4.9) 57.6 (9.8) 57.6 (5.4) 52 (3.1)
TChl b/Tpig 0 09(1.3) 5.4 (3.5) 0 3.1 4. 0.6 (0.5)
TChl ¢/Tpig 11.2(7.6) 13.2 (0.9) 14.2 (3.5) 0 7.5(2.9) 10.1 (1.0)
TChl c; 2 /Tpig 11.2(7.6) 13.2(1.0) 11.7(3.3) 0 6.8(2.7) 9.6(0.9)
TChl c/Tpig 0 0.1(0.2) 2.5(1.6) 0 0.7 (0.7) 0.5(0.2)
Pheo./Tpig 10.5 (5.9) 6.7 (2.5 7.1 (4.6) 14.5 (9.7) 2.3(1.9) 1.9 (0.7)
PSC/Tpig 18.2 (4.2) 22.6(1.8) 16.8 (3.7) 18.7 (5.9) 21.6 (3.2) 28.6 (2.0)
BFU/Tpig 0 0.1(0.1) 1.0(1.1) 0 0.3(0.7) 0.03(0.11)
HFU/Tpig 0 0 0.2(0.4) 0 0.1(0.3) 0.1(0.3)
Fuco/Tpig 16.8(3.6) 22.4(2.2) 12.3(5.0) 18.7(5.9) 19.5(4.9) 28.1(2.1)
Peridinin/Tpig 1.4(2.9) 0.10.4) 3.0(2.8) 0 1.3(1.7) 0.3(0.4)
Prasino/Tpig 0 0.02 (0.10) 0.4(04) 0 0.3(0.8) 0.03(0.09)
PPC/Tpig 10.5(1.5) 4.6(1.3) 15.0 (7.6) 9.2 (8.0) 7.8 (4.5) 7.3(2.2)
p.e-carotene/Tpig 0 0.1(0.2) 0.2(0.4) 0 0.1(0.2) 0
B.f-carotene/Tpig 0.5(1.0) 1.3(0.3) 1.6(1.0) 0 1.4(1.0) 1.1(0.3)
Allo/Tpig 53(2.2) 0.3(0.4) 1.8(1.3) 6.3(6.8) 1.8(1.2) 0.5(0.6)
Anthe/Tpig 0 0.1(0.2) 1.1(1.3) 0 0.04(0.13) 0.3(0.4)
(Dd+Dt)/Tpig 4.8(0.6) 2.8(0.5) 6.6(3.1) 1.3(2.3) 4.0(2.9) 5.1(1.6)
Lut/Tpig 0 0.01 (0.04) 0.6 (0.8) 0 0.05(0.16) 0.03 (0.05)
Viola/Tpig 0 0.04(0.15) 2.8(2.1) 0 0.3(0.6) 0.1(0.2)
Zea/Tpig 0 0.01(0.03) 0.4 (0.6) 1.6(2.8) 0.03(0.10) 0.1(0.1)
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In April 2001, nanophytoplankton dominated (64%) the TChl a concentration (>0.7
um) in the Upper Estuary, while the <5 um phytoplankton and microphytoplankton
accounted for the remainder in similar proportions (18% each, Table I). For the pre-
bloom stations, the TChl a concentrations in the <5 pym and 5-20 pum fractions were
almost of equal importance, i.e., about 35% each. Finally, under bloom conditions, the <5
um phytoplankton, nano- and microphytoplankton contributed on average to 27%, 40%

and 33% of TChl a, respectively (Table 1).

TChl a/Tpig proportions showed little spatial differences and ranged from 42 to
58% (Table 3). The PSC/Tpig ratio was higher under bloom conditions (23-29%) than in
other conditions (17-22%, Table 3). In contrast, the PPC/Tpig ratio was very low under
bloom conditions (5%-7%) and substantially greater in other conditions (8%-15%).
However, the total carotenoid pool was not different (ranging from 28 to 36%) between

the different conditions.

Optical properties — In the Upper Estuary, particulate absorption represented
generally only a small proportion of the bulk absorption coefficient (15% in 2000, and
33% in 2001, Table 4) compared to the other regions. CDOM dominated the total
absorption everywhere except in the Gulf in April 2001. Detritus dominated the
particulate absorption in the Upper (both years) and Lower Estuary (in April 2001),

although at other locations phytoplankton was more important.
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The phytoplankton absorption coefficients at 488 nm (ap,) had expectedly the
highest values during the bloom for both years (Fig. 5). The <20 um fraction dominated
(>55%) the ap, during post-bloom (May 2000) and pre-bloom (April 2001) conditions,
while during the blooms its contribution was only about 25% (Table 4). During both
years, nanophytoplankton, as well as ultraphytoplankton for some stations, were the most
important contributors to phytoplankton absorption for the <20 pm fraction (Fig. 5). The
absorption ratios, apn(440)/apn(555), apn(440)/a,,(675) and a,n(488)/ap(555), were lower
under bloom situation than under pre- or post-bloom conditions (Table 4). Relationships
between apn(488) and TChl a showed differences according to the presence or not of the
spring diatom bloom, irrespective of the actual geographic region considered.
Phytoplankton absorption was lowest for a given TChl a concentration during the blooms
(Fig. 6), as also seen in the a*,y(488) values (Table 4).

The total scattering coefficient (b,y), at 488 and 555 nm, decreased from the Upper
Estuary to the Gulf in both years (Fig. 7). Conversely, the contribution of <20 um
phytoplankton to b, (488) increased from the Upper Estuary (<0.1% for both years,
Table 4) toward the Gulf (up to 35% at St. 66 in April 2001, Fig. 7). The <5 um (pico-
and ultraphytoplankton) fraction dominated generally the scattering coefficient of <20
um phytoplankton (Table 4). Their maximum contribution was observed north of the
oceanic zone of the Gulf in May 2000, while the maximum for the 5-20 pm fraction was
located in the western part of the Gulf. In April 2001, maximum contributions of
picophytoplankton were located in that sector, whereas the maxima for the two other

classes were observed in the oceanic part of the Gulf.
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Table 4: Mean values of optical variables in 2000 and 2001, in the Upper Estuary
and under pre-bloom, bloom and post-bloom situations. The numbers in
brackets correspond to standard deviations. The II, III, IV and V represent
the Lower Estuary, the Gaspé current system, the Anticosti gyre and the

eastern zone of the Gulf, respectively.
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Figure 5: Distribution of phytoplankton absorption coefficient, a,, (488, m™) for
each size class (<2, 2-5, 5-20 and >20 um) in the Upper Estuary (a and d), in
the Lower Estuary and the Gaspé current system under bloom (b) and pre-
bloom conditions (e), and in the Anticosti gyre and the eastern zone of the Gulf
under post-bloom (c¢) and bloom conditions (f) for May 2000 (left panels) and

April 2001 (right panels).
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Figure 6: Relationships between total phytoplankton absorption coefficients (app,
488 nm, m™) and total chlorophyll a concentrations in 2000 (circles; black
symbols: Upper Estuary, red symbols: bloom, dark yellow symbols: post-
bloom) and 2001 (triangles; open symbols: Upper Estuary, green symbols:
pre-bloom, blue symbols: bloom) with the fitted curves (green dotted line: pre-
bloom, r2=0.96; dark yellow dot-dashed line: post-bloom, r?=0.85; red
continuous line: bloom 2000, r?=0.94; and blue dashed line: bloom 2001,

r’=0.52).
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Figure 7: Distribution of total scattering coefficient, b, (488, m™) in the whole area
(a and e) and contribution to b, (488) (%) of each FCM size class (<2, 2-5 and
5-20 um) in the Upper Estuary (b and f), in the Lower Estuary and the Gaspé
current system under bloom (c¢) and pre-bloom conditions (g), and in the
Anticosti gyre and the eastern zone of the Gulf under post-bloom (d) and

bloom conditions (h) for May 2000 (left panels) and April 2001 (right panels).
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In May 2000, the mean values of chlorophyll-specific absorption coefficient
(a*,n(488)) and mass-specific scattering coefficient of particles (b,"(488)) were lowest
under bloom conditions, while the highest mean values were measured in post-bloom
conditions (Table 4). In April 2001, stations of the Upper Estuary, but also those close to
the Saguenay Fjord (St. 21, 22 and 24), were distinct and presented the highest a*,,(488)
values associated with very low TChl a concentrations. The a*,,(488) and bpm(488) mean
values were lower under bloom conditions as in May 2000. Differences in a*,,(488) and
b,"(488) mean values between bloom and post-bloom regions were larger in May 2000
than those between pre-bloom and bloom regions in April 2001, reflecting the higher
TChl a concentration under bloom conditions in May 2000 compared to April 2001. For
both years, the distribution of b,"(555) followed generally that of b,"(488); 555 nm is in
the spectral domain where algal absorption is generally low and where scattering budgets
are often performed (Morel and Ahn 1991, Stramski and Kiefer 1991). Moreover, the

b,"(555) and b,"(488) average values were close under all situations (Table 4).

For April 2001, the relationships between specific absorption or scattering
coefficient and TChl a of different size fractions were examined (Fig. 8). Stations from
the Upper Estuary and Saguenay Fjord region (St. 12 to 24) were clear outliers;
consequently they were not taken into account in the relationships. Since particles other
than phytoplankton were very abundant and contributed highly to scattering, particularly
in the Estuary and the Gaspé current, the relationship between b,"(488) and TChl a of

different size fractions was only presented for the Gulf region. Specific absorption and
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scattering both increased as the fraction of chl-a in the <5 or 5-20 pm fractions increased.

In contrast, they both decreased as microplankton increased (Fig. §).
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Figure 8: Relationships between TChl a-specific phytoplankton absorption
coefficients (a*p,, 488 nm, mz-[mg TChl a]'l) and total chlorophyll «a
concentrations for <5, 5-20 and >20 um fractions (mg-m'3) in the Saguenay
region (stations 12 to 24, open circles), in the rest of Lower Estuary (stations
32 to 44) and the Gaspé current system under pre-bloom conditions (green
squares), and in the Anticosti gyre and the eastern zone of the Gulf under
bloom conditions (blue inverted triangles) for April 2001 (left panels); and
relationships between mass-specific phytoplankton scattering coefficient (b™),
488 nm, m*>mg™) and total chlorophyll a concentration for <5, 5-20 and >20
pm fractions (mg-m'3) only in the Anticosti gyre and the eastern zone of the
Gulf under bloom conditions (blue inverted triangles) for April 2001 (right

panels).
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Diel variation of cell optical properties - On a number of occasions during these
cruises, three to four nearby stations were sampled on the same day at different times of
the day. Since temperature, salinity and nutrients showed little variation between these
stations, we considered that the same water mass had been sampled and we examined the
diel variations in optical properties of <20 um phytoplankton from FCM measurements.
Some general trends were observed in all these cases: for picophytoplankton, the cell size
index (FSC) and cell fluorescence (FL3) increased throughout the light period, while for
ultra- and nanophytoplankton, cell size showed a maximum, and cell fluorescence a
minimum, at mid-day when irradiance was highest (Fig. 9). However, diel variations of
cell chl-a content and chlorophyll-specific absorption and scattering coefficients were
very heterogeneous over the whole area and for all size classes (<5 pum and

nanophytoplankton), thus no diel pattern could be characterized for these variables.

Diel variability of FSC for picophytoplankton was higher under bloom conditions
(up to 44%) than under pre- or post-bloom conditions. The ultraphytoplankton fraction
showed a higher FSC diel variability under post-bloom situation in 2000 (Table 5). Apart
from the 2000 post-bloom situation, ultraphytoplankton and nanophytoplankton
displayed similar FSC diel variability for both years. Irrespective of the conditions,
picophytoplankton FSC diel variability was always greater (up to 7-fold) than that of
ultra- and nanophytoplankton. For pico-, ultra- and nanophytoplankton, the diel
variability of FL3 was roughly the same for bloom, pre- or post-bloom conditions, except

under post-bloom conditions but only for picophytoplankton (Table 5). The FL3 diel
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variability generally had similar amplitudes to that of FSC, and larger size phytoplankton

showed less variability than picophytoplankton.
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Figure 9: Diel variations of forward-angle light scatter (FSC, bead unit) (a and ¢)
and cell chlorophyll fluorescence (FL3, bead unit) (b and d), measured by flow
cytometry, for one station group (111-112-113-114) of the Gulf in May 2000

(left panels) and April 2001 (right panels).
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Table 5: Amplitude of diel variations of FCM cell parameters for pico-, ultra- and
nanophytoplankton (calculated as follows: (%) = (|[Max — Min|/ Min) x 100) in
2000 and 2001, in the Upper Estuary and under pre-bloom, bloom and post-
bloom situations. The numbers in brackets correspond to standard deviations.
The 11, I1I, IV and V represent the Lower Estuary, the Gaspé current system,

the Anticosti gyre and the eastern zone of the Gulf, respectively.



2000 2001

Upper Estuary T+ III IV+V Upper Estuary Ir+1m IV+V
(bloom)  (post-bloom) (pre-bloom) (bloom)
Amplitude of diel variation
FSChico (%) 27 48 (26) 17 (5) 15 1412y 219
FL3ico (%) 12 10 (6) 21 (10) 7 20 (9) 15(9)
FSCuira (%) 2 4(3) 12 (5) 7 9 (6) 8(3)
FL3u1a (%) 5 8 (4) 8(2) 9 8 (5) 10 (7)
FSChano (%) 3 6 (3) 54 7 7(3) 7(3)
FL3an0 (%) / 5(2) 4 (3) 4 6 (3) 5(2)

07¢
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DISCUSSION

Oceanographic processes in the St. Lawrence system - Variability in
phytoplankton biomass (TChl a) can be ascribed to the influence of specific hydrographic
features in the Upper and Lower Estuary and the Gulf of St. Lawrence (Therriault and
Levasseur 1986, Therriault et al. 1990, De Lafontaine et al. 1991). The low <20 um
phytoplankton abundances and TChl a concentrations of the Upper Estuary are well-
known features of this region, resulting from high inorganic sediment and dissolved
organic matter concentrations, and to the strong currents rapidly flushing particles

downstream.

The Anticosti gyre and the Gaspé current harbour two distinct pelagic ecosystems
explaining the different location of high TChl a concentrations in the western part of the
Gulf, between May 2000 and April 2001. The biological and chemical properties of the
Gaspé current resemble those of the Lower Estuary whereas those found in the Anticosti

gyre are more typical of the conditions prevailing over the Gulf (Levasseur et al. 1992).

The phytoplankton spring bloom typically takes place earlier in the oceanic zone of
the Gulf as a result of a decreased exchange between the deeper layer and the surface
during the high freshwater runoff period (Levasseur et al. 1984, Therriault and Levasseur

1985, 1986, Zakardjian et al. 2000). Indeed, the spring decrease in surface nutrients
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occurred earlier in the Anticosti gyre (April) than in the Gaspé current (May), consistent

with the earlier bloom in the gyre.

Variability in abundance and cell parameters of <20 um phytoplankton - The
abundance of small-sized phytoplankton was generally higher in the Gulf than in the
Estuary, perhaps as a result of the more stable water column conditions in the Gulf
(Levasseur et al. 1984). The concentration of <20 um phytoplankton was low during the
algal blooms, compared to the pre- or post-bloom situations, and it was lower in May
2000 than in April 2001, reflecting the preferential spatial distribution of this group in the
Gulf. The concentration of the three size classes of <20 um phytoplankton appeared as a
constant background in the Gulf, indicating that growth and loss processes could be
balanced over a large temporal scale (Bouman et al. 2003). Nutrient regeneration, which
is important in the Gulf (Rivkin et al. 1996), probably helps to maintain the abundance of

small-sized phytoplankton in this region.

In 2000, high TChl a values were associated with nutrient poor waters, suggesting
that nutrients had already been consumed and phytoplankton reached the end of the
bloom at time of sampling. The overall strong correlation between <20 um phytoplankton
abundance and Chl b concentration (r=0.587, p<0.01) suggests that green algae were
important in that size fraction (Roy et al. in press). Furthermore, under post-bloom

conditions, picophytoplankton dominated the <20 um phytoplankton abundance and was
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the only size fraction correlated with Chl & concentration (r=0.748, p<0.01), likely

resulting from the presence of small green algae species.

On a large spatial scale, the distribution of optical cell parameters derived from
FCM was related to the salinity field. The salinity was negatively correlated with FL3
and FSC of pico- and ultraphytoplankton (p<0.01), implying that cells that scatter and
absorb more were distributed in the Estuary and the western part of the Gulf, while cells
with lower FLL3 and FSC values were in the oceanic part of the Gulf. Part of the variation
in optical cell parameters was also linked to the surface irradiance for all the <20 um
phytoplankton size classes, suggesting the influence of diel variations on phytoplankton
cell optical properties (Stramski and Mobley 1997, DuRand and Olson 1998, DuRand et

al. 2000, Mas et al. 2008).

Changes within the phytoplankton pigment pool in surface waters appear to be
related to shifts in community structure. The TChl ¢/Tpig (mostly determined by the Chl
c1+2/Tpig ratio) and PSC/Tpig (mostly determined by the Fuco/Tpig ratio) ratios were
higher under bloom conditions for both years (Table 3), indicating that diatoms increased
the proportion of chlorophyll ¢ and photosynthetic carotenoids to optimize their light-
harvesting capability. Moreover, higher PPC/Tpig ratios were characteristic of regions
mainly dominated by <5 um phytoplankton, consistent with the usually high contents of
photoprotective carotenoids of small-sized phytoplankton in low nitrate environments

(Barlow et al. 2004). Furthermore, downwelling irradiance below the water surface was
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higher in May, suggesting that photoacclimation was greater in May 2000 than in April
2001, as indicated by the higher PPC/TPig ratio in May in the Gulf region, which is

consistent with Roy et al. observations (in press).

Variability in optical properties distribution - The particles contribution to ay
was higher in the bloom regions for both years, following TChl a concentrations.
Moreover, detritus contribution to a, decreased from the Upper Estuary toward the Gulf,
as the SPM concentrations. The same trend was observed for the contribution of CDOM
to a,; however this contribution was greater in May 2000 than in April 2001, this is
likely due to the spring run-off which usually occurs at the beginning of May

(Koutitonsky and Bugden 1991).

Among the <20 pm phytoplankton, nanophytoplankton contributed more to apn
than pico- and ultraphytoplankton outside bloom periods, owing to their high chlorophy!l
content compared to the smaller size classes. The 2000 bloom was dominated by the
nanoplankton diatom S. costatum, although the contribution of nanophytoplankton to apy
was only about 20%. However this species can form chains (Bérard-Therriault et al.
1999), so most of S. costatum app contribution could have been taken into account in the
microphytoplankton size fraction. Cells in chains were not measured directly by the

FCM, though they could be broken and counted by the FCM.
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The relationships between ap, and TChl a showed differences between bloom and

pre- or post-bloom conditions, which were more likely due to changes in the dominant
taxa sizes. Absorption coefficient under bloom conditions, dominated by large cells (i.e.
diatoms) with a greater packaging, was smaller than under the other conditions with a
high proportion of small cells for a given TChla concentration. The relationships
between a*,, and the size class contribution to TChl @ concentration (Fig. 8) highlighted
the increase of a*,, when the <20 um phytoplankton contribution increased. This trend
likely result from a reduced package effect for small cells compared to large cells (Roy et
al. in press), as. high packaging is well known in large diatoms (Bricaud et al. 1995,
Babin et al. 1996, Stuart et al. 1998). This confirms the influence of the size structure of
phytoplankton community in determining a*,, variations, which has been shown to be
the main factor controlling the packaging effect (Bricaud et al. 2004). The variability of
the relationship was also due to the pigment composition since a*,, was always
correlated to the PPC/TChl a ratio (r = 0.418, p<0.01) (Claustre et al. 1994, Fujiki and
Taguchi 2001). Roy et al. (in press) showed that pigment composition contributed only to
6-13% of the a*p, variation. However, as the carotenoid pigments pool was roughly
constant and the contributions of the various pigments might follow inverse trends (e.g.,
Chl b and Chl ¢, photosynthetic and nonphotosynthetic carotenoids) and partially
compensate one another (Bricaud et al. 2004), the actual impact on absorption was finally

reduced.

The absorption ratios showed noticeable regional differences (Table 4), which

could be mainly explained by the species composition. The pigment composition of
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flagellates favors high absorption in the blue region relative to the red (Babin et al. 1996,
Allali et al. 1997, Lohrenz et al. 2003). Flagellates dominated (>50%) in the Upper
Estuary and outside of the bloom periods, and were related to high a,n(440)/apn(675)
ratios, through their high PPC (absorption from 400 to 530 nm, with main maxima
around 460-490 nm) and accessory chlorophylls (Chl » and Chl ¢3). Compared to pre-
and post-bloom conditions, the dominance of diatoms (>70%), during the blooms,
resulted in high Fuco/Tpig ratios (fucoxanthin absorbs in the 450 to 560 nm domain), and
thus in low apn(440)/ay(555) ratios, as well as low ayp(488)/ayn(555) ratios but only in
May 2000 (Arrigo et al. 1998, Stuart et al. 1998, Cota et al. 2003). Contrary to May 2000,
the values of the apn(488)/apy (555) ratios were closer in April 2001 when the bloom
period was compared with pre-bloom. During the 200l spring bloom, higher
aph(488)/a,n(555) ratios may be attributed to an increased contribution of

prymnesiophytes (Arrigo et al. 1998, Stuart et al. 2000, Mas et al. 2008).

In the Saguenay fjord region, the contribution of <20 um phytoplankton to b, was
very small, because most of the scattering was due to mineral, particulate organic matter
and detritus of terrestrial origin. This is consistent with the by decrease toward the Gulf
as a result of particles dilution, thus the contribution of phytoplankton to by, in the Gulf
was more important. In the Estuary, under pre-bloom conditions (April 2001), the <20
um phytoplankton contribution to b, was higher than during the bloom (May 2000).
Factors responsible for this difference could include the large quantity of mineral and
terrigenous particles, due to the higher freshwater runoff in May, but also the presence of

detritus and bacteria associated with the large cells during the bloom, which can
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significantly contribute to by, Maximum <20 um phytoplankton contribution to by
reached 35% in the Gaspé current under pre-bloom conditions. This is lower than the
contribution of 45-69% of eukaryote phytoplankton measured over the New England
continental shelf (Green and Sosik 2004), most likely as a result of higher suspended
material in our system. Even during the bloom, the <20 um phytoplankton contribution to
b reached only 30% in the Anticosti gyre, which is less influenced by continental inputs
than the Estuary. However, mineral particles, which represented >50% of suspended
particulate matter (Table 2), were likely major contributors to b, along with bacteria and
organic detritus associated with the bloom. Under post-bloom conditions in the same
region, the <20 um phytoplankton contribution to b, was only about 10%. This decrease
could be the result of the presence, after the bloom, of high amount of cell detritus, which

scatter more than whole cells (Aas 1996).

The relationship between b," and the size class contribution to TChl a
concentration (Fig. 8) is strongly influenced by size, refraction index and absorption
(Babin et al. 2003). The size affects strongly the scattering efficiency, a 3.5 um flagellate
is 4.3 times more efficient in scattering than a 15 um diatom (assuming that n = 1.05),
although other factors such as the chlorophyll content can play a major role (Claustre et
al. 2002). When large absorbing cells were abundant, as during the diatom blooms, b,™
was lower (Babin et al. 2003), as supported by the inverse relationship between b,™ and
the contribution of >20 pm phytoplankton contribution to TChl a (Figure 8). The

variability of the relationships between b," and the size class contribution was more
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likely due to the size distribution of particles and to the composition of the particle

assemblage, i.e. percentage of organic to inorganic matter (Babin et al. 2003).

Diel variations - On a daily scale, phytoplankton abundances were highly variable
and did not show any diel pattern, as observed in other studies on phytoplankton diel
variations (Vaulot and Marie 1999, Jacquet et al. 2002). Short-time scale variability of
phytoplankton abundance in the open ocean has been attributed to temporary imbalances
between growth and loss processes (Vaulot and Marie 1999). For picophytoplanktonic
cells, growth and division were probably the most important factors of diel variability in
cell abundance (Waterbury et al. 1986, Vaulot and Marie 1999). Strong diel patterns of
picophytoplankton cell parameters, measured by FCM, were observed, and were
generally homogeneous across the whole area (Table 5). The picophytoplankton size
class was constituted by one single population, and this could explain the strength of the
diel patterns. Maxima and minima of FSC and chlorophyll fluorescence (FL3) values
were recorded around dusk and dawn respectively, as previously observed in oceanic
waters (Durand and Olson 1996, Vaulot and Marie 1999). The FSC increase during the
light period would be consistent with the accumulation of carbon through photosynthesis
(Stramski et al. 1995, Durand and Olson 1998), whereas the FL3 increase was likely a
consequence of daytime chl-a synthesis (Stramski and Reynolds 1993, Stramski et al.
1995, Sciandra et al. 1997). The clear diel pattern of FSC and FL.3 suggests that the cell
division took place at night. The cell cycle of many phytoplanktonic organisms is known
to be tightly phased to the day-night cycle (Chisholm 1981) and picophytoplankton

makes no exception, as shown either in culture (DuRand et al. 2002) or in the ocean
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(DuRand and Olson 1996, Vaulot et al. 1995). Our study confirms the strong

synchronization of picophytoplankton cell division to the day-night cycle.

Picophytoplankton FSC diel patterns were more variable under bloom situations.
Cell division can be affected by a variety of factors, e.g. light stress (Vaulot et al. 1995)
or nutrient depletion (Vaulot et al. 1996), which slows down the cell division cycle,
thereby influencing the FSC diel pattern. Under bloom situations, the highly variable
nutrient concentrations and light conditions (i.e. attenuation coefficient K4) in 2000, as
well as the nutrient depletion in 2001, might be responsible for the variability in the

picophytoplankton diel patterns.

Contrary to the picophytoplankton, the FSC and FL3 diel variations for the ultra-
and nanophytoplankton did not reflect any cell division pattern. Several populations
belonged to these size classes, so differences in cell division phasing of each population
to the daily light cycle may not result in a clear 24h periodicity (Jacquet et al. 2002). The
observed diel changes in ultra- and nanophytoplankton cell parameters were likely caused
by photoacclimation processes in response to daily irradiance fluctuation (Vaulot and
Marie 1999), such as phytoplankton swelling (Ackleson et al. 1990, Ackleson et al.
1993), chloroplast configuration (Kiefer 1973) and changes in cellular pigment content
and composition (Falkowski 1980, 1984a). Phytoplankton swelling is accompanied by a
change of cell size and refraction index, which affect diel patterns in cell scattering

(Ackleson et al. 1990, Ackleson et al. 1993). The ultra- and nanophytoplankon cells were
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larger and scattered more at midday, under high light levels, as a result of cell swelling
(Ackleson et al. 1990). The clear midday FL3 decrease could be due either to non-
photochemical quenching or to PSII reaction centers photo-damage due to high irradiance
(Vaulot and Marie 1999). When irradiance decreased after midday, quenching was
obviously reversed or repair took place. A similar influence of daily irradiance
fluctuation on chlorophyll fluorescence quenching or phytoplankton photoacclimation
has already been observed in the field (Stramska and Dickey 1992, Sosik et al. 1998) and
in cultures (Stramski and Morel 1990). For picophytoplankton, no evidence of midday
FL3 depression due to photoquenching was observed, as in previous studies (Jacquet et
al. 1998, Vaulot and Marie 1999), suggesting that picophytoplankton are less sensitive to

light stress in surface waters (Jacquet et al. 2002).

Furthermore, the ultra- and nanophytoplankton diel pattern was less variable than
that of picophytoplankton, whatever the conditions. The smaller variability was probably
due to the different photoacclimation processes of the larger cells. The diel variability
was even lower for nanophytoplankton, which was mostly composed of small diatom
species. Diatoms can generally tolerate higher light environments before inducing photo-
protective mechanisms, compared to flagellates (Richardson et al. 1983, Demers et al.
1991). The diel variations of FSC and FL3 for ultra- and nanophytoplankton, as well as
the variability between days, seemed to be mainly driven by the species composition and

photoacclimation strategies.
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CONCLUSIONS

The small-sized phytoplankton cells were always numerically dominated by
picophytoplankton and these were most abundant in the Gulf. The contribution of <20
um phytoplankton to phytoplankton absorption was higher outside of bloom periods and
among the <20 pum phytoplankton, nanophytoplankton was the major contributor to
phytoplankton absorption. In addition, the highest contributions of <20 pm
phytoplankton to total scattering were observed in the Gulf. However, the contribution of
<20 um phytoplankton to total optical properties (particularly total scattering) remained
generally weak, due to the important role of CDOM and non-phytoplanktonic particles

(particularly detritus) on optical properties of St. Lawrence waters.

Differences in bio-optical characteristics (particularly absorption) between bloom
and pre- or post-bloom conditions were related to taxonomic composition, especially
changes in contribution of small cells relative to total phytoplankton abundance.
Packaging, which is size-related, has been shown to be the dominant factor responsible
for the variation of phytoplankton absorption in the St. Lawrence region (Roy et al. in
press). Cell size may thus be responsible for some of the discrepancies in the
performance of ocean-color algorithms and impact the retrieval of chl-a (Arrigo et al.

1998, Stuart et al. 1998). Our study confirms that the size structure of phytoplankton
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communities should be taken into consideration in bio-optical models for chl-a retrieval

in the St. Lawrence Estuary and Gulf,

Finally, diel variations of ultra- and nanophytoplankton were about 4-12% for
scattering and absorption cross section proxies, whereas for picophytoplankton diel
variations were up to 14-44% for the scattering cross-section proxy and 10-20% for the
absorption cross-section proxy. However, diel patterns of phytoplankton populations are
difficult to observe in whole water measurements, since each population and each cellular
parameter displays its own behavior, partly modulated by cell growth, light availability
and nutrients level. The influence of diel patterns may therefore be more relevant in the
case of mono-specific blooms, or for some fraction of the phytoplankton community (as

for picophytoplankton here).



CONCLUSIONS
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Les recherches exposées dans cette these ont été réalisées dans le cadre du
programme de recherche de validation des données SeaWiFS ayant pour objectif
d’élaborer des algorithmes qui permettront d’estimer les concentrations de chl-a dans les
eaux de I’estuaire et du golfe du Saint-Laurent a partir d’images satellitaires.
L’estimation des variables océanographiques (concentration de chl-a ou la production
primaire) a partir des signaux satellitaires est basée sur la connaissance des propriétés
optiques inhérentes (IOPs) telles que I’absorption et la diffusion. Les variations des IOPs
sont reliées aux changements de concentration et de composition des assemblages
phytoplanctoniques, ainsi qu’a leurs propriétés optiques. De plus, les fluctuations
environnementales (couverture nuageuse, mélange vertical, intensit¢ lumineuse
incidente,...) peuvent induire des variations rapides de |’abondance et des parametres
cellulaires, physiologiques et optiques, des cellules phytoplanctoniques, et par conséquent

des variations des 10Ps.

Dans ce contexte, les travaux de cette these ont porté sur le réle du phytoplancton
sur les variations des IOPs des eaux de surface de I’estuaire et du golfe du Saint-Laurent.
Cette étude s’est attardée plus particulierement sur les cellules phytoplanctoniques <20
um, puisque cette classe de taille contribue significativement a ["absorption du
phytoplancton et de maniere importante a la diffusion. Par conséquent, différentes voies
ont été explorées telles (1) la variabilité journaliere des IOPs du phytoplancton associée a
’augmentation de lumiere en milieu contrélé, (2) les variations des 1OPs dues aux phases

de croissance du phytoplancton ainsi que I’interférence liée a la présence de bactéries et
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de détritus en milieu contrdlé et (3) la distribution spatio-temporelle de I’abondance et
des propriétés cellulaires des cellules phytoplanctoniques <20 um, ainsi que leur

contribution aux IOPs des eaux de surface de |’estuaire et du golfe du Saint-Laurent.

Dans le Chapitre I, les variations journalieres des propriétés optiques cellulaires ont
été examinées pour deux especes nanophytoplanctoniques, une haptophyte (/mantonia
rotunda) et une diatomée (Thalassiosira pseudonana) cultivées sous un cycle jour-nuit,
puis transférées a de plus fortes intensités lumineuses avec maintien du cycle jour-nuit.
Ces deux especes du nanophytoplancton sont cosmopolites et fréquemment présentes
dans les eaux de I’estuaire et du golfe du Saint-Laurent. Les différents patrons journaliers
observés entre les deux especes pour les caractéristiques cellulaires et optiques, sont
reliés a une meilleure synchronisation de la division cellulaire de ["haptophyte,
comparativement a la diatomée. Les variations journalieres des propriétés cellulaires et
optiques rapportées dans ce travail peuvent avoir des implications notables pour les
observations de terrain. Au cours d’une journée, I’amplitude des variations journalicres
est supérieure a 100% pour les pigments photoprotecteurs, le volume cellulaire moyen
(haptophyte) et la concentration de pigments photosynthétiques (diatomée). De plus,
’amplitude de ces variations est plus importante lorsque les variations journalieres sont
combinées a une augmentation d’intensité lumineuse, tel qu’il peut se produire dans le
milieu naturel lors d’épisodes de mélange vertical. L’augmentation de |’amplitude des
variations est également plus élevée pour les pigments que pour les propriétés optiques. /.
rotunda et T. pseudonana présentent différents mécanismes de photoacclimatation en

réponse a |’augmentation de lumiere : (1) changement de la concentration et de la
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composition pigmentaire (pigments photosynthétiques et photoprotecteurs), ce processus
est commun aux deux especes, et (2) augmentation du contenu cellulaire en eau, ce qui se
produit principalement pour les diatomées, donc ici seulement pour 7. pseudonana. Par
conséquent, I’augmentation de lumiere induit des variations de volume cellulaire moyen
pour la diatomée, alors que I’haptophyte conserve les variations de volume cellulaire
moyen associées au cycle de division cellulaire. Les propriétés optiques reliées a la taille
cellulaire sont donc plus affectées pour la diatomée lorsque les changements d’intensité
lumineuse sont combinés au cycle journalier. Le cycle jour-nuit associé a une
augmentation d’intensité lumineuse entraine des variations journalieres d’amplitude
variant de 27 a 53% pour I'absorption spécifique a la chl-a, jusqu'a 176% pour la
diffusion spécifique a la chil-a et de plus de 200% pour la pigmentation (i.e. contenu
cellulaire en pigments accessoires photoprotecteurs et photosynthétiques pour
I’haptophyte et pour la diatomée, respectivement). De plus, les relations entre ratios
d’absorption et ratios pigmentaires sont nettement affectées par les réponses a
I’augmentation de lumiere, et ce particulierement pour la diatomée. Ce type de variation a
court terme affecte €galement le spectre d’absorption et pourrait contribuer a I’erreur
d’estimation de la concentration de chl-a. D’autre part, I’amplitude des variations
journalieres intraspécifiques de la diffusion spécifique a la chl-a (>70%) est beaucoup
plus faible qu’entre especes (jusqu’a 550%). Les variations de la diffusion spécifique a la
chl-a, en milieu naturel, seront donc principalement déterminées par les changements de
la composition des communautés phytoplanctoniques. Néanmoins, les variations
journalieres de la diffusion spécifique a la chl-a auront une influence significative lors de

floraisons dominées par une seule espeéce. Cette étude souligne I’importance des
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variations morphologiques et physiologiques sur la variabilit¢ des IOPs, la nécessité
d’étudier la structure des communautés lors des campagnes bio-optiques, I'influence du
choix de I’heure d’échantillonnage, ainsi que le besoin d’informations sur le mélange
vertical et I’état de photoacclimatation du phytoplancton, afin d’interpréter la variabilité

naturelle des propriétés d’absorption et de diffusion.

Dans le Chapitre II, I'effet des phases de croissance sur les propri€tés optiques
cellulaires et totales a été étudié pour quatre especes (Thalassiossira pseudonana,
Alexandrium tamarense, Imantonia rotunda et Nannochloropsis sp.). Le type de culture
utilis€é permet de simuler des conditions pouvant représenter des floraisons
phytoplanctoniques, mais aussi d’évaluer 'effet de la présence de bactéries et de détritus
sur les propriétés optiques totales. Les variations de concentration pigmentaire induites
par la succession des stades de croissance sont différentes pour chaque espece. Ces
réponses taxospécifiques préviennent donc toute généralisation sur les changements
pigmentaires dus aux phases de croissance. D’une mani¢re générale, la phase de
croissance ne semble pas avoir d’effet sur les relations entre la concentration de chl-a et
|"absorption du phytoplancton a 440 nm. La différence entre les relations pour chaque
espece est affectée principalement a la taille des cellules. Par contre, la forme du spectre
de I'absorption spécifique a la chl-a est affectée par les phases de croissance. Ces
distorsions du spectre modifient les ratios d’absorption typiquement utilisés pour estimer
les concentrations de chl-a a partir de données satellitaires. En outre, les relations entre
ratios d’absorption et ratios pigmentaires sont significatives, pour toutes les especes,

exceptées en phase de déclin. La phase de croissance influence également la diffusion du
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phytoplancton <20 um, et par conséquent la relation entre diffusion du phytoplancton
<20 um et concentration de chl-a, ainsi que la forme du spectre normalisé de diffusion.
En effet, aux courtes longueurs d’ondes, le coefficient de diffusion est plus fort pour les
cellules en phase de latence ou de déclin. De plus, la présence de bactéries ou de détritus
déforme le spectre de diffusion normalisé, a travers la distribution de taille et I’indice de
réfraction. Les bactéries et les détritus de petite taille augmentent la diffusion aux courtes
longueurs d’ondes, et augmentent I’erreur de la relation entre la diffusion de la matiére
particulaire et la concentration de chl-a, particuliecrement en phase de déclin. En outre, la
présence de détritus de grande taille, liés a I’agrégation, contribue a la diminution de la

diffusion aux courtes longueurs d’ondes.

Les propriétés optiques totales et cellulaires du phytoplancton varient donc en
fonction de 1’age des cultures et de I’espece, a travers des changements physiologiques.
Ces variations des propriétés optiques dues aux phases de croissance modifient la couleur
des océans, particulierement pendant le développement de floraisons, et contribuent a
['erreur d’estimation de la concentration de chl-a a partir de données satellitaires. De
plus, la présence de bactéries affecte les [OPs totales soit par effet direct sur la diffusion,
en changeant la distribution de taille des particules, soit indirectement, en prolongeant la
période de floraison en facilitant I’acces aux nutriments par reminéralisation de la matiére
organique. Les détritus modifient également la distribution de taille des particules et
peuvent induire des variations des IOPs totales plus importantes que les bactéries.
L’association des mesures de la cytométrie en flux et de la sonde ac-9 est donc

intéressante et appropriée pour déterminer les changements d’assemblages planctoniques
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et de phases de croissance, qui se succedent généralement lors des périodes de floraison
phytoplanctonique. Finalement, cette étude illustre aussi la divergence entre les mesures
des 10Ps totales et des 10Ps dérivées des mesures cellulaires, principalement pour la
diffusion, puisque les bactéries et les détritus sont des contributeurs majeurs dans les
océans. L’évaluation du role de ces particules est donc cruciale afin d’étudier la

variabilité¢ des IOPs, et plus particulierement pendant les floraisons phytoplanctoniques.

Des campagnes d’échantillonnage dans ’estuaire et le golfe du Saint-Laurent en
mai 2000 et en avril 2001 ont permis d’étudier les IOPs du phytoplancton en milieu
naturel dans le chapitre III. Au printemps, la période de floraison est précoce dans le
golfe (avril) et plus tardive dans la zone de ’estuaire (mai). Pour les deux années, la
floraison printaniere était dominée par des diatomées, mais les especes dominantes
différaient. Dans le golfe, les cellules <20 um sont généralement les plus abondantes. De
plus, I’abondance des cellules <20 um est typiquement dominée par le picophytoplancton
(<2 um). Les cellules <20 pm contribuent de maniere plus importante a 1’absorption du
phytoplancton hors des périodes de floraison. Cependant, ce sont les cellules du
nanophytoplancton (5-20 um) qui sont les plus responsables de [’absorption du
phytoplancton, en raison de leur contenu cellulaire en pigment plus important. Les
variations des ratios d’absorption sont le reflet de I’influence de la composition
spécifique sur les ratios pigmentaires. De plus, la contribution des pigments
photoprotecteurs varie aussi selon les saisons et augmente en réponse a I’augmentation de
lumiere. Comme pour ’absorption totale, la contribution des cellules <20 uym a la

diffusion totale est faible, bien que plus importante dans le golfe que dans I’estuaire. Les
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relations entre I’absorption spécifique a la chl-a et la contribution des classes de taille a la
chl-a ont permis de mettre en évidence une augmentation de I’absorption spécifique a la
chl-a lorsque la contribution du phytoplancton <20 um augmente. Cette augmentation est
attribuable a une réduction du «package effect» pour les cellules <20 pm
comparativement aux cellules microphytoplanctoniques. Cette étude a également permis
d’étudier les variations journalieres des propriétés optiques des cellules
phytoplanctoniques. Les variations des parametres optiques cellulaires du
picophytoplancton, déterminés par FCM, mettent en évidence une périodicité reliée a la
synchronisation de la division cellulaire. Ce type de périodicité est absent pour |’ultra- et
le nanophytoplancton en raison de la présence de plusieurs populations, chacune avec son
propre cycle cellulaire. Par contre, les variations journalieres des parametres optiques

cellulaires refletent les mécanismes de photoacclimatation.

Les variations journalieres des parametres optiques cellulaires sont importantes,
seulement pour le picophytoplancton. Pourtant, les variations journalieéres n’affectent pas
les relations entre les IOPs et les pigments. A grande échelle, les patrons journaliers sont
complexes en raison des réponses différentes de chaque population phytoplanctonique.
D’autre part, les différences des propriétés bio-optiques, particulierement d’absorption,
entre les conditions de floraison ou de « pre-bloom » et « post-bloom », sont dues
principalement aux variations de la contribution des cellules <20 um au phytoplancton.
Le « package effect » serait le facteur impliquant le plus de variations des propriétés
d’absorption du phytoplancton dans le Saint-Laurent, et cet effet de la distribution de

taille serait, avec la présence de CDOM et de la matiere particulaire en suspension non-



241
algale, une des sources d’erreur d’estimation des concentrations de chl-a a partir de
données satellitaires. Cette étude confirme que la structure de taille des communautés
phytoplanctoniques est un point crucial a prendre en compte dans les modeles bio-
optiques appliqués au Saint-Laurent ; et que 'effet du « package effect » devrait étre
quantifié relativement a I’effet des autres composantes bio-optiques (CDOM et matiere

particulaire en suspension non-algale).

L’ensemble des ravaux de cette these nous améne a plusieurs constats sur le plan
expérimental ainsi qu’en milieu naturel. A partir des expériences en laboratoire, nous
avons mis en évidence I'importance des mécanismes de photoacclimatation et de la
synchronisation du cycle cellulaire du phytoplancton sur les variations journalicres a
court terme des propriétés optiques cellulaires, ainsi que de I’état physiologique relié au
stade de croissance sur ces variations a long terme. De plus, la taxonomie et la taille des
cellules phytoplanctoniques influencent non seulement les propriétés optiques cellulaires,
mais aussi les IOPs. En milieu naturel, les variations journalieres des IOPs n’ont pu étre
caractérisé€es, €tant donné que les variations interspécifiques sont nettement plus élevées
que les variations journalieres pour chaque espéce. De plus, de nombreux facteurs
induisent des réponses physiologiques différentes pour chaque population
phytoplanctonique, et modifient subséquemment les IOPs (mélange vertical, couverture
nuageuse, disponibilité en nutriments...) ; les particules non-phytoplanctoniques et le
CDOM contribuent aussi de maniére importante aux IOPs. De ce fait, de nombreuses

sources de variabilités des IOPs, comme les variations journalieres, ne sont pas détectées
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dans les régions fortement dynamiques et influencées par les apports continentaux,

comme |’estuaire et le golfe du Saint-Laurent.

A la lumiere de ces travaux de these, il apparait difficile d’extraire les variations
des IOPs de type journalier ou liées a la physiologie du phytoplancton dans des milieux
trés dynamiques. Il conviendrait donc de s’intéresser dans un premier temps a des zones
plus océaniques caractérisées par des régimes hydrologiques plus stables et des eaux plus
pauvre en matiere particulaire en suspension, comme la zone océanique du golfe du
Saint-Laurent. De plus, des échantillonnages en période estivale et automnale
permettraient de déterminer I’évolution au cours des saisons de la contribution des petites

cellules phytoplanctoniques sur les propriétés optiques des eaux du Saint-Laurent.

La synchronisation de certaines populations naturelles s’étend en profondeur dans
la colonne d’eau mais avec un décalage dans le temps (Vaulot et al. 1995) et les
processus de photoacclimatation sont également présents en profondeur. Dans un second
temps, 1l serait donc intéressant d’évaluer le maintien des variations journalieres des
propriétés optiques cellulaires et des IOPs en profondeur dans la zone euphotique, et de

confronter les temps de réponse du phytoplancton a I’intensité du mélange vertical.

Afin d’évaluer les variations journalieres des propriét€s optiques cellulaires du
phytoplancton et des IOPs, il conviendrait d’optimiser les plans d’échantillonnage. Une

fréquence d’échantillonnage élevée, par exemple toutes les deux heures, comme pour les
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expériences du premier chapitre, est primordiale ainsi que le suivi de la méme masse
d’eau. Pour le suivi d’une période de floraison, un suivi lagrangien, utilisant une bouée

dérivant au sein d’une méme masse d’eau, serait pertinent.

Tout I’éventail des mesures bio-optiques n’a pu €tre pris en compte lors de cette
these. La mesure du carbone, de I’indice de réfraction et de la distribution de taille est tres
importante pour les études bio-optiques, et notamment pour I’étude des particules non-
algales, dont les propriétés optiques sont peu connues. Ces mesures complémentaires
permettent de décomposer I’influence du phytoplancton, des bactéries et des détritus sur
les IOPs. Il existe tres peu d’études traitant de I’indice de réfraction des détritus alors que
de nombreux travaux ont été menés pour évaluer I’indice de réfraction du matériel vivant,
qu'il soit autotrophe ou hétérotrophe. Les assemblages particulaires en océan ouvert sont
composés de cellules vivantes et de leurs produits de dégradation. La possibilité de
discriminer in situ les proportions de matériel vivant et détritique de tels assemblages met
en exergue la nécessité de conduire des recherches plus approfondies sur I'indice de

réfraction du matériel détritique par I'expérimentation en laboratoire.

La cytométrie en flux, utilisée seule, montre clairement ses limites pour
I’identification des populations procaryotes et eucaryotes. Pour accéder a la diversité des
communautés phytoplanctoniques (<20 um), le recours aux techniques de biologie
moléculaire apporterait une solution, avec ['utilisation de sondes nucléotidiques

fluorescentes  permettant la reconnaissance de groupes voire de taxons
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phytoplanctoniques (par exemple avec la méthode FISH). Le couplage de ce type de
techniques avec la cytométrie en flux serait particulierement intéressant pour i) étudier la
distribution et l'importance relative des différents groupes phytoplanctoniques, et ii)
obtenir les caractéristiques cellulaires et optiques de chacun de ces groupes. Les
techniques d’immunocytochimie, utilisant des anticorps ciblant des protéines spécifiques
a la surface des cellules phytoplanctoniques, pourrait constituer un autre moyen de
discriminer les différents groupes (Campbell et Iturriaga 1988, Campbell et al. 1994).
Couplée avec la cytométrie en flux, I'immunofluorescence faciliterait la détection de
certains organismes. L’identification des populations déja détectées par cytométrie en
flux avec des protocoles d’étude des propriétés optiques, ainsi que |’appartenance de ces
populations a différents groupes phytoplanctoniques, permettrait de suivre les variations
des propriétés optiques (dues au cycle journalier, a la photoacclimation ou encore aux
états physiologiques successifs (floraison)) pour chaque population et pas seulement pour

des classes de taille, et de relier ces variations a des groupes spécifiques.

Le bilan de la contribution des divers composants a l'atténuation, I'absorption et la
diffusion des eaux du Saint-Laurent met en évidence le rble prédominant du CDOM et
des particules non-algales. La contribution €levée de |'absorption par le CDOM et de la
diffusion par les détritus est particulierement critique pour les estimations de
concentration en chl-a a partir des capteurs de couleur de l'océan. Cependant, le
compartiment phytoplanctonique est nettement plus "réactif” que le compartiment "non
vivant” (détritique et dissous). Si, au cours de cette étude, et particulierement sur les

cultures, nous avons pu extraire |’effet des variations journalieres et des phases de
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croissance sur les IOPs et les relations bio-optiques, il reste toutefois a établir une
quantification de cet effet sur les variations des IOPs en milieu naturel. Les conditions
nécessaires a ce type d’estimation ont été difficiles a réunir sur le terrain. Aussi, il semble
nécessaire de poursuivre cette étude afin de valider ou non I’hypothese de I’effet des
variations journalieres et des phases de croissance sur les IOPs et les relations bio-
optiques dans les eaux du Saint-Laurent. L’erreur systématique d’estimation des
concentrations en chl-a, par les capteurs de couleur de 'océan, a été imputée a la
présence dans la couche de surface de substances (CDOM et matériel non-algal) qui
rendent les algorithmes bio-optiques standards inadaptés aux estimations de faibles
concentrations en chlorophylle. Bien que I’algorithme appliqué au Saint-Laurent puisse
corriger ce biais, d’autres facteurs de variation des IOPs, tels que les variations
journalieres et liées a la phase de croissance, pourraient avoir des conséquences sur les
estimations de la biomasse phytoplanctonique a I’échelle du Saint-Laurent. Ce biais n’est
probablement pas limité a la région du Saint-Laurent et pourrait affecter les estimations

de la biomasse phytoplanctonique a ’échelle mondiale, particulierement dans les zones

cotieres.
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