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SHORT NOTE 

Water Column Stability and Photosynthetic Capacity 
of Estuarine Phytoplankton: Long-Term Relationships* 

Serge Demers" and Louis Legendre 

GIROQ. Departement de biologic. Universite Laval, Quebec. Canada GlK ?P4 

ABSTRACT: In estuaries, the intensity of vertical mixing due 
to tides varies over a broad range of time scales. In the St. 
Lawrence Estuary, Canada, increased stability of the water 
column has 2 effects on the phytoplankton: (1) a physiological 
effect in the form of a light-dependent increase in the photo- 
synthetic capacity; (2) a population response in the form of an 
increase in chlrophyll a variability. 

Phytoplankton cells must be able to adjust their 
metabolic activities to highly fluctuating environmen- 
tal conditions. Previous experimental studies demon- 
strate that they can adjust rapidly to changing light 
intensities through variations in chlorophyll content, 
thus allowing utilization of available light with max- 
imum efficiency (Owens et al., 1978; Riper et al., 1979; 
Falkowski, 1980; Harris, 1980). If physiological adjust- 
ment by the phytoplankton is faster than changes in 
environmental conditions, the cells continuously 
adjust their metabolic activities to the new conditions 
(Vincent, 1980); if not, the cells can only adjust to mean 
environmental conditions (Savidge, 1979; Falkowski, 
1980). An example of such a physiological adjustment 
is that of the photosynthetic capacity of phytoplankton 
which should respond to fluctuating environmental 
conditions, since it is influenced by light conditions to 
which the cells were previously exposed (Prezelin et 
al., 1977; Prezelin and Sweeney, 1977, 1978). 

In estuaries, the intensity of vertical mixing due to 
the tides varies over a broad range of frequencies: 
monthly (M,), fortnightly (Mf) and semidiurnal (M2) 
tidal harmonics, and slack waters. Vertical mixing not 
only affects nutrient and oxygen redistribution in the 
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water column (Webb and D'Elia, 1980), but also the 
distribution of plankton organisms in the mixed layer. 
Since tidally-induced vertical mixing is highly preva- 
lent in estuaries, they provide a unique experimental 
opportunity to study the effects of vertical mixing on 
phytoplankton. In the St. Lawrence Estuary, Quebec, a 
research program (ECOVARIATE) was conducted on 
estuarine variability between 1975 and 1977. Results 
on phytoplankton were pubhshed by Fortier et al. 
(1978), Frechette and Legendre (1978), Demers et al. 
(1979), Demers and Legendre (1979), Fortier and 
Legendre (1979), Lafleur et al. (1979), Roy and 
Legendre (1980), Demers and Legendre (1981), and 
Frechette and Legendre (in press). 

In the present study, the influence of varying 
degrees of vertical mixing on estuarine phytoplankton 
is examined, both at individual (physiological) and 
population (distributional) levels, over a 2-month 
period. 

During summer 1975, sampling was conducted at an 
anchor station (1 m depth) in the Middle St. Lawrence 
Estuary (the portion between the Saguenay Fjord and 
Quebec City). This station was occupied during 14 to 
18 June, 5 to 12 July, and 1 to 8 August. Hourly 
measurements were made of chlorophyll a concentra- 
tion per volume (B), photosynthetic capacity (under 
saturating light intensity of 375 ~ E i n  m-2 S- ' ,  in an 
Hawaiian-type incubator: Doty and Oguri, 1959) nor- 
malized for chlorophyll a (E,,), and the vertical 
density structure of the water column. For more infor- 
mations about the Methods, see Demers and Legendre 
(1979, 1981). The difference between the densities at 
5 m and 35 m depths (Aa,) was used as an  index of the 
vertical stability, in order to include the whole mixed 
layer. Under conditions of intense vertical mixing 
(spring tides), Demers and Legendre (1979) have found 
circadian variations in the photosynthetic capacity of 
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St. Lawrence Estuary phytoplankton. The intense ver- 
tical mixing causes all the cells in the mixed layer to 
experience similar average light conditions (Demers 
and Legendre, 1981). In order to eliminate these 24-h 
variations from the long-term trend studied here, the 
photosynthetic capacity was integrated over periods of 
24 h. In addition, mean values of Ao,  over 24 h were 
also computed. 

A linear increase of daily photosynthetic capacity 
was found with increasing mean daily density gradient 
(Fig. 1A). T h ~ s  linear relationship is independent of the 
sampling dates, since the various conditions of stabil- 
ity were encountered at different times during the 2- 
month sampling period. There is a n  apparent linear 
relationship of both chlorophyll a concentrations and 
photosynthetic capacity with the density gradient 
(Table 1). However, when partial correlations are com- 

Table 1. Coefficients of linear correlation (upper right, v = 13) 
and of partial correlation (lower left, v = 12) between daily 
photosynthetic capacity, daily mean chlorophyll a concentra- 
tions, and daily mean density gradient (index of vertical 

stability of the water column) 

P k , x  ~ h l  a *or 

Pc,, 0.684 0.789- 
Chl a 0.213 0.759 
*ot 0.568' 0.489 

puted, only the photosynthetic capacity and  the 
density gradient remain significantly correlated. 

Growth rates of phytoplankton are  controlled by 
light intensity, temperature, and nutrient concentra- 
tions in the euphotic zone. In the St. Lawrence Estuary, 
nutrients are' seldom limiting (Sinclair, 1977; Fortier 
and Legendre, 1979), especially in the Middle Estuary 
where the vertical mixing is high (d'Anglejan and 
Smith, 1973). On the other hand, seasonal temperature 
variations are known to influence the photosynthetic 
capacity of phytoplankton, particularly in lakes (Jones, 
1977, 1978) and in shallow coastal estuaries (Eppley, 
1972). In the St. Lawrence Estuary, the partial correla- 
tion between temperature and E,,, when controlling 
for the density gradient, is not significantly different 
from zero ( r  = 0.188) while that between E,, and Aa,,  
when controlling for temperature, remains different 
from zero ( r  = 0.515): the range of observed tempera- 
tures (7-11 "C) is too small to account for the large 
variations observed in the photosynthetic capacity. 
Similarly, Sinclair (1977) finds no relationship 
between surface temperature and E,, in the Lower 
Estuary. 
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Fig. 1 (A) Daily photosynthetic capacity and (B) daily coeffi- 
cient of varlation of chlorophyll a as a function of daily mean 
vertical stability of the water column (denslty gradient), in the 
Middle St Lawrence Estuary. (C) Photosynthetic capacity as a 
function of water column stability, in the Lower Estuary: E,  
read on saturation curves from Sinclair (1978: Fig. 12) at 
15 cal cm-2 h-' (175W m-'), and Aa,  from Fig. 6 of the same. 

Sampling dates indicated as  Jullan days 
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Under well-mixed conditions, the phytoplankton 
may be carried under the euphotic zone, so that light 
becomes the limiting factor. This is the case in the 
Middle St. Lawrence Estuary, where the average 
extinction coefficient k = 1.7 m-' (Cardinal and 
Berard-Therriault, 1976). Thus, the mixed layer is 
always deeper than the euphotic zone. Due to the short 
residence time of the phytoplankton cells at any given 
depth, their photosynthetic capacity cannot become 
adjusted to any one light intensity; rather it adjusts to 
the mean light intensity in the mixed layer (Savidge, 
1979; Falkowski, 1980). Since the mean light intensity 
is determined by the degree of vertical mixing in the 
mixed surface layer, increased vertical mixing will 
result in a lower E,. The linear relationship observed 
between c,, and Aa, (Fig. 1A) is therefore a unique 
example of long-term physiological adjustment of 
phytoplankton photosynthetic capacity to varying 
environmental light intensity. A similar relationship 
(r = 0.769) was found between P:,, and Aa, (0-30 m), 
observed weekly in the Lower St. Lawrence Estuary in 
the summer of 1974 (Fig. 1C). However, these data are 
not strictly comparable to those from the Middle Estu- 
ary, since there is only one P;,, available for each 
sampling day. Nevertheless, they corroborate the rela- 
tionship between photosynthetic capacity and the 
density gradient seen in Fig. 1A. 

Our data show that the only partial correlation coef- 
ficient which significantly differs from zero is that of 
the relationship between the photosynthetic capacity 
of phytoplankton and the density gradient of the water 
column (Table 1). Using path analysis, 2 causal models 
(De Neufville and Stafford, 1971: 257-284) can account 
for the computed correlations between the 3 observed 
variables (c,,, chlorophyll a and Ao,). For both mod- 
els, the density gradient must be in the middle of the 3 
variables. In the first model, chlorophyll a concentra- 
tions and photosynthetic capacity are both influenced 
independently by the density gradient. In the second 
model, the density gradient, partially influenced by 
chlorophyll a concentrations, affects E,. Obviously, 
only the first causal model is appropriate so that there 
is no direct relationship between chlorophyll a con- 
centrations and photosynthetic capacity (normalized 
for chlorophyll a) ,  c,, being directly influenced by the 
density gradient. 

Furthermore, the daily coefficients of variation of 
chlorophyll a concentrations show a significant linear 
increase (r = 0.776) with increasing vertical stability 
(density gradient) (Fig. 1B). This result supports the 
hypothesis of Harris (1980) that 'the stratified period, 
with all possibilities of ephemeral thermal structure 
and internal motions, has more spatial and temporal 
variability than periods of continuous mixing and turn- 
over'. Increased vertical mixing leads to a more 

Table 2. Coefficients of variation of chlorophyll a and cell 
numbers (hourly sampling), from 5 to 12 July 1975. (Data from 

Demers et al., 1979) 

Neap tides Spring tides 
(5 to 8 July) (9 to 12 July) 

Chlorophyll 16.0 % 11.7 % 
Cell counts 53.1 % 37.7 % 

homogeneous distribution of static properties such as 
phytoplankton biomass (chlorophyll and cell num- 
bers), as observed from 5 to 12 July, between neap and 
spring tides (Table 2). The partial correlation between 
E, and the coefficient of variation of the chlorophyll, 
when controlling for the vertical stability, is not sig- 
nificantly different from zero (r = 0.132) whereas that 
between E,, and ha,, when controlling for the coeffi- 
cient of variation of chlorophyll, is significantly diffe- 
rent from zero ( r  = 0.674). Therefore, E,, and the 
coefficient of variation of chlorophyll are not linearly 
related. 

In conclusion, over a 2-month period, changes in the 
vertical stability of the water column are reflected in 
both the photosynthetic capacity and the variance of 
the chlorophyll a concentration. In the St. Lawrence 
Estuary, there is a direct relationship between photo- 
synthetic capacity and the mean light intensity in the 
mixed layer as affected by the vertical stability of the 
water column (Fig. lA,  C). The strength of this rela- 
tionship results from the fact that, in the Middle Estu- 
ary, the photic layer is always shallower than the 
mixed layer. Also, over a long period the variance, 
rather than the daily concentration of the chlorophyll, 
is directly related to the vertical stability (Fig. 1B). 
Therefore, there is a direct long-term relationship 
between vertical stability and the response of the phy- 
toplankton: (1) a physiological effect, a light depen- 
dent increase in the photosynthetic capacity, and (2) a 
population response, an increase in the variance of the 
chlorophyll concentrations. 
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