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ABSTRACT: The influence of physical factors on phytoplankton succession was assessed during an
annual cycle in the St. Lawrence Estuary (Canada), where nutrients remain abundant throughout the
whole year. Typically, the phytoplankton production period is short (Jun to Sep) and characterized by
the occurrence of 3 distinct peaks. The July bloom was dominated by the 2 diatoms Thalassiosira
nordenskioldii and Chaetoceros debilis, while Leptocylindrus minimus and Nitzschia seriata were
dominant at the beginning and at the end of September, respectively. The occurrence of the 3 bloom
periods is related to an increase in mean light intensity in the mixed layer, caused by strong density
stratification which decreases the depth of the mixed layer. During these bloom periods, the succession
of diatom species is mainly controlled by variations in temperature. Flagellates were observed all year-
round, although they were more abundant during the diatom bloom periods. Their abundance is
related to variations in surface temperature. In the Estuary, where nutrients are usually non-limiting,
the observed succession of taxa is restricted to the first stage of the Margalef (1958) succession model
(small cells with high growth rates, which are typical species for frequently destabilized environment).
Our results demonstrate that the frequency of destabilization of the water column selects the growth
rates of the cells, through nutrient conditions. Mean light intensity in the mixed layer determines the
occurrence of non-motile forms such as diatoms, and temperature sets the conditions for optimal
metabolic activity (flagellate numbers and succession of diatom species). This results in a conceptual
model where stability conditions, mean light in the mixed layer and temperature hierarchically control
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phytoplankton succession.

INTRODUCTION

According to the early models of Margalef (1958,
1963, 1967) and Smayda (1963), one of the most ob-
vious factors that account for the sequence of events in
a typical marine phytoplankton succession is replen-
ishment and depletion of nutrients in the mixed layer.
Phytoplankton succession starts upon stabilization of
the water column, after a period of intense vertical
mixing, and progresses toward a more complex com-
munity structure as long as some vertical stability
persists in the water column. The typical succession
pattern is divided into 3 stages (Margalef, 1958).
Stage | is characterized by fast growing, small-celled
diatoms, Stage Il involves the occurrence of a commun-
ity of larger diatoms with lower growth rates, and
Stage Ill is determined by the presence of large dino-
flagellates with still lower growth rates. The gradual
change from Stage I to Stage III follows the progressive
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depletion of nutrients, while intense destabilization of
the water column determines the end of a succession or
the beginning of a new one.

If nutrients effectively play such an important role
for the control of phytoplankton succession, important
changes in the community structure should not occur
in such highly energetic environments as estuaries,
where intense and frequent vertical mixing leading to
destabilization of the water column, and consequently
high nutrient concentrations, would continuously set
back succession. But true phytoplankton succession
(not linked to advective processes) has also been
observed in this type of environment (Riley, 195%;
Patten et al., 1963; Durbin et al., 1975; Sinclair, 1978;
Walting et al., 1979). In addition, a number of studies
have indicated that a succession of different taxonomic
groups of algae (flagellates to diatoms to dinoflagel-
lates) could result from the adaptation of phytoplank-
ton cells to different vertical mixing conditions, inde-
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pendent of nutrient availability (Hutchinson, 1967;
Margalef, 1978; Margalef et al., 1979; Harris and Picci-
nin, 1980). Among other possible controlling factors,
temperature and grazing by zooplankton have been
identified as potentially important (Smayda, 1963;
Martin, 1970; Durbin et al.,, 1975; Malone, 1977b;
Ryther and Sanders, 1980; Malone and Neale, 1981).
Recent works by Ignatiades (1979), Malone and Cher-
vin (1979) and Bowman et al. (1981) have also given
evidence of a strong association between vertical
stratification and the relative abundance of flagellates
and diatoms in coastal waters. The present knowledge
therefore suggests that some physical factors are as
important as nutrients for the control of phytoplankton
succession in coastal waters.

This study was designed to assess, in an environ-
ment where nutrients are always abundant, the role of
the various physical factors in controlling phytoplank-
ton succession. We wanted to check if the major mor-
phological groups (naked flagellates vs diatoms vs
dinoflagellates) are selected by environmental factors
different from those controlling the succession of
species within these groups, so as to establish some
hierarchy among the physical factors.

MATERIALS AND METHODS

Sampling was carried out in the St. Lawrence Estu-
ary, at a station (40 m deep) located 4.5 km offshore
Rimouski (Fig. 1). This station was occupied twice a
week, from 19 June to 15 December 1979 and from
2 May to 25 July 1980. Occasional samples were also
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Fig. 1. Location of sampling station in the St. Lawrence
Estuary (Canada)

taken during the winter period (10 Feb and 23 Mar
1980).

On each sampling date, measurements of turbidity
(Secchi disk) and vertical profiles of temperature
(bathythermograph) and of light intensity (submarine
photometer, Kalt Scientific Instrument Corp. model
268 WA310) were first obtained. Then 3 sets of 8 water
samples (31 Van Dorn bottles) were collected from
depths corresponding to 100, 60, 30, 16 and 1 % of the
surface incident light and, under the photic zone, from
fixed depths (5 1 Niskin bottles) at 15, 20 and 35 m. The
sampling interval between the 3 bottle casts was
15 min. The 24 samples obtained (3 X 8 depths) were
stored in the dark during the return trip to the shore
laboratoy (~ 45 min), at Pointe-au-Pere.

Photosynthetic activity of phytoplankton was deter-
mined using the C uptake method described in
Strickland and Parsons (1972). Samples were inocu-
lated with the C solution, covered with a nylon net
reproducing the light intensity at the sampling depth
and incubated for 4 h under natural light. Circulating
surface sea water kept the temperature of incubation
constant. Two 50 ml sub-samples from each water sam-
ple were filtered through Whatman GF/C filters, which
were frozen for further determination of chlorophyll a
and phaeopigments using the fluorometric method of
Yentsch and Menzel (1963) as modified by Holm-Han-
sen et al. (1965). The filtrate from each sub-sample was
frozen into 50 ml polyethylene bottles (immersed for at
least 24 h in a 15 % HCI solution before rinsing with
distilled water) for further determination (within two
months) of nutrients (phosphate, nitrate and silicate)
using a Technicon Auto-analyser (Strickland and Par-
sons, 1972). Another 50 ml sub-sample was fixed with
5 ml of acid Lugol and kept for further enumeration of
phytoplankton cells using the Utermohl technique
(Lund et al., 1958). Salinity was determined with an
induction salinometer (Auto-Salt 8400j. During the
whole sampling period, solar radiation was recorded
with a Weather Measure Corporation (R-401)
pyranometer, installed on top of the shore laboratory.

RESULTS
Chemical and physical factors

Nutrients are generally abundant at the sampling
station (Fig. 2) and concentrations under 1.0, 0.2 and
10.0 ug at 17! for nitrate, phosphate and silicate,
respectively, are only rarely observed. The 3 nutrients
show a similar pattern of seasonal variations, which is
characterized by higher concentrations from October
to May and lower concentrations due to phytoplankton
utilization from June to September.
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Fig. 2. Temporal variations of nitrate, phosphate and silicate

From December to April (Fig. 3), the water column is
only weakly stratified and characterized by low tem-
peratures (=< 0°C) and high salinities (> 27%.). Max-
imum freshwater runoff occurs from May to June (El-
Sabh, 1979), so that the water column rapidly stratifies
following a significant decrease in surface salinity and
increase in temperature (from 2 °C at the beginning of
May to 8 °C at the end of June). After the spring freshet,
the water column remains stratified until the next
winter. From May to November, density stratification
shows important temporal variations at the sampling
station (Fig. 3d). The more stratified periods coincide

with the occurrence of surface waters of lower salinity
(= 27 %) and higher temperature (= 7°C), while less
stratified periods are characterized by surface waters
of higher salinity (= 29 %) and lower temperature
(= 5°C). There is a significant relation between the
advection of lower salinity waters and the occurrence
of spring tides (Kendall's rank-order correlation coeffi-
cient between surface salinity and tidal amplitude
T = —0.201; 0.05 = P = 0.01). Turbidity is always high
at the sampling station, the depth of 1 % incident light
penetration always being between 5 and 10m
(Fig. 3d).
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Fig. 3. Temporal variations of (a) tidal amplitude, (b) salinity, (c) temperature, (d) o,, (e} irradiance. The depth of 1 % of incident
light (e—e) representing the lower limit of the photic zone is shown in (d), superimposed on o, isopleths
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Fig. 4. Temporal variations of (a) chlorophyll concentration and (b) phytoplankton cell numbers integrated over the whole water
column, (c) primary production integrated over the photic layer, (d} mean light intensity (Riley 1957, 1967) in the mixed layer.
Dotted line: critical light intensity (see text) as defined by Riley (1957)

Annual production cycle and phytoplankton
succession

Chlorophyll concentrations (Fig. 4a) and phyto-
plankton cell numbers (Fig. 4b), integrated over the
whole water column, are low during winter (Oct to
May) and high during summer (Jun to Sep). Maximum
bloom values are observed in July, followed by a
drastic decrease in August and production (Fig. 4c¢)
closely follows that of chlorophyll and cell numbers.
Because no other data base has been collected with the
same frequency before, it is difficult to compare our
data with those of other years. However, it seems thata
seasonal variation cycle, characterized by a larger
summer bloom and secondary blooms in the fall, is a
regular variation pattern in the Estuary (Bugden et al,,
1982).

Unlike diatoms, naked flagellates are present all
year-round in the water column (Fig. 5). Lower num-
bers are observed during the winter period and peak
values are reached in July (83 X 10° cells m~?) and
September (26 X 10° cells m™?). Diatoms are observed
in the water column only during summer, from mid-
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Fig. 5. Temporal variations of the number of flagellates and

diatoms (accounting for more than 80 % of the total number of

diatoms) integrated over the whole water column. Boundaries

of the different groups (see text and Fig. 6) are indicated at
the bottom of the graph (vertical dotted lines)
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Fig. 6. Single linkage clustering of samples (solid
lines: distance between samples D < 0.6), col-
lected atthe depth of 60 % incidentlightbetween
19 June and 11 October 1979, represented in the
reduced space of the first 2 scaling axes. The 4
resulting groups are numbered I to IV. Numbers

AXIS |

June or the beginning of July until the end of Sep-
tember. The community structure is dominated by dif-
ferent diatom species at different times in summer.
Species responsible for the July bloom are Thalassio-
sira nordenskioldii and Chaetoceros debilis in 1979,
and T. pacifica and C. debilis in 1980. These species
are gradually replaced in August by Leptocyclindrus
minimus, Nitzschia seriata and Chaetoceros sp. which
cause the September bloom.

For more objectivity, the succession of diatoms was
defined statistically by grouping the samples accord-
ing to their species composition. The numerical analy-
sis was conducted on samples collected at the depth of
60 % penetration of surface incident light (this depth is
always in the mixed layer), between 19 June and
11 October 1979. Flagellates were excluded from this
analysis since they were not identified to the species
level. Besides, the simultaneous increases of flagel-
lates with those of the diatoms, independent of the
diatoms species present, suggest that these two tax-
onomic groups do not interfere with each other. The
numerical analysis was carried out in 3 steps as
described in details by Legendre and Legendre (1983).
To summarize (1) the distance of Bray and Curtis (D)
was first calculated between every pair of samples,
then (2) single linkage clustering and (3) nonmetric
multidimensional scaling were computed from the dis-
tance matrix (1). As a result, the position of every
sample can be located with respect to the others
(according to their species composition) in the reduced
space of the multidimensional scaling. Fig. 6 shows the
clustering (lines joining the samples) as projected on
the first two axes of the multidimensional scaling (po-
sition of the samples relative to the first two axes). This
figure clearly shows 4 distinct clusters corresponding

in parentheses: Julian days

to the following periods: Group I, from 19 June to
6 August; Group II, from 15 August to 4 September;
Group III, from 6 September to 1 October; and Group
IV, from 1 to 10 October. In taxonomic terms, these
periods correspond to communities dominated by
Thalassiosira nordenskioldii, T. pacifica, T. gravida,
Chaetoceros debilis and Skeletonema costatum
(Group 1), Leptocylindrus  minimus  (Group II),
Nitzschia seriata (Group III), and by much lower num-
bers of Nitzschia seriata and Chaetoceros sp.
(Group IV) in October (Fig. 5).

To determine the influence of the environmental
factors on the observed succession of phytoplankton
species, a discriminant analysis using the physical
factors listed in Table 1 was carried out on the 4 groups
of Fig. 6. Nutrients were excluded from this analysis
because they were always abundant at the sampling
station (Fig. 2). This analysis indicates that significant
between-groups heterogeneity can be found along two
main axes (P < 0.01 for Axis 1 and 0.01 < P < 0.05 for
Axis 2, according to the Wilks" A test). These first 2

Table 1. Relative contribution of physical variables to the first
2 discriminant axes. Lower boundary of mixed layer is
defined by depth, where Ao, = 0.2 unit m™!

Variables Axis 1 Axis II

68 % 24 %
Surface temperature 1.366 —0.460
Surface salinity 1.477 1.133
Turbidity (Secchi) —0.425 —-0.311
Stratification (Ao, 0-10 m) —0.490 —0.407

Stratification (Ag,, 0-35 m) 0.455 0.925
Depth of the mixed layer 0.409 0.182
Irradiance (average over 3 d) —0.136 —0.703
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classification functions explain 92 % of the variance
between-groups (Table 1) and result in the proper a
posteriori classification of 83 % of the samples. Spatial
positions of these groups and their centroid by refer-
ence to the first two discriminant axes are shown in
Fig. 7. Groups I, II and IIl are mainly discriminated
along the first axis for which surface salinity and tem-
perature are diagnostic. Group IV is discriminated
along the second axis, which responds to the three
variable surface salinity, density stratification and ir-
radiance.

AXIS 2
o
—

o}
AXIS |

Fig. 7. Position of the 4 sample groups (Fig. 6) and of their
centroids( ") with respect to the first 2 discriminant axes

DISCUSSION

Influence of density stratification and light intensity

Following the concept of the ‘critical depth’ (Riley
1942; Sverdrup, 1953), many studies carried out in
coastal environments have demonstrated the existence
of a close relation between the occurrence of diatom
blooms and the establishment of density stratification
in the water column (Sinclair, 1978; Perry et al., 1983).
Although it is recognized that stratification can reduce
the loss, through sedimentation processes (Walsby and
Reynolds, 1980), of phytoplankton cells from the photic
zone, it is clear that the most important factor is light
availability, since density stratification determines the
mean light characteristics to which phytoplankton
cells are subjected in the mixed layer (Riley, 1957,
1967; Barlow, 1958; Gieskes and Kraay, 1975; Hitch-
cock and Smayda, 1977). To evaluate the importance of
the light regime for diatom numbers at our sampling
station, the mean light intensity in the mixed layer,
<I>, was estimated using the following equation
(Riley, 1957, 1967):

(1)

where I, (W m~%) = mean daily solar radiation; k =
coefficient of extinction (k = 1.44/Secchi depth;
Holmes, 1970); z = depth of mixed layer determined in
this study by the depth where Ag, is > 0.2 unit m™*
(Fournier et al., 1979). Assuming an extinction coeffi-
cient of 0.0138 m~! for 1 mg chlorophyll (Lorenzen,
1972), the relative importance of the living phyto-
plankton on the coefficient of extinction k in the Estu-
ary varied between 0.01 % in February and 48 % du-
ring the major peak of biomass in July. Seasonal varia-
tions of <I> calculated for each sampling day, using
the data of Table 2, are presented in Fig. 4d. Also
shown in this figure is the level of the critical light
intensity I, which has been set empirically at
193 W m™? (Riley, 1957). I, represents the theoretical
light level under which phytoplankton growth is light
limited in the mixed layer. It is evident from Fig. 3 and
Table 2 that long-term seasonal variations of solar
radiation and short-term variations of density stratifi-
cation (depth of the mixed layer) result in large fluc-
tuations of the mean light level in the mixed layer.
During fall and winter, <I> in the mixed layer has
values generally lower than I, (Fig. 4d), resulting from
a combination of low solar radiation and a deep mixed
layer, so that diatoms are virtually absent from the
water column. Due to higher freshwater runoff and
solar heating of surface waters, a shallower mixed
layer is generally observed during spring and summer,
where <I> generally becomes > I and large numbers
of diatoms are observed (except for May and June for
reasons discussed below). At times, drastic decreases
in diatoms numbers are however observed when <I>
becomes < I, such as during August when tidal mix-
ing includes the whole water column. These results
therefore indicate that the presence or absence of
diatoms and their relative numbers at the sampling
station is mainly determined by the mean light level in
the mixed layer, which is itself controlled by the super-
position of short-term and long-term stratification
cycles on the annual cycle of solar radiation.

Unlike diatoms, flagellates are present even in the
fall and winter, when very low values of <I> are
observed in the mixed layer. This is consistent with the
fact that flagellates are capable of maintaining them-
selves in the photic zone even in well mixed conditions
(Watanabe, 1978; Malone and Chervin, 1979) and/or
that they have a lower compensation irradiance
{Takahashi et al., 1978). However, one should be care-
ful here not to interpret this result as meaning com-
plete independence of flagellates from stratification
conditions, since it is evident from our data that flagel-
late abundance is related, during the spring and sum-
mer periods, to stratification conditions controlling the
mean light and temperature (Fig. 4b, d).

In Long Island Sound, Bowman et al. (1981) have
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Table 2. Mean light intensity (I,), depth of mixed layer (z) and coefficient of extinction (k} at sampling station, between 19 Jun
1979 and 25 Jul 1980

Sampling I" z k Sampling I* z k

dates (w m?) (m) (m™1) dates (w m?) (m) (m™)
19 Jun (1979) 2968 3 .360 1 Oct 928 35 .288
22 Jun 2968 35 379 4 Oct 614 16 320
29 Jun 1996 22 436 9 Oct 701 35 411
2 Jul 1822 7 480 11 Oct 1353 35 .320
5 Jul 1900 17 411 16 Oct 952 26 .366
9 Jul 1953 6 533 28 Oct 478 25 .320
12 Jul 1784 7 480 30 Oct 701 25 .288
15 Jul 1932 5 411 1 Nov 1093 25 306
17 Jul 1930 35 .288 14 Nov 464 3 480
19 Jul 1764 35 .288 23 Nov 135 10 411
24 Jul 2277 12 .379 26 Nov 338 25 .366
26 Jul 2412 12 .360 5 Dec 280 20 620
1 Aug 1697 35 .288 10 Febr (1980) 1165 35 .366
4 Aug 1982 15 .360 23 Mar 1170 35 .366
6 Aug 2127 13 .360 2 May 2156 6 720
15 Aug 1552 35 288 16 May 1508 5 720
17 Aug 1010 35 .288 17 May 1741 5 720
20 Aug 1020 35 .288 19 May 2993 35 720
27 Aug 1300 35 .288 1 Jun 1996 5 .576
1 Sept 1440 27 .288 5 Jun 1112 1 411
4 Sept 1837 4 .300 10 Jun 1788 2 576
6 Sept 1890 8 .320 17 Jun 1697 6 576
10 Sept 1440 2 320 19 Jun 2050 35 411
13 Sept 1377 35 .240 27 Jun 1731 24 576
18 Sept 1788 8 .366 30 Jun 2746 3 411
21 Sept 1721 8 411 3 Jul 2577 35 .320
24 Sept 1585 11 .320 8 Jul 2417 3 .366
27 Sept 1402 25 .280 25 Jul 1348 3 .366

* Mean light intensity for 3 d preceding sampling day

observed an increase of diatom numbers in a well
mixed littoral region, while flagellates were dominat-
ing the community in the stratified waters offshore. We
believe this apparent contradiction with our results is
based on a different definition of stratification by these
authors. In the St. Lawrence Estuary, we observed
frequent differences of o, = 4.5 over the first 35 m.
These density differences are at least 10 times larger
than those observed by Bowman et al. (1981: Fig. 6c¢) in
the offshore region of Long Island Sound (Ao, o_g5m,
~ 0.5). Therefore, a different way to interpret their data
would be to consider that, in the deeper offshore re-
gion, the very weak density stratification cannot main-
tain diatoms in the photic zone, while flagellates can
actively maintain themselves in this layer. Following
this new interpretation, the presence of diatoms in the
well mixed littoral zone can be explained by the shal-
lower water depth, which sets the maximum depth of
the mixed layer. Therefore, the loss of diatoms by
sedimentation in the littoral zone is probably very
limited and resuspension by vertical mixing keeps
them in adequate light conditions. These 2 sets of
apparently contradictory results emphasize the need

for standard definitions of the indices (stability, stratifi-
cation, mixing, etc.) that are used to characterize the
vertical structure of a water column.

In the St. Lawrence Estuary, the phytoplankton
bloom is late (end of Jun to beginning of Jul) compared
to the Gulf of St. Lawrence where the phytoplankton
bloom occurs in April-May (Steven, 1974; Sevigny et
al., 1979). Sinclair (1978) suggested that this delay can
be attributed to the higher turbidity of the estuarine
surface waters in the spring, which would limit phyto-
plankton growth. However, high values of <I>
observed in May and June (Fig. 4d) indicate that light
is not limiting in the mixed layer at this time of the year
and, consequently, that turbidity cannot be responsible
for the late spring bloom. Other workers have attri-
buted the reduced phytoplankton biomass observed in
the spring in some estuaries to the high freshwater
runoff, which would prevent the accumulation of cells
in the mixed layer (Malone, 1977b; C6té and Lacroix,
1979; Sinclair et al., 1981). Our data show a progres-
sive increase in flagellates in May and June (Fig. 4),
with a parallel increase in the specific growth rate
{values of P/B not given here). These results indicate
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that the low phytoplankton biomass in the spring
reflects more the structure of the community, which is
dominated by flagellates with low chlorophyll content
at this time of the year, than the absence of phyto-
plankton growth. Flagellates are always present in the
water column (Fig. 4 and 5) and are also very abundant
in waters of continental origin (Wangersky, 1977;
Malone and Chervin, 1979; Bowman et al., 1981). On
the contrary, diatoms are usually absent from the water
column in the winter period and their growth is depen-
dent upon resuspension in the photic zone of resting
spores that have sedimented in the fall (Durbin, 1978)
and/or of advection of cells from an upstream region,
and/or from the upstream transportation by deep cur-
rents of cells produced downstream (Margalef, 1958;
Winter et al., 1975; Malone, 1977a; Roman and Tenore,
1978; Malone and Chervin, 1979). Therefore, it can be
suggested that the decrease in eddy exchange
between the surface and deeper layer in spring due to
the increasing freshwater runoff discharge (Bugden,
1981) prevents the seeding of the photic layer by
diatom cells.

Influence of temperature and salinity

Short-term variations of density stratification during
the summer are apparent in Fig. 3d. These short-term
variations are linked to the displacement of a frontal
structure established between the well mixed
upstream and the well stratified downstream waters in
the St. Lawrence Estuary (Gagnon and El-Sabh, 1980).
Our data therefore reflect the fortnightly tidal advec-
tion (M) of this frontal system with respect to the
location of our sampling station. Other authors have
observed important variation in phytoplankton
biomass associated with the presence of frontal struc-
tures in estuaries (Sinclair et al.,, 1981) and on the
continental shelf (Pingree et al., 1978; Fournier et al.,
1979; Iverson et al., 1979). Whether the biomass varia-
tions in those frontal structures are controlled by
stratification, temperature or the mean light regime is
difficult to establish since these factors are interrelated
(Table 3). However, the partial correlation analyses of
Table 4 strongly suggest that temperature has the most
influence on both diatom and flagellate abundance
during the summer period in the Estuary. This resultis
not surprising since the effect of temperature on phyto-
plankton growth (P/B) has been well demonstrated
(Eppley, 1972; Harrison and Platt, 1980). Moreover, in
the case of the flagellates, a significant year-round
relation has been observed between their abundance
and temperature (Fig. 8), which confirms the results
obtained in other coastal and estuarine environments
(Briant, 1975; Durbin et al., 1975; Holligan and Har-

Table 3. Pearson’s coefficient of linear correlation between
biological (log-transformed) and physical variables (19 Junto
1 Oct)

Flagel-  Strati- <[>2
lates  fication!

Diatoms

Flagellates 0.77°"

Stratification® 0.41° 0.49°°

<I>? 0.37° 0.36° 0.21
Temperature® 0.58** 0.62°° 0.80°° 0.28
* 0.01<p=005

** p <001

! Difference in o, unit over the water column (35 m)
2 Mean light intensity in the mixed layer (see text)
3 Surface temperature

Table 4. Partial Pearson's coefficient of linear correlation
between diatoms and flagellates numbers {log-transformed}
respectively and various physical factors (19 Jun to 1 Oct

1979)
Dependant Independant Controlled r Signi-
variable variable variables ficance
(simul-
taneously)

Diatoms Temperature! <I> 0.43 0.012

Stratification
<I>? Temperature  0.27 0.086
stratification
Stratification® Temperature —0.12 0.280
<I>

Flagellates Temperature' <I> 0.40 0.019

Stratification
<I>? Temperature  0.24 0.112
stratification
Stratification® Temperature —0.01 0.484
<I>

! Surface temperature

2 Mean light intensity in mixed layer (see text)

3 Difference in o, unit over water column (35 m)

bour, 1977; Malone, 1977b; Malone and Chervin, 1979;
Walting et al., 1979; Malone and Neale, 1981). Such a
relation has not been observed for the diatoms,
because their presence or absence in the water column
is rather related to the annual variations of the mean
light intensity (<I>) in the mixed layer (which
depends on both solar irradiance and vertical stratifi-
cation).

In the St. Lawrence Estuary, diatoms show a well
defined succession of species during the summer
(Fig. 5 and 6). A discriminant analysis has indicated
that the succession from Group I to Group III is mainly
related to low frequency variations of surface tempera-
ture and salinity (Table 1). However, mean differences
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Fig. 8. Relation between flagellate numbers and surface
temperature

in temperature and salinity from one group of the
succession to the other are relatively small (Table 5),
compared to the wide range of salinities and tempera-
tures over which those diatom species can grow
(Braarud, 1962; Smayda, 1973; Durbin, 1974; Bonin et
al., 1981). With respect to this problem, Malone and
Neale (1981) have suggested that, in estuaries with
intense vertical mixing and high rates of sedimenta-
tion (high numbers of diatoms are often observed
under the mixed layer in the St. Lawrence Estuary),
optimal conditions are required for diatom growth. For
example, Thalassiosira nordenskioldii shows max-
imum growth rates at 10°C (Braarud, 1962; Durbin,
1974) and a high rate of resting spore formation (68 to
96 %) at temperatures between 0 and 5°C (Durbin,
1978). In the Estuary, maximum numbers of T. nor-
denskioldii are observed in July when surface temper-
ature is around 10°C (Fig. 3c) and a rapid decrease in
numbers occurs in August when the surface tempera-
ture goes below 5°C. Other diatom species such as
Leptocylindrus minimus and Nitzschia seriata become
dominant under these temperature conditions. These
results therefore suggest that the long-term tempera-

Table 5. Mean temperature, salinity, stratification (Ag,
between 0 and 35 m) and irradiance, for period of time
corresponding to each diatom group (see text and Fig. 5

and 6)
Group Tempera- Salinity Strati- Irradiance
ture fication (w m™2)
{°C) (Ao
I 8.7 26.84 3.58 19,779
11 6.8 28.22 2.15 14,007
I11 6.4 26.94 2.58 15,181
v 5.0 28.56 1.80 7,016

ture variations have an important effect on the control
of diatom succession.

Unlike Groups I to III, Group IV is associated with
the second discriminant axis (Fig. 7) for which surface
salinity, density stratification and irradiance are iden-
tified as controlling factors (Table 1). Mean light inten-
sity <I> is then lower than I, (Fig. 4d), which is an
indication that decreasing light intensity in the mixed
layer rather than temperature explains the progressive
disappearance of diatoms at the beginning of October.

Salinity was also identified as a significant control-
ling factor for both discriminant axes, but it is unlikely
that the small differences observed in mean salinity
{Table 5) could explain the differential growth of such
euryhaline diatom species as those observed in this
study. The significant linear correlation between
temperature and salinity (r = —0.66; p < 0.01), and
temperature and stratification (Table 3) probably ex-
plains this results.

Hierarchical control of succession by physical factors

In the oceanic environment, nutrients are abundant
in the water column following winter mixing so that,
when <I> becomes = [ in the mixed layer, a bloom of
phytoplankton rapidly takes place (Gieskes and Kraay,
1975). The blooming species are mainly small diatoms
with high growth rates that are characteristic of the
Stage I of succession as defined by Margalef (1958).
This phytoplankton bloom causes a rapid decrease in
nutrient concentrations, so that high growth rates can
no longer be sustained. Thus phytoplankton cells with’
lower and lower growth rates (Stages II and III: Mar-
galef, 1958) are gradually favoured, replacing the fast-
er growing species. These low growing species domi-
nate the community structure for as long as the low
nutrient conditions hold. Mixing caused by
meteorological events may occasionally set back suc-
cession by favoring faster growing species (Margalef,
1962). The fall overturn of the water column may also
favour faster growing species for some time (the fall
bloom) before the mean light intensity in the mixed
layer becomes again limiting (<I> < I;) (Holligan and
Harbour, 1977). In estuarine environments, such as the
St. Lawrence Estuary, the high frequency of destabili-
zation maintains nutrients almost continuously above
limiting concentration in the mixed layer, although a
seasonal pattern of utilization is observed (Fig. 2).
Therefore, the basic growth conditions are continu-
ously favouring higher growth rate taxa (1 to 2
divisions d ! in natural conditions), such as the small
diatoms and naked flagellates encountered in our
study. These diatom species are characteristic of an
early stage of succession (Stage I).
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While the basic growth rate characteristics are set by
the frequency of destabilization of the water column,
other factors such as the mean light intensity in the
mixed layer (combined effect of solar radiation and
density stratification) and temperature continue to vary
on a seasonal cycle, gradually changing the conditions
for optimal metabolic activity of the cells in the mixed
layer. As shown above, the mean light intensity in the
mixed layer determines the time of appearance and
disappearance of diatoms and also probably other non-
motile form in the water column. On the other hand,
seasonal variations in temperature and possibly other
environmental factors are responsible for the succes-
sion of diatom species observed during the growing
season.

In the oceanic environment, succession thus appears
to be mainly autogeneously (Smayda, 1980) controlled,
since the range of growth rates or the type of cells
selected is itself determined by the depletion of nu-
trient caused by phytoplankton growth. In a tidal estu-
ary, the high frequency of destabilization usually
maintains a continuously high level of nutrients, which
limits the autogenous control of succession. In this
case, phytoplankton succession is mostly allogenously
controlled. These 2 cases represent opposite extremes
in the range of possible succession types and many
intermediary conditions can probably be found in
nature. It is the duration of the periods of stability
which will determine the degree of the autogenous
control and consequently the complexity or the matur-
ity reached by a phytoplankton community. Therefore,
the same general factors govern the succession of phy-
toplankton in all marine environment, whether
oceanic, shelf or estuarine.

From the above considerations, it follows that there

PHYSICAL FACTOR THEORETICAL EFFECT PHYTOPLANKTON

ON COMMUNITY RESPONSE

—_— —
f 1
FREQUENCY OF DESTABILI- SELECTION OF THE RANGE \ - SIZE AND TYPE OF CELLS
ZATION OF THE WATER =8~  OF GROWTH RATES = | — COMPLEXITY AND MATU-
COLUMN RITY OF THE COMMUNITY
R = — - =i =

V [ 1

SELECTION OF TAXONOMICAL PRESENCE OR ABSENCE ‘
. | GROUPS AS FUNCTION OF - | OF DIATOMS [

MOTILITY AND/OR LIGHT
ADAPTABILITY

| SETTING OF CONDITIONS SHIFT IN SPECIES

MEAN LIGH INTENSITY
IN THE MIXED LAYER

MEAN TEMPERATURE

(N THE MIXED LAYER _»' FOR OPTIMAL METABOLIC | _g, }
| J ACTIVITY
L L I L

Fig. 9. Hierarchical control of phytoplankton succession by

physical factors. Large arrows: direction of hierarchy; small

arrows: theoretical effect of each factor on the community.

Last column: observed phytoplankton response in natural
conditions

exists a hierarchy in the relative importance of the
different physical factors as to phytoplankton succes-
sion. Fig. 9 schematically illustrates this concept. The
most important factor is the frequency of destabiliza-
tion of the water column which determines nutrient
limitation in the mixed layer and consequently selects
a range of growth rates. Then, the mean light intensity
in the mixed layer, which is dependent upon solar
radiation and density stratification cycles, determines
the presence or absence of diatoms in the mixed layer
(<I> compared to ;). Finally, the temperature cycle
sets the conditions for optimal metabolic activities, to
which the phytoplankton community responds by a
shift or a succession of species within the present range
of possible growth rates. This hierarchical control of
phytoplankton succession is consistent with the idea of
Harris (1980} that high or low frequency perturbations
of long duration in the physical environment ulti-
mately lead to community changes or species succes-
sion. It also stresses the fundamental significance of
the frequency of destabilization in the aquatic environ-
ment which determines not only the potential of phyto-
plankton production (Legendre, 1981) but also the type
of phytoplankton succession.
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