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ABSTRACT: Data from 2 cruises in July 1979 and 1980 in the head region of the Laurentian Channel, in 
the St. Lawrence estuary, were used to study variations of nutrient and phytoplankton biomass 
following upwelling relaxation. During both cruises, the newly upwelled water mass was characterized 
by high salinity (> 29%), low temperature (<4 'C), low phytoplankton biomass (< l pg I-') and high 
nutrient levels [NOs = 13 ~ I M ,  PO4 = 1 4 btM, Si04 = 18 yM, NH4 = 0.6 pM) As the water mass warmed 
up, phytoplankton biomass increased exponentially up to -17 ~ t g  1 - '  and a concurrent decrease in the 
concentration of all nutrients was observed. The decrease of N o 3  : PO4 and NO3 : SIO, ratios during this 
period indicates a gradual nitrate impoverishment of the mixed layer. At the warmest stations, in July 
1980, nitrate and ammonium reached undetectable concentrations while silicic acid concentrations fell 
below 2 FM. High values of phytoplankton POC: PON ratios measured in July 1980 also suggest that 
algae were nitrogen limited during this cruise. Data from this study and other world-wide upwelling 
areas support the hypothesis that the initial concentration of nitrate and silicic acid in the newly 
upwelled waters is the factor which mainly determines which nutrient will become exhausted (limiting) 
first. The nearly simultaneous exhaustion of nitrate and silicic acid in the St. Lawrence estuary is 
attributed to the 3-layer circulation pattern of its water masses. Silicic acid is trapped in the bottom layer 
(deeper than 100 m) which is hardly mixed with surface waters. In the intermed~ate layer (between 20 
and loom), the origin of the upwelled waters, these 2 nutrients are generally found in equal proportion. 

INTRODUCTION 

High primary productivity in upwelling areas results 
mainly from the rapid growth of diatom species (net 
plankton) following the surface injection of nutrient- 
rich subsurface waters. Although these areas are often 
characterized by high secondary productivity levels, 
relatively few studies have reported severe phyto- 
plankton growth limitation by zooplankton grazing 
(see Boyd & Smith 1983 for an example). Usually, 
phytoplankton biomass accumulation was found to be 
limited by available nitrate (Harrison et al. 1981, 
Huntsman et al. 1981, Jones et al. 1981) or occasionally 
silicic acid (Dugdale 1972, Brink et al. 1981). Kamy- 
kowski (1974) was the first to suggest that the initial 
level of these 2 nutrients in a recently upwelled water 
mass played a fundamental role in the phytoplankton 
dynamics by determining which nutrient became 
exhausted first. Further studies have effectively 
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revealed that the silicic acid and nitrate depletions 
generally found in surface waters of the Peru and 
California upwelling regions, respectively, corres- 
ponded to a latitudinal trend in their relative abun- 
dance (Zentara & Kamykowski 1977). Moreover, Dug- 
dale (1983) suggested that the temporal shift from 
silicic acid to nitrate limitation of diatom growth often 
observed in the Peru upwelling is the result of varia- 
tions in the nitrate to silicic acid ratio in the newly 
upwelled waters. Although this hypothesis still 
requires further testing, the studies above suggest that 
phytoplankton dynamics following upwehng  (or mix- 
ing) events may strongly depend on the relative initial 
concentrations of these 2 nutrients in the newly up- 
welled waters and, consequently, on the local hydro- 
dynamic factors governing their accumulation at depth. 
The aim of this paper is to examine this hypothesis in 
the context of 2 strong upwelling events observed in 
the tidal upwelling system of the St. Lawrence estuary. 
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MATERIALS AND METHODS 

During 1979-80, 16 cruises were made to study phy- 
toplankton dynamics in the lower St. Lawrence estuary 
(Themault & Levasseur 1985). In this paper we use the 
results of a grid of 13 stations from 2 cruises, July 1979 
and July 1980, when particularly strong upwelling 
events were observed in the head region of the Lauren- 
tian channel (Fig. 1). These 2 cruises were comparable 

in terms of their seasonal dynamics since they both 
took place a few days after the early July spring tide. 

It took 3 d to sample the 13 stations on both occa- 
sions. Collection and laboratory analyses of the sam- 
ples are described in detail elsewhere (Theniault & 

Levasseur 1985). Briefly, sampling at each station con- 
sisted of measuring water transparency (Secchi disk) 
and vertical profiles of temperature and salinity, and 
carrying out a cast of Niskin bottles at depths corres- 
ponding to 100, 60, 30, 16 and 1 % of subsurface inci- 
dent radiation and, below the photic zone, at fixed 
depths of 25, 50, 100, 150, 200 and 275m. 

Water subsamples were drawn off each Niskin bottle 
(between 250 and 1000 ml) and passed through a nylon 
net (16011m mesh size) before being filtered onto 
47 mm Whatman GF/C glass fiber filters for chlorophyll 
a determination and onto precombusted 25 mm What- 
man GF/C glass fiber filters for particulate organic 
carbon (POC) and nitrogen (PON) deteminations. The 
filtrate from the POC and PON filtrations was dis- 
pensed into three 50ml polyethylene bottles (pre- 
washed in 0.15N HC1) and stored frozen for future 
(within 2 mo) determination of ammonium, nitrate, ~ll- 
trite, phosphate and silicic acid concentrations. Other 

subsamples were fixed with Lugol-acid and neutral- 
ized formaldehyde for phytoplankton identification 
and counting using the inverted microscope method 
(Lund et al. 1958). 

In the laboratory, chlorophyll a (Chl a) was measured 
by the fluorometric method of Yentsch & Menzel(1963) 
as modified by Holm-Hansen et al. (1965). Carbon and 
nitrogen contents of the particulate matter collected on 
the filters were determined using a Perkin-Elmer 
model 240B Elemental Analyzer. Nutrient concen- 
trations were determined using a Technicon autoanaly- 
zer following the methods described in Strickland & 

Parsons (1972). 

RESULTS 

The upwelling area in the upstream region of the 
lower St. Lawrence estuary was evident for both sampl- 
ing cruises from the relatively lower temperatures (2 to 
6 "C) and higher salinities (> 29 %o) which were found 
in the surface waters along the north shore of the 
estuary (shaded areas in Fig. 2). Very similar spatial 

Temperature PC) 

July 1979 

Fig. 2. Surface distribution of temperature and salinity in July 
1979 and 1980. Shaded areas delimit the upwelling zone 

July 1980 

distribution patterns are shown for both years, even 
though lower temperatures and higher salinities were 
generally observed in 1979 than in 1980. The upwel- 
ling area comprised Stns 1, 2, 4 ,  5, 7 and 8 (Fig. 1) and 
only data from these stations were used for further 
analyses in this study. 

Temperature-salinity (T-S) characteristics 

The T-S chagrams (Fig. 3) indicate a local warming of 
the surface waters at the upwelling stations for both 
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Fig. 3. T-S diagrams for each upwelling station (1, 2, 4 ,  5, 7 
and 8) for July 1979 and 1980 

cruises which was attributed mostly to solar heating. 
This was evident from the vertical rise in temperature 
with no change in salinity on the left-hand side of each 
T-S curve. The difference in temperature between the 
surface and the depth of the halocline around 5 m  for 
both cruises was indicative of the degree of stabiliza- 
tion reached upon relaxation of upwelling. The mean 
temperature difference between the surface and the 
depth of the halocline was slightly higher in July 1980 
(1.7 C") than in July 1979 (1.3 C"). This is consistent 
with the temporal location of each cruise as a function 
of the spring tide (2 and 4 d after spring tide for the 
1979 and 1980 cruises, respectively), considering the 
fact that similar solar heating preceded each sampling 
cruise. 

The T-S diagrams also indicate significant between- 
station variabihty in the temperature and salinity 
characteristics of the surface mixed layer during each 
cruise (Fig. 3). Most of this variability can be explained 
by 3 factors: non-synoptic sampling (3d to sample the 
13 stations), horizontal mixing, and geographical 
differences. Spatially, lower temperatures and higher 
salinities were generally observed in the upstream reg- 
ion (Stns 1 and 2) than in the downstream region (Stns 7 
and 8). This is consistent with the spatial and temporal 
differences observed in the internal tide amplitude in 
the survey area (Therriault & Lacroix 1976, Ingram 
1983). Since the upwelling intensity (or tidal mixing) in 
the St. Lawrence is directly related to the internal tide 

amplitude, it was not expected that upwelling relaxa- 
tion would be simultaneous all over the survey area. 
Gradual horizontal mixing might have also occurred 
between the upwelled water mass and the surrounding 
lower salinity waters as the upwelled water mass 
moved around and away from the upwelling zone. 
However, the fact that the mixed layer salinity charac- 
teristics changed very little and always remained 
> 29 "/M during our sampling cruises suggests that these 
horizontal turbulent mixing changes were slow and 
that the upwelled waters kept their salinity characteris- 
tics for a relatively long time (certainly greater than the 
3 d sampling time). Temperature characteristics, on the 
other hand, changed significantly following upwelling 
relaxation. Assuming that the initial physical charac- 
teristics of the upwelled waters were similar all over the 
upwelling area within any sampling cruise, the mean 
temperature differences of the mixed layer between 
the upwelling stations can be attributed mostly to non- 
synoptic sampling and geographical variations. There- 
fore, surface warming (difference in mean mixed layer 
temperature among the stations) probably gives a good 
indication of the 'aging' of the upwelled water mass 
upon upwelling relaxation. 

Temperature-phytoplankton biomass relations 

Mean (n = 4 or 5 different depths) chlorophyll a,  POC 
and PON concentrations in the surface mixed layer 
(-5 m deep) were plotted for each station as function of 
the difference in temperature between the surface and 
the depth of the halocline (Fig.4 A, B, C). Similar 
relations with temperature were observed for both 
cruises. Mean mixed layer chlorophyll a, POC and PON 
concentration showed a significant increase as temper- 
ature increased in the mixed layer. The mean values of 
the 3 biomass indices in the upwelling area were, 
however, generally higher in July 1980 (6.6, 812 and 
112yg l ' ,  respectively), than in July 1979 (4.9, 328 and 
49 pg 1-l). 

Temperature-nutrient relations 

Concurrent with the biomass increase, the mean con- 
centration of nitrate, phosphate, silicic acid and 
ammonium in the mixed layer showed a drastic 
decrease as temperature increased for both cruises 
(Fig. 5). However, mean levels of nutrients were higher 
in the mixed layer in July 1979 (8.9, 1.33, 13.1 and 
0.65 yM for nitrate, phosphate, silicic acid and ammo- 
nium, respectively) than in July 1980 (3.3, 0.47, 6.5 and 
0.53 PM), contrary to the biomass indices. In July 1980, 
undetectable concentrations of nitrate and ammonium, 
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and very low values of silicic acid and phosphate were 
measured in the mixed layer of the warmest stations 
(downstream). Ammonium concentrations were higher 
(> 0.6 yM) in the newly upwelled waters and decreased 
gradually to undetectable levels as the water mass 
warmed up. The NO3 : Si04 and NO3 : PO4 ratios also 
showed a drastic decrease with temperature increase 
for both sampling cruises (Fig. 6), indicating a severe 
nitrate impoverishment during the bloom develop- 
ment. These results suggest that nutrient depletion and 
in particular nitrate may have restricted phytoplankton 
growth in the survey area. This should be reflected in 
the phytoplankton population and in particular in the 
POC : PON ratio which is known to be a useful index of 
nitrogen limitation (Barlow 1982a). 

Variations in POC : PON ratio 

To be a useful physiological index for phytoplankton, 
we need to know if we are dealing with particulate 
carbon and nitrogen which is only related to phyto- 
plankton. The relations between Chl a and POC and 
PON are shown in Fig. 7 for both cruises. The signifi- 
cant correlations calculated between those variables 
(r2 > 0.72) indicates that the increases in both POC and 
PON during the warm-up of the upwelled waters were 
mostly due to phytoplankton biomass. Since both var- 
iables are subject to errors, the regression coefficients 
were estimated using a Model I1 regression analysis 
(Barttlet's 3-group method: Sokal & Rohlf 1981). These 
regression coefficients are shown in Fig. 7. During the 2 
cruises, the Y-intercepts of the Chl a/POC regressions 
were very similar (111 and 139 pg 1-l), indicating an 
equal amount of non-phytoplanktonic carbon. The 
slopes (S) of the Chl a/POC regressions were, however, 
clearly different depending on the cruises, indicating 
less Chl a per carbon unit in 1980 (S = 97) than in 197 9 
(S =53). On the contrary, the Chl a/PON regressions 
exhibited similar slopes (9.1 and 9.5) but different Y -  
intercepts (13 and 50) for the 2 cruises (Fig. 5 B). These 
results indicate a larger amount of non-phytoplank- 
tonic nitrogen in 1980 than in 1979. 

0 1 2 3 

A TEMPERATURE (OC) 

Fig. 4.  Plots of temperature difference be- 
tween the surface and the halocline (At) A TEMPERATURE (OC) 
against mean f SE of (A) chlorophyll a, (B) 
POC, and (C) PON concentrations meas- Fig. 5 Plots of temperature difference between the surface and the ha loche  ( A t )  
ured in the mixed layer in July 1979 (e) against mean (A) nitrate, (B) phosphate, (C) shcic  acid and (D) ammonium 

and 1980 (0) concentrations measured in the mixed layer in July 1979 (e) and 1980 (3) 



Levasseur & Thernault NO3 : SiO, ratio in an upwelling area 

A TEMPERATURE (OC) 

Fig. 6. Plots of temperature difference between the surface 
and the halocline (At) against (A) the ratio NO3. SIO,, (B) the 
rabo N o 3 :  PO, calculated in the mixed layer In July 1979 (0) 

and 1980 (0) 

Subtracting the non-phytoplanktonic fraction (Y- 
intercepts, Fig. 7) from each POC and PON value, we 
estimated the mean (standard deviation) phytoplank- 
tonic POC:  PON ratio in the mixed layer for each 
upwelling station (Table 1). The much lower values of 
the POC : PON ratio indicate higher intracellular levels 
of nitrogen in 1979 than in 1980. The higher values of 
the ratio in 1980 suggest nitrogen-limited phytoplank- 
ton growth during that cruise. No consistent changes of 
the ratio as a function of temperature were reported 
within each cruise. 

Phytoplankton species composition 

As expected in upwelling conditions, the phyto- 
plankton community was dominated by diatoms during 
both cruises. In July 1979, Chaetoceros d e b h s  and 3 
species of Thalassiosira - T. pacifica, T. gravida and T. 
nordenskioldii - were the dominant diatoms at  all sta- 
tions (Table 2) .  Microflagellates were also present in 
significant numbers, while dinoflagellates were only 
observed in low numbers at Stn 7. July 1980, on the 
other hand, was characterized by a higher diatom 
diversity, but one species, T. pacifica, was largely 
dominant. The other important species were T. 
gravida, T. nordenskioldii and C. debilis, as observed 
in 1979, and 2 other Nitzschia species, N. longissima 

CHLOROPHYLL a ( pg P - ' )  

Fig. 7. Relat~ons between the mean chlorophyll a in the mixed 
layer and (A) mean POC, (B) mean PON concentrahons in July 

1979 (0) and 1980 (0) 

Table 1. Mean (SD) POC. PON ratios in the mixed layer for 
each station dunng July 1979 and 1980. The ratio could not be 
calculated at Stn 2 in July 1980 due to PON levels below 

estimated detritus levels 

Cruise Stn no. POC - PON 

July 1979 1 4.9 (3.0) 
4 5.0 (0.7) 
5 7.3 (0.2) 
7 5.0 (0.1) 
8 5.5 (2.3) 

July 1980 1 8.6 (0.3) 
2 8.5 (0.5) 
4 14.2 (1.1) 
5 10.8 (0.7) 
7 9.9 (0.6) 
8 11.2 (0.5) 

and N. delicatissima, were also found in significant 
numbers at Stn 7. Dinoflagellates and microflagellates 
were also more numerous in 1980 than in 1979. 
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Table 2. Abundance of numerically important phytoplankton species ( X  104 cells I-') at 1 5 m depth during July 1979 and 1980 

Phytoplankton community Stn no. 
1 2 4 5 7 8 

July 1979 
Thalassiosira pacifica 
Thalassiosira gra vida 
Thalassiosira nordenskioldii 
Chaetoceros debilis 

Dinoflagellates 

Microflagellates 

July 1980 
Thalassiosira pacifica 
Thalassiosira gravida 
Thalassiosira nordenskioldii 
Chaetoceros debilis 
Nitzschia longissima 
Nitzschia delica tissima 

Dinoflagellates 

Microflagellates 

DISCUSSION 

Our data were collected non-synoptically at  different 
locations (stations) in the upwelling area and, there- 
fore, our results clearly indicate that within any one 
sampling cruise, we were observing the temporal 
development of a phytoplankton bloom following an 
upwelling event. There is also the indication that the 
'age' of the bloom was different between the 2 cruises. 
Therefore, each station in the upwelling area exhibited 
a different stage of bloom development reached upon 
upwelling relaxation as indicated by the variability in 
surface heating (Fig. 3), nutrient concentrations (Fig. 
51, phytoplankton biomass (Fig. 4) and species compos- 
ition (Table 2). Our results suggest that the spatial and 
temporal variations in our survey area are consistent 
with the general model of Jones et al. (1983) and 
MacIsaac et al. (1985) who indicated that the diatom 
bloom development in upwelling areas could be 
divided into the following 4 zones or stages: Stage I, 
representing the upwelling center, and being charac- 
terized by high nutrient concentrations, low phyto- 
plankton biomass and poor physiological state of the 
cells; Stage 11, where phytoplankton begins to adapt to 
the new light and nutrient environment, following 
stabilization by solar heating: in this zone, MacIsaac et 
al. (1985) showed that algal cells were undergoing 
light-induced 'shift-up' to increase nutrient uptake and 
increase photosynthesis and synthesis of macromolecu- 
les; Stage 111, characterized by a rapid increase of 
blomass and a drastic decrease of nutrient levels; and 
finally, Stage IV, characterized by nutrient exhaustion 

and cells exhibiting some signs of nutrient limitation 
('shift-down', characterized by reduced growth rate 
and/or nutrient uptake rate and increasing sinking 
rate). In our results, variations in phytoplankton bio- 
mass and nutrient concentrations against temperature 
increments permit 2 major stages of bloom develop- 
ment to be distinguished. During the first part of 
upwelling relaxation (T = 0 to 1.3 'C), the biomass 
remained at a low level (Fig. 4); nutrient concentrations 
were high and decreased slowly (Fig. 6). This result 
supports the hypothesis that phytoplankton cells go 
through an initial adaptation phase (Stage 11) prior to 
entering the exponential growth phase (Stage 111). 
Simulating upwelling conditions in the laboratory, 
Ishizaka et al. (1983) also observed the existence of a 
lag period preceding the bloom and demonstrated that 
the length of this period is temperature dependent, 
which supports the hypothesis that physiological 
adjustments occur The lag period was followed by a 
rapid increase in phytoplankton biomass (Fig. 4 )  and a 
rapid decrease in nutrient concentrations (Fig. 6). 

The regular decrease of the nutrient concentrations 
in the mixed layer during the bloom development sug- 
gests that the upwelled water mass was functioning 
like a batch culture during the initial warm-up period. 
Therefore on theoretical grounds, the maximum phyto- 
plankton yield should have been determined by the 
initial level of one limiting nutrient. The decrease in the 
NO3: PO4 ratios observed during the 2 cruises (Fig. 7) 
as well as the observed or predicted depletion of nitrate 
(Fig. 6 & 8) indicate that nitrate is most likely the 
limiting nutnent in this particular upwelling. Barlow 
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Fig. 8. Scatter diagram of nitrate versus silicic acid in the 
m e d  layer in (A) July 1979 and ( B )  1980 Curves were 

estimated using a Model I1 regression analysis 

(1982a) showed that the nitrate depletion occurring 
during the upwelling relaxation may result in varia- 
tions in the relative abundance of the different cellular 
constituents (ATP, proteins, chlorophyll a, carbo- 
hydrate and glucan). In our study, the low POC : PON 
ratios calculated for July 1979 (6.0) suggest that the 
algae were not nitrogen limited during this particular 
sampling occasion. On the other hand, the high values 
of this ratio for July 1980 (10.5) suggest that the 
development of the phytoplankton bloom had reached 
a more advanced stage (Stage IV) and that algae were 
nitrogen limited at most stations. The nitrogen limita- 
tion was also accompanied by a higher POC: Chl a ratio 
(97.9) in July 1980 than in July 1979 (53) (Fig. 5A) .  

Diatom growth may also be limited by ambient silicic 
acid concentrations even before all usable silicic acid is 
completely depleted. For example, Paasche (1973) 
reported silicic acid half-saturation constants varying 
from 0.8 pM for Skeletonema costatum to 3.3 pM for 
Thalassiosira species. Furthermore, Nelson et  al. (1976) 
showed that most diatoms were having growth rates 
less than maximum at external silicic acid concen- 
trations below 2.0 PM. In the estuary, concentrations of 
silicic acid below 2 PM were observed in the upwelling 
area (Fig. 5). If we look a t  the nitrate-silicic acid rela- 
tion at our upwelling stations,,we find that during both 

cruises, the regression curves between NO3 and SiO, in 
the mixed layer had similar slopes and Y-intercepts 
(Fig. 8) .  The slopes of the Model I1 regression indicate 
that nitrate and silicic acid levels decreased in pro- 
portion of 0.5 to 1.0 in the mixed layer. The close to zero 
values of the Y-intercepts also indicate that these 2 
nutrients were becoming exhausted nearly simultane- 
ously. With the above considerations in mind, we 
cannot exclude possible and concurrent silicic acid 
limitation of diatom growth in our survey area. 

NO3 : Si04 ratios in upwelling areas 

As mentioned earlier, some studies have emphasized 
the possible role of the initial concentrations of nitrate 
and silicic acid in determining which of these nutrients 
wdl become depleted first in the newly upwelled water 
mass (Zentara & Kamykowski 1977, Dugdale 1983). 
This means that knowing the initial nutrient ratio in the 
newly upwelled water mass and their uptake ratio by 
the phytoplankton community, we can predict which 
nutrient will become limiting first for diatom growth. 
Data from this study and other upwelling areas have 
been assembled in Table 3, in order to test this 
hypothesis. Among the abundant literature on upwel- 
ling, only those studies containing the following infor- 
mation were selected: (1) the NO3:SiO4 ratio in the 
newly upwelled waters; (2) identification of the nu- 
trient which first became depleted at the end of the 
exponential growth phase; and (3) the length of the 
bloom development (optional). Most of the data come 
from drogue studies and all the blooms were domi- 
nated by diatom species, except for one case (Baja 
California in March). 

Table 3 highlights the dichoton~y between nitrate 
and silicic acid exhaustion commonly observed in 
upwelling areas. The table indicates that the NO3 : SiO, 
ratio vanes over a wide range (from 0.3 to 1.95) in the 
newly upwelled waters of the different upwelling sys- 
tems. Depending on the water characteristics and the 
phytoplankton community, nitrate and silicic acid can 
be consumed in different proportions, ranging from 
-1.0 : 2.5 (Jennings et al. 1984, this study: see Fig. 8) to 
2.0: 1.0 (Treger & Le Corre 1979, Minas et al. 1982). In 
spite of this wide range, a proportion of 1.0: 1.0 can 
probably be considered as  a reasonable estimate 
(Richards 1958, Redfield et  al. 1963) for our purpose. 
Consequently, if biological (regeneration), chemical 
(hssolution) and physical (mixing) processes do not 
significantly affect these 2 nutrient pools at the scale of 
the phytoplankton bloom developn~ent, we can predict 
nitrate exhaustion in upwelled water masses with a 
NO3 : SiO, ratio < 1 and silicic acid exhaustion for ratios 
> 1. The results from Table 3 indicate that in all cases 
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Table 3. Time scale of bloom development in the upwelling zone, initial levels and ratios of nitrate (NO3) and silicic acid (SO4) of 
the upwelled water mass, and the first exhausted nutrient at dfferent upwelling locations and times of the year 

Location Period Bloom NO3 Si04 NO3 : Si04 First exhausted Source 
of year duration (d) (W) (PM) (1.M: PM) nutrient 

Peru upwelling Mar-Apr 1966 3 26.1 19.4 1.33 Silicic acld Dugdale (1972) 
Mar 1977 4 21.0 11.0 191 Silicic acid Brink et al. (1981) 
Mar 1977 5 25.0 20.0 1.25 Silicic acid MacIsaac et al. (1985) 
Apr 1966 3.5 17.9' 14.5' 1.22 ' Silicic acid Whitledge (1981) 
Apr-May 1976 3 10.0 18.0 0.55 Nitrate Huntsman et al. (1981) 
Oct-Dec 1977 - 17.5 15.0 1.17 Nitrate Hanison et al. (1981) 

Benguela Current Dec 1979 3 20.0 13.0 1.56 Nitrate Barlow (1982b) 

California upwelling Mar 1972-1973 5 20.0 10.0 1.95 Silicic acid Minas et al. (1982) 

California upwelling Mar-Apr 1981 - 25.0 32.0 0.78 Nitrate Jones et al. (1983) 
Mar 1971 4 8.0 14.0 0.57 Nitrate Kamykowski (1974) 

Baja California Mar 1972 - 4.0 13.0 0.31 Nitrate Walsh et al. (1974) 
Summer - 25.0 13.0 1.92 Silicic acid Walsh et al. (1974) 

St. Lawrence Estuary Jul 1980 - 13.0 18.0 0.72 Nitrate T h s  study 

Laboratory simulation 4 22.C 40.0 0.55 Nitrate Ishizaka et al. (1983) 

Assuming a photic zone of 35 m 

where the initial ratio was < 1, nitrate depletion was 
identified following the bloom development. Results 
from this study belong to this category. On the other 
hand, silicic acid depletion was usually observed for 
ratios > 1. Although Table 3 is not exhaustive, it shows 
much of the data available from upwelling areas. The 
generally good agreement with the proposed relation 
(> 87 % of the cases), which is more easily visualized 
from Fig. 9, emphasizes the importance of the initial 
relative concentration of the nutrients in determining 
which nutrient will control the magnitude of the diatom 
bloom development. 

The apparent good fit between the predicted 
exhausted nutrient and the initial nitrate to silicic acid 
ratio in the upwelled water mass may, however, appear 
surprising since the high rate of regeneration of one of 
these nutrients may change the nutrient ratio drasti- 
cally during bloom development and, consequently, 
obscure the proposed relation. Recently, Kamykowsl 
& Zentara (1985) showed that in the ocean, variations 
in ammonium contributions to the nitrogen utilized by 
diatoms (from 40 to 85 %) may shift the nitrate to silicic 
acid ratio towards nitrate or a silicic acid limitation of 
diatom growth. Since ammonium has been reported to 
be responsible for some 42 to 72 O/O of the total biomass 
increase in different upwelhng areas (see Table 10 in 
Whitledge 1981), it appears risky to ignore ammonium 
in any predictive model. On the other hand, high 
regeneration rates of nitrate and high dissolution rates 
of silicic acid may also occur in upwelling areas (Nelson 
& Goering 1977, 1978) and prevent their complete 
depletion. With this information in mind, the overall 

good predictability of the proposed relation, or 
inversely, the apparent unimportance of regenerative 
processes in our predictions, can probably be explained 

Si - Llmltatlon 

/ 
m N - Llmltatlon I 
SlLlClC ACID ( F M )  

m observed nitrate llrnltatlon 

0 observed slllclc a c l d  llmltatlon 

Fig. 9. Scatter diagram of initial concentrations of nitrate and 
silicic acid measured prior to the diatom bloom in the different 
upwelling areas (data from Table 3). Open and filled circles 
indcate that silicic add  or rutrate were first depleted at the 
end of the bloom development. Dotted line represents the 
predicted slope as the nutrients decrease assuming an uptake 

ratio of 1: 1 
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by the very short duration of the diatom blooms 
reported in Table 3 (3 to 4 d) and from the associated 
high spatio-temporally localized demand in nutrient. 
During our study, the decrease of ammonium levels 
during the diatom blooms (Fig. 6) shows that 
ammonium was also consumed by algae and that 
uptake was probably exceeding the in situ regenera- 
tion rate during the exponential growth phase. There- 
fore this suggests that both the initial level of nitrogen 
and regenerative processes limit diatom growth at the 
scale of a bloom development in a newly upwelled 
water mass. It should also be noted that high nutrient 
demand may result not solely from increasing biomass, 
but also from an increase in the specific uptake rate as 
demonstrated for nitrate by MacIsaac et al. (1985). 

Vertical circulation dynamics of nitrate and silicic 
acid 

As stressed by Codispoti (1983), the importance of 
the initial nutrient concentrations shown in this study 
(Table 3; Fig. 9) implies that diatom growth in upwel- 
ling areas is mainly dependent on long-term regenera- 
tion processes and on factors controlling their accumu- 
lation in subsurface waters. Silicic acid and nitrate have 
different regenerative processes which lead to different 
vertical distributions. Silicic acid regeneration is mostly 
a dissolution process which occurs continuously at all 
depths in the ocean. On the other hand, the major part 

of pelagic nitrogen regeneration occurs near the sur- 
face, which reflects its strong link with biological activ- 
ity (zooplankton excretion, bacterial remineralization, 
etc.). As a result of these different processes, the 
NO3 : SiO, ratio in oceanic environments will generally 
decrease with depth and stronger (deeper) upwelling 
will bring water with lower ratios to the surface. This 
hypothesis was put forward by Codispoti (1983) and 
Dugdale (1983) to explain the temporal shift between 
nitrate and silicic acid limitation in the Peru upwelling 
(Table 3). 

A typical example of the vertical distribution of 
nitrate, silicic acid, phosphate and NO3 : Si04 ratio in 
the St. Lawrence upwelling area is shown in Fig. 10 
(Stn 5, Jul 1980). In general, the concentrations of the 3 
nutrients were variable in the upper 10 m (photic zone), 
depending on the stage of diatom bloom development. 
Their concentrations increased rapidly between 10 and 
20 m and remained relatively unchanged between 20 
and 100 m. In this layer, nitrate levels were -11 FM, 
silicic acid concentration varied between 7 and 13 PM, 
phosphate concentration from 0.9 to 1.4 ~ L M  and the 
resulting N03:Si04 ratio was in the range from 0.8 to 
1.5. It should be noticed that the upwelled waters at the 
head of the Laurentian channel in the St. Lawrence 
estuary came from this layer between 20 and lOOm 
(Therriault & Lacroix 1976). Below loom, the concen- 
tration of each nutrient increased gradually with depth. 
Shcic acid exhibited the most drastic increase with 
concentrations reaching 30 yM at 185 m (NO3 : Si04 = 

PO. ( PM) NO, : PO, 

NO, & SiO. ( P M )  NO, : Si 0. 
0 5 10 15 20 25 30 0 0.2 0.4 0.6 0.8 1.0 1.2 
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Fig. 10. Vertical distribution of (A) ni- 
trate, phosphate and silicic acid, and (B) 
nutrient ratios NOs : SiO, and NO3 : PO4 

at Stn 5 in July 1980 
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0.5). The important increase in silicic acid concen- 
trations below l00 m and the associated decrease of the 
NO3 : Si04 ratio has also been observed in the St. Law- 
rence estuary by Coote & Yeats (1979). It has been 
attributed to the estuarine circulation and its abihty to 
trap silicic acid more efficiently than nitrate. While 
nitrate (and phosphate) are flushed out rapidly from the 
estuary due to their longer residence time in the sur- 
face layer where most of the regenerative processes are 
occurring, the incorporation of silicic acid into fast- 
sinking particles (diatom theca and fecal pellets) 
enable them to accumulate in bottom waters where the 
residual circulation is in the upstream direction (Ingram 
1979). Due to this accumulation of silicic acid in deep 
water, nitrate limitation of diatom growth is usually 
expected in all unpolluted systems characterized by an 
estuarine circulation, as was shown, for example, in 
Puget Sound (Winter et  al. 1975) and in Saanich Inlet 
(Takahashi et al. 1977) where the NO3 : Si04 ratio in the 
newly 'upwelled or mixed' waters in those 2 environ- 
ments was less than 0.5. 

In the St. Lawrence estuary, our results show that the 
trapping effect for silicic acid becomes significant only 
in deeper waters (> 100m). In the intermediate layer 
(20 to l00 m), the nitrate and silicic acid concentrations 
were found generally in very similar proportions 
(Fig. 10). The fact that the upwelled waters at the head 
of Laurentian channel (Fig. 1) originate from this layer 
probably explains why simultaneous exhaustion of 
nitrate and silicic acid can occur in the St. Lawrence 
estuary. 
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