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ABSTRACT: Field studies on a variety of organisms have suggested that environmental variability 
plays a major role in determining spatial patterns in distribution and species diversity of estuanne 
organisms due to the effect of abiotic fluctuations on the physiology of animals. However, there is no 
study examining the effect of environmental variability on zooplankton distribution and diversity in 
estuaries. As vertical m~gration is obligatory behavior for the retention of planktonic animals at inter- 
mediate positions in the St. Lawrence Estuary (Canada), vertical stratification of the water column is 
considered the major source of environmental variability for zooplankton in this system. To evaluate 
the importance of this source of variability as a factor controlling the distribution and diversity of zoo- 
plankton in the estuary, we examined the relative contribution of each of the environmental factors of 
salinity, temperature, turbidity and vertical stratification in explaining spatial patterns of summer zoo- 
plankton distribution and diversity. Multivariate analyses revealed the presence of a longitudinal 
succession of seasonally stable species assemblages (tidal freshwater, true-estuarine and euryhaline- 
marine assemblages) whose spatial distribution was mainly a function of salinity and vertical stratifica- 
tion. Turbidity and temperature played a minor role in explaining spatial distribution. For all sampling 
periods, the limit between the true-estuarine and euryhaline-marine assemblages, the lowest number 
of population centers and the lowest zooplankton abundance all corresponded to the most vertically 
stratified waters. In contrast, population centers of all species were concentrated in the most abiotically 
stable parts of the estuary. We conclude that environmental variability is a major factor determining 
zooplankton distribution and diversity in the estuary. The spatio-temporal stability of the species 
assemblages and the seasonal variabihty in the abundance of some species also suggest that trophic 
interactions may play an important role in the regulation of zooplankton populations in the estuary. 
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INTRODUCTION 

It is widely accepted that estuarine ecosystems are 
variable environments compared to the more stable 
limnic and marine ecosystems (Green 1968, l n n e  
1971, Remane & Schlieper 1971, McLusky 1981). High 
and rapid fluctuations in abiotic parameters such as 
salinity and temperature may be experienced by indi- 
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vidual animals when moving against spatial gradients 
which are present on both horizontal and vertical axes 
of the environment (Laprise & Dodson 1993). These 
fluctuations represent major physiological problems 
for animals. Osmotic and thermic stresses cause 
changes in basal metabolic rate, resulting in the reduc- 
tion of surplus energy available for other activities such 
as locomotion, growth, reproduction and, ultimately, 
survival (Parry 1966, Holliday 197 1, Kinne 197 1, Vern- 
berg & Vernberg 1972). Several studies have demon- 
strated that this environmental variability plays a 
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major role in determining spatial patterns of distribu- 
tion and species diversity of estuarine animals (e.g. 
Sanders 1969, Heerebout 1970, De Jonge 1974). How- 
ever, no such assessment has been made in the case of 
zooplankton. 

For zooplankton in estuaries, migrating in a vertical 
gradient is the principal mechanism generating envi- 
ronmental variability (Lapnse & Dodson 1993). The 
magnitude and frequency of abiotic fluctuations expe- 
rienced by individuals depend on 2 factors: the pres- 
ence of vertical gradients and the vertical migratory 
behavior of animals. Vertically well-mixed waters con- 
stitute abiotically stable habitats. Vertically stratified 
waters are abiotically variable habitats except for ani- 
mals which do not migrate vertically and thus do not 
experience large environmental fluctuations in the 
vertical axis. 

We have proposed that vertical stratification influ- 
ences the distribution and species diversity of estuar- 
ine zooplankton in cases where vertical migration is 
necessary to remain within the estuary because of 
hydrodynamic constraints (Laprise & Dodson 1993). 
Such a situation occurs in the middle St. Lawrence 
Estuary, in eastern Canada. Circulation is character- 
ized by a residual upstream displacement of salt water 
near the bottom that compensates for the downstream 
flow of fresh water at the surface (Ouellet & Cerceau 
1976). Transport studies on planktonic animals have 
demonstrated that individuals remaining in surface 
waters are transported downstream (Fortier & Leggett 
1982) whereas those that remain in deep waters accu- 
mulate at the head of the estuary (Laprise & Dodson 
1989, 1990). Consequently, migration in the vertical 
shear of current speed and direction constitutes the 
principal mechanism allowing retention of animals at 
intermediate positions in this estuary (Laprise & Dod- 
son 1993). 

The zooplankton of the St. Lawrence Estuary is typi- 
cal of large estuaries of the Northern Hemisphere 
(Runge & Simard 1990). Three zooplankton assem- 
blages have been identified and their spatial distribu- 
tion has been related to salinity, temperature, turbidity 
and circulation. First, a euryhaline-marine assemblage 
is found near and downstream of Ile aux Coudres, in 
the cold, saline, and deep waters flowing in an 
upstream direction (see review by Runge & Simard 
1990; Fig. 1). A second assemblage, composed of eury- 
haline species endemic to the estuary, is dominant in 
the warmer, less saline and turbid well-mixed waters 
located between Ile d'orleans and Ile aux Coudres 
(Bousfield et al. 1975, Dodson et al. 1989). The distrib- 
ution of this assemblage as a whole has been related to 
the presence of a maximum turbidity zone observed at 
the head of the estuary, where organisms accumulate 
passively as does suspended particulate matter (SPM) 

due to estuarine circulation (Dodson et al. 1989). 
Finally, freshwater species appear to dominate tidal 
fresh waters upstream of Ile d'orleans (Bousfield et al. 
1975). 

However, as for other large estuaries, the spatio-tem- 
poral distribution of zooplankton with respect to abi- 
otic factors in the St. Lawrence is poorly documented 
(Miller 1983, Runge & Simard 1990). Upstream of Ile 
aux Coudres, Bousfield et al. (1975) only described the 
average (over 4 mo) longitudinal and vertical summer 
distribution of mesozooplankton (mostly copepods) in 
the Northern Channel. Dodson et al. (1989) described 
vertical distribution of macrozooplankton (mainly 
mysids, amphipods and euphausiids) at 3 stations 
along the Middle Channel only for the last week of 
July. Information on the tidal freshwater assemblage is 
virtually nonexistent and no study has examined the 
relationships between zooplankton distribution, spe- 
cies diversity and vertical stratification. 

The major objective of this study is to evaluate the 
importance of variability in physico-chemical conditions 
in the vertical plane as a factor controlling the distribu- 
tion and the diversity of zooplankton in the middle 
St. Lawrence Estuary. We examined the relative contri- 
bution of each of the environmental factors of salinity, 
temperature, SPM concentration and vertical stratifica- 
tion in explaining spatial patterns of zooplankton distri- 
bution and species diversity in the estuary. In addition, 
we document zooplankton assemblage structure in 
parts of the estuary and during periods of time never 
before sampled to ascertain how season and location 
within the estuary influence assemblage structure, and 
to provide a more detailed spatio-temporal description 
of zooplankton species distribution and abundance with 
respect to abiotic factors. 

MATERIAL AND METHODS 

Sampling. Thirty-seven stations were sampled at 
low and high slack waters (+ 1 h) on 4 occasions in 
1987: 3 to 8 June, 18 to 23 June, 3 to 8 July, and 18 to 
23 July (Fig. 1). At each station, macrozooplankton was 
sampled using a double pelagic Tucker trawl (1.09 X 

1.19 m) equipped with two 0.5 m standard plankton 
nets (0.51 mm mesh), which was towed in step-oblique 
fashion from the surface to 2 m from the bottom. In 
addition, 2 vertical tows of a 0.5 m standard net 
(0.063 mm mesh) were made from 2 m above the bot- 
tom to the surface to sample mesozooplankton. In total, 
442 and 436 samples were collected with the Tucker 
trawl and standard net, respectively. Salinity and tem- 
perature profiles were carried out from the surface to 
2 m above the bottom at each station. SPM concentra- 
tion was measured at the surface and at 2 m from the 
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bottom. Organisms were preserved in 
4 % buffered formaldehyde. Salinity, 
temperature and turbidity characteris- 
tics of the estuary as well as ichthyo- 
plankton distribution were presented in 
detail by Laprise & Dodson (1989). 

Sample treatment. The spatio-tempo- 
ral distribution of macrozooplankton In 
the estuary was assessed using all 
organisms collected by the Tucker trawl. 
The largest samples were split using a 
Motoda splitter (Van Guelpen et  al. 
1982). All organisms but amphipods, 
isopods and decapod larvae were iden- 
tified to the species level. The great 

N 

majority of amphipods captured were 
gammarids. Large adult calanoid cope- 
pods Calanus finmarchicus and C. 
hyperboreus were grouped in the taxon 
Calanus spp. Abundances of animals in 
each net were standardized for 100 m3. I I I 

A mean abundance was calculated from 71" 00' 70" 30' 70" 00' 

the 2 samples collected by the double Fig. 1. Middle St. Lawrence Estuary, Canada and the location of the stations 
Tucker trawl at each station. sampled in June and July 1987 

Spatial distribution of the poorly di- 
versified mesozooplankton assemblages 
of the St. Lawrence Estuary can mostly be character- 
ized by their highly dominant species, consisting of 
Bosmina longirostris, Eurytemora affinis and Calanus 
spp. for the freshwater, true-estuarine and euryhaline- 
marine assemblages, respectively (Bousfield et al. 
1975). We chose to use these species as indicators of 
the relationship between mesozooplankton and envi- 
ronmental factors. Calanus spp. were well sampled by 
the Tucker trawl. The abundances of B. longirostris 
and E. affinis were evaluated semi-quantitatively from 
the standard net samples, using a logarithmic scale. 
This method gives results comparable to those 
obtained by traditional sorting methods while reduc- 
ing the time and expense of processing samples (Fron- 
tier 1969). Each sample was stirred and an aliquot was 
taken using a Stempel pipette (Van Guelpen et al. 
1982). The volume subsampled was adjusted to repre- 
sent 1 m3 of water filtered by the net. This subsample 
was centrifuged to concentrate organisms in a smaller 
volume. No organisms were found in the supernatant 
and centrifugation did not damage them. The concen- 
trate was examined under a binocular microscope in a 
2 cm2 cell. For each species, the following scores were 
given: (1) no individuals, (2) 1 to 10, (3) 11 to 100, 
(4) 101 to 1000, ( 5 )  1001 to 10000. The subsample was 
then mixed again with the original sample and another 
subsample taken for a second evaluation. A regression 
between estimated scores and scores assigned after a 
traditional sorting of the samples revealed that the 

method gave a reliable estimation of the abundance of 
B. longirostris ( b  = 0.11, a = 1.01, RZ = 0.93, p < 0.0001, 
n = 60). In the case of E. affinis, low abundances were 
slightly over-estimated whereas high abundances 
were slightly under-estimated (b  = 0.42, a = 0.88, R2 = 
0.74, p < 0.0001, n = 60). However, residuals were uni- 
formaly distributed along the scale of abundance 
which indicates that the bias was constant. Therefore, 
the method allows direct comparison between all sam- 
ples. The 2 scores given to each of the 2 samples col- 
lected at  each station were averaged. 

Data analysis. Multivanate analyses were carried 
out to objectively identify zooplankton species assem- 
blages in the estuary, to describe the spatio-temporal 
vanability in their structure, and to examine the rela- 
tive contribution of each environmental variable in 
explaining this structure. Analyses were conducted for 
each sampling period separately, using only stations 
where both Tucker and standard net samples were col- 
lected. The abundance of organisms did not change 
significantly between low and high slack waters for 
any given sampling period. Each sample was first 
described by 10 biological variables consisting of the 
abundance of 10 taxonomic groups of zooplankton (see 
Table 1). Abundances of species captured by the 
Tucker trawl were log transformed. Isopods and 
shrimp larvae were not included in the analysis due to 
their low occurence. These variables were used to con- 
struct a xZ similarity matrix (Legendre & Legendre 



70 Mar. Ecol. Prog. Ser. 107: 67-81, 1994 

1984). Using this measure of association, differences 
between the most abundant species contribute more to 
the similarity between samples than do differences 
between the rarer species. The hierarchical agglomer- 
ative clustering model of Lance & Williams (1967; flex- 
ible grouping with a, = 0.5, a, = 0.5, P = -0.25 and 
y = 0.0) was carried out to group samples into homo- 
geneous clusters. Clusters were then superimposed on 
a projection in the reduced plane of the first 2 axes of a 
principal coordinate analysis in order to separate 
groups with similar planktonic composition. These 3 
steps were done using R software on a Macintosh 
(Legendre & Vaudor 1991). Spearman correlations 
were calculated between principal axes and original 
data to identify species that contributed the most to the 
formation of each group of samples (Legendre & 
Legendre 1984). Finally, multivariate discriminant 
analyses were conducted to separate the groups on the 
basis of environmental variables, including salinity 
(averaged for each vertical profile of the water col- 
umn), surface SPM concentration and vertical stratifi- 
cation. Bottom SPM concentration and temperature 
were not used in these analyses because both were 
strongly correlated with either surface SPM concentra- 
tion or salinity in the estuary (Laprise & Dodson 1989). 
Vertical stratification was calculated as follows: differ- 
ences between bottom and surface salinities (AS) were 
divided by the depth Z of each station producing aver- 
age rates of change of salinity per meter of depth. This 
ratio (AS/Z) gives a measure of the fluctuations in 
salinity (as well as temperature) animals experience 
while undertaking vertical migrations in the water col- 
umn and allows comparison between stations of differ- 
ent depths (Laprise & Dodson 1993). 

The geographic distribution of each group revealed 
by the multivariate analyses was mapped for both low 
and high slack waters of each sampling period to 
examine the effect of tidal and seasonal variability of 
the estuarine circulation on the spatial distribution of 
zooplankton in the estuary. 

A direct gradient analysis was performed to docu- 
ment the relationships between the distribution of 
each zooplankton species and environmental gradi- 
ents (Gauch 1982). Abundance of each species was 
plotted as a function of the average salinity of the 
water column, AS/Z and surface SPM concentration. 

Two indices were used to examine patterns of zoo- 
plankton species diversity along the estuarine gradi- 
ent. First, species richness, R (= number of species col- 
lected in samples; Pielou 1975), was estimated for 4 
strata of average salinity: < l ,  between 1 and 10, 
between 11 and 20, and >20%0. However, planktonic 
animals are subjected to advective transport and indi- 
viduals may be carried away from the areas where the 
species completes its life cycle. Hence, a significant 

proportion of some samples may consist of moribund, 
non-reproductive animals that drift along with dorni- 
nant currents and find themselves in extreme environ- 
ments (Bousfield et al. 1975). Therefore, indices of 
diversity based only on identification of the number of 
species occuring in samples (such as R) may give a dis- 
torted picture of the species carrying capacity of the 
environment in the case of zooplankton. To address 
this problem, we accounted for the abundance of indi- 
vidual species in the calculation of a new index of spe- 
cies diversity. P (= number of population centers occur- 
ring in samples) was evaluated for the same salinity 
strata as used to calculate R. A salinity stratum was 
considered the population center of a species when it 
contained the bulk of the abundance of a given spe- 
cies. Taxa not identified to species during sorting were 
not included in the calculations of R and P; these are 
amphipods, isopods and decapod larvae. Crangon 
septernspinosa was also excluded because this species 
is usually benthic and is only occasionally present in 
the plankton. 

In order to increase confidence in the values of P 
and R as representative of the entire zooplankton 
community, both indices were also calculated by com- 
bining the results of this study with those of Bousfield 
et al. (1975; average salinity: Fig. 4 ,  p. 331; species 
distributions: Table 1, p. 346-347; stations used: 13, 
51, 76, 77, 80, 81, 83, 84). The 2 data sets are directly 
comparable as both studies documented the distribu- 
tion of species' abundance as a function of the longi- 
tudinal salinity gradient. The data set of Bousfield et 
a1 (1975) documents the distribution of different spe- 
cies using different sampling techniques (450 1 of 
water pumped into a standard Clarke-Bumpus net of 
64 pm mesh size) to those employed in the present 
study. Four species (Ectinosoma cuticorne, Eury- 
temora herdimani, Acartia clausi and A. longiremis) 
were added to the 11 species sampled in the present 
study. Five species (Bosmina longirostris, Eurytemora 
affinis, Neomysis americana, Calanus finmarchicus 
and C. hyperboreus) were sampled in both studies 
and exhibited the same patterns of distribution and 
abundance with respect to salinity. 

RESULTS 

Zooplankton assemblages 

The first 2 axes of the principal coordinate analysis 
explained between 75 and 79 % of the total variance in 
species composition and abundance of zooplankton in 
the estuary (Table 1). The clustering procedure 
revealed that samples could be classified into 3 major 
groups for each sampling period. The superposition of 
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Table 1.  Zooplankton in the St. Lawrence Estuary, 1987. Spearman correlation coeffic~ents, r, between zooplankton taxa and the 
flrst 2 axes of the principal coordinate analyses Underlined coeff~cients are significant at  p 10 .05 .  % of variance refers to the per- 

centage of total vanance in species composition and abundance explained by Axes I and I1 

Date: June 3-8 June 18-23 July 3-8 July 18-23 
AXIS: I I1 I I1 I I1 I I I 

% of variance: 58  2 1 55 24 5 1 24 48 30 
- - 

Bosmina longirostris 0.88 0.17 0.90 0.28 &@ 0.15 0.8:i -0.05 
Amph~pods 0.73 -0.19 0.43 0.07 0.67 0.14 0 -0.21 
Eurytemora affinis 0.29 -0.40 -0.23 -0.59 -0.29 -0.23 0.11 0 12 
Neomysis americana 0.52 -0.77 -0.04 -0.88 -0.26 -0.94 -0.49 &@ 
Mysis stenolepis 0.46 -0.82 -0.50 -0.88 -0.44 - U 7  - U 9  072 
Crangon septemspinosa -0.10 -0.45 0.53 0.66 -0.44 -0.66 -050 0.64 
Calanus spp. -p& -0.08 0.85 0.09 -0.86 0.04 -0.84 0.27 
Mysis littoralis -0.83 -0.05 -0.67 0.01 -0.50 0.07 -0.33 -0.05 
Euphausiids -0.83 0.12 -0.73 0.23 -0.69 0.11 -0.63 -0.42 
Sagitta elegans -m 0.06 -0.81 0.20 -0.77 0.07 -0.73 -0.46 
No. of stations 54 52 55  54 

these groups of samples on the reduced plane of the 
first 2 axes of the principal coordinate analysis showed 
that the first axis mainly separated Groups I and I1 from 
Group 111 while the second axis contributed to separate 
Groups I and I1 (Fig. 2).  Samples of Groups I and I1 
formed denser clusters than those of Group 111, indicat- 
ing that the taxonomic composition of samples of 
Group 111 was more heterogeneous. Zooplankton com- 
position in samples of this group varied gradually from 
one station to the next. 

Zooplankton taxa that contributed most to the forma- 
tion of the first 2 axes were the same for all sampling 
periods. Spearman correlations (Table 1) indicate that 
the first axis mainly contributed to separate stations 
characterized by the highest abundances of Bosmina 
longirostris and amphipods from those containing the 
highest abundances of Calanus spp., Mysis littoralis, 

euphausiids (Thysanoessa inermis, T longicaudata 
and Meganyctiphanes norvegica) and chaetognaths 
(Sagitta elegans). The second axis mainly contributed 
to separate stations characterized by the highest abun- 
dances of Neomysis americana, Mysis stenolepis, 
Crangon septemspinosa and Eurytemora affinis from 
the others. 

Taxa characteristic of each group identified by the 
analysis, and the relative abundance of each species 
within each group, remained largely the same over the 
2 months of the study, indicating that the species com- 
position and the structure of zooplankton assemblages 
in the estuary were stable over this period (Table 2).  
For all sampling periods, Bosmina longirostris and 
amphipods reached highest abundances in samples of 
Group I, Neomysis americana, Mysis stenolepis and  
Eurytemora affinis in Group 11, and Calanus spp., M. 

Fig. 2. Zooplankton in the St Law- 
rence Estuary, 1987: simultaneous 
projection of samples and groups of 
samples ( I ,  I1 and 111) on the first 2 axes 
of a principal coordinate analysis for 
each sampling period. Clustering of = 
stations was obtained by the hierarchi- V) 

cal agglomerative clustering model of 2 
Lance & Williams (1967). Groups were 
formed at  the sinlilanty level of 0.98 for 
the period between June 3 and 8 and 

0.97 for other sampling periods 

June 3 to 8 

June 18 to 23 

Axis I 

July 3 to 8 

July 18 to 23 

Axis I 



72 Mar. Ecol. Prog. Ser. 107: 67-81, 1994 

Table 2. Zooplankton in the St. Lawrence Estuary, 1987: mean abundance (standard deviation) of each taxon In the 3 groups of 
samples defined by the multivariate analyses. Abundances are in numbers of mdviduals per 100 m3 for all species except 
Bosmina longirostris and Eurytemora affinis. In the case of these 2 species, means were calculated using scores of abundance es- 
timated for l m3 (see text). Scores: ( l )  no individuals. (2) 1 to 10, (3) 11 to 100, (4) 101 to 1000 and (5) >l000 individuals. Example: 
an average of 4.9 for B. longlrostris in Group I is equivalent to between 101 and 1000 individuals per cubic meter (or 10"o 

105 individuals per 100 m3). The group with the highest value for a given taxon 1s In bold type 

Group: I I1 111 

June 3 to 8 
Bosmina longirostris 4.9 (0.3) 4.5 (0.5) 1.7 (1.0) 
Amphipods 37.5 (42.6) 23.4 (22.5) 8.5 (16.6) 
Euryternora affinis 3.5 (0.7) 3.9 (0.9) 3.3 (1.0) 
Neorn ysis arnen'cana 0.7 (1.1) 1795.7 (2276.4) 128.7 (286.3) 
Mysis stenolepis 1.7 (4.9) 442.0 (513.4) 85.7 (190.5) 
Calanus spp 0 0 339.8 (626.6) 
Mysis littoralis 0 0 32.1 (71.0) 
Sagitta elegans 0 0 4.2 (7.6) 
73ysanoessa longicaudata 0 0 2.7 (8.4) 
Thysanoessa inermis 0 0 2.4 (7.2) 
Crangon septernspinosa 0 0.01 (0.02) 0.4 (1.0) 
Megan yctiphanes norvegica 0 0 0.2 (0.5) 
Penaeid larvae 0 0 0.1 (0.3) 
Isopods 0 0 0.01 (0.04) 
No. of stations 13 8 33 

June 18 to 23 
B. longirostns 5.0 (0.1) 4.2 (0.8) 1.7 (0.9) 
Amphipods 56.4 (67.4) 37.2 (48.7) 9.2 (10 0) 
E. affinis 3.1 (6.4) 4.0 (0.7) 3.6 (0.9) 
N. amencana 1.3 (2.5) 2018.0 (1185.0) 142.0 (433.5) 
M. stenolepis 0.2 (0.4) 175.1 (196.9) 45.1 (97.2) 
Calanus spp. 0 0.01 (0.02) 610.5 (1614.9) 
M. littoralis 0 0 4.9 (10.4) 
7: inermis 0 0 1.9 (6.8) 
S. elegans 0 0 1.1 (2.6) 
C. septernspinosa 0 0.4 (0.5) 0.6 (0.7) 
T longica udata 0 0 0.1 (0.4) 
M. norvegica 0 0 0.1 (0.3) 
lsopods 0 0 0.02 (0.08) 
No. of stations 18 13 2 1 

July 3 to 8 
B. longirostris 4.4 (0.6) 3.7 (0.7) 1.5 (0.7) 
Amphipods 128.3 (249.7) 29.6 (27.4) 6.1 (10.4) 
E, affinis 3.1 (0.5) 3.7 (1.0) 3.4 (0.7) 
N. americana 5.5 (13.8) 3046.6 (1901.7) 128.7 (336.4) 
M. stenolepis 0.07 (0.2) 238.2 (365.4) 57.0 (206.4) 
C. septernspinosa 0 1.1 (2.0) 0.2 (0.4) 
Calanus spp. 0 0 462.3 (667.6) 
M. littorals 0 0 2.8 (7.5) 
S. elegans 0 0 2.0 (3.1) 
7: longicaudata 0 0 0.8 (2.3) 
7: inermis 0 0 0.2 (0.3) 
M. n orvegica 0 0 0.02 (0.1) 
Isopods 0 0 0.02 (0.1) 
No. of stations 22 12 21 

July 18 to 23 
B. longirostris 4.5 (0.6) 2.6 (1.1) 1.2 (0.5) 
Amphipods 162.2 (188.0) 17.6 (30.2) 7.8 (11.0) 
E. affinis 3.6 (0.6) 3.7 (0.4) 3.1 (0.6) 
N, arnencana 65.9 (189.5) 6870.6 (7623.0) 212.3 (449 2) 
M. stenolepls 0 217.8 (178.5) 12.4 (26.7) 
C. septernspinosa 0 1.1 (1.3) 0.2 (0.3) 
Calanus spp. 0 0 219.4 (318.4) 
S. elegans 0 0 0.9 (2.2) 
T inerrnis 0 0 0.7 (1.0) 
T long~caudata 0 0 0.6 (1.6) 
M. littorahs 0 0 0.3 (0.9) 
M. norvegica 0 0 0.2 (0.5) 
lsopods 0 0 0.04 (0.1) 
No. of stations 27 8 19 
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littoralis, Sagitta elegans and the euphausiids in Group June 3-8 
111. Crangon septemspinosa was more abundant in Lowtide 
Group 111 in June and in Group I1 in July. Isopods and 
penaeid larvae were captured at stations of Group 111 

D - -  D i e  .._a 
only. m - - / *  m 

Geographic distribution of zooplankton assemblages 

The geographic distribution of the samples in the St. 
Lawrence shows a well-defined longitudinal array of 
the zooplankton assemblages defined in our analysis 
(Fig. 3 ) .  In the northern channel, the first assemblage 
of species (Group I) was associated with the upper 
estuary, in the vicinity and upstream of Ile dlOrleans. 
The second assemblage (Group 11) was associated with 
the area between Ile dlOrleans and Ile aux Coudres, 
which corresponds to the upper part of the middle 
estuary. Finally, the third assemblage (group 111) was 
associated with the lower part of the middle estuary, in 
the vicinity and downstream of Ile aux Coudres. The 
longitudinal position of the assemblages moved 
upstream and downstream according to tides as ani- 
mals were advected by tidal currents (Fig. 3 ) .  There 
was also a lateral gradient in the distribution of zoo- 
plankton. The upstream limit of a given group was 
usually farther upstream in the northern channel of the 
estuary than in the others, an observation also noted 
for salinity, temperature and SPM concentration 
(Laprise & Dodson 1989). This is mostly an effect of the 
Coriolis force on the circulation, which displaces water 
moving seawards to the south and east and water mov- 
ing landward to the north and west, creating a skewed 
distribution in physical and biological variables. 

Assemblage distribution with respect to abiotic factors 

For all sampling periods, the first function of the dis- 
criminant analysis to separate zooplankton assem- 
blages on the basis of physico-chemical characteristics 
of the stations explained more than 96% of the inter- 
group variability (Table 3).  The values of standardized 
canonical coefficients indicate that the assemblages of 
species can mainly be characterized by salinity and, to 
a lesser extent, by AS/Z. Except for the first sampling 
period in early June, turbidity was not correlated with 
the first canonical axis. Due to its high negative corre- 
lation with salinity for any sampling period (Pearson 
correlations: -0.99 5 r 5 -0.93, p < 0.001), temperature 
characterized zooplankton assemblages as well as 

I June 18-23 1 
Low t~de 

I July 3-8 I 
Low t~de 

salinity. 
Fig. 3. Zooplankton in the St. Lawrence Estuary, 1987: geo- 

A discriminant was conducted On the graphical distribution of the species assemblages defined in 
assemblages of species pooled for all sampling periods Table 2 at low and hiqh slack waters for each samplinq pe- - - - -  
in order to separate the effects of temperature and nod. Squares: Group I; circles: Group 11; triangles: Group 111 
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Table 3. Zooplankton in the St. Lawrence Estuary, 1987- relative contribution of each physical variable (standardized canonical 
coefficients) to the formation of the first discriminant axis separating the groups of zooplankton defined by the multivariate analy- 
sis. Numbers in parenthesis indicate the importance of each variable by ascending order. % of variance: percentage of variance 
explained by the first axis. Salinity and temperature: averages for the water column; SPM: surface concentrations of suspended 

particulate matter; AS/Z vertical stratification in salinity 

I Date. June 3-8 June 18-23 July 3-8 July 18-23 Pooled 
% of variance: 96.9 98.4 99.5 99.9 98.4 I 

Salinity 1.67 (1) 2.33 (1) 1.99 (1) 2.31 (1) 1.32 (1) 
Temperature - - - -0.74 (3) 
SPM 0.44 (3) 0.05 (3) 0.05 (3) 0.01 (3) 0.07 (4) 
AS/Z 1.13 (2) 0.90 (2) 1.19 (2) 1.63 (2) 1.23 (2) 

salinity, as temperature in the estuary increased signif- 
icantly during the season for all salinities (Tables 3 & 
4). The first canonical axis, which explained more than 
98% of the variance between the groups, remained 
strongly correlated with salinity (Table 3).  The vari- 
ables AS/Z  and temperature were also correlated with 
the first axis but to a lesser extent. The signs of canon- 
ical coefficients reflect the relation between AS/Z and 
temperature with salinity, these variables CO-varying 
in the sampling area: saline waters are always colder 
and more stratified than fresh waters. This analysis 
demonstrates that the relation between zooplankton 
assemblages and the longitudinal gradients of salinity 
and AS/Z  remained stable over the 2 mo period of the 
study. 

An examination of the physico-chemical characteris- 
tics of each assemblage reveals that the first assem- 
blage of species was associated with the warm, well- 
mixed waters of salinity less than l.6%0, the second 
assemblage with the colder, weakly stratified waters of 
salinities less than ca BYm, and the third assemblage. 
with the coldest and most stratified waters of salinities 
higher than 5% (Table 4). As such, these assemblages 
may be defined as the freshwater, true-estuarine 
and euryhaline-marine assemblages, respectively. Al- 
though zooplankton of Group I1 was generally found in 
more turbid waters than zooplankton of Groups I and 
111, some samples of Group I were characterized by 
very high turbidities which at times exceeded turbidi- 
ties associated with Group 11. 

Table 4. Zooplankton in the St. Lawrence Estuary, 1987. average physico-chemical conditions [depth-averaged salinity and tem- 
perature ("C); surface SPM concentrations (mg I-'); vertical stratification (AS/Z; m-')] of samples for each group of zooplankton 

defined by the multivariate analys~s. Ranges in parentheses 

Group: I I1 111 

June 3 to 8 
Salinity 0.1 (0-0.6) 1.6 (0.6-4.1) 21.4 (5.1-33.4) 
Temperature 16.2 (15.2-16.9) 14.8 (13.1-16.3) 6.4 (1.7-12.4) 
SPM 8.0 (1.0-14.6) 16.3 (7.0-37.7) 10.6 (0.2-23.3) 
AS/Z 0.00 (0.00-0.02) 0.10 (0.00-0.31) 0.52 (0.15-1.26) 

June 18 to 23 
Salinity 0.1 (0.0-0.6) 3.0 (0.5-6.6) 21.1 (10.3-30.7) 
Temperature 17.3 (16.3-18.0) 15.7 (14.3-16.9) 7.8 (3.1-12.9) 
SPM 22.9 (2.8-72.6) 32.3 (14.7-63.1) 13.3 (8.0-30.3) 
AS/Z 0.00 (0.00-0.01) 0.13 (0 00-0.31) 0.41 (0.07-0.71) 

July 3 to 8 
Salinity 0.0 (0.0-0.5) 3.4 (1.0-8.2) 19.4 (10.0-29.3) 
Temperature 19.0 (18.2-19.9) 16.8 (15.2-17.9) 9.3 (4.8-13.7) 
SPM 19.3 (0.4-123.4) 25.3 (6.6-101.6) 12.8 (6.0-32.1) 
AS/Z 0.00 (0.00-0.00) 0.13 (0.02-0.39) 0.57 (0.32-0.88) 

July 18 to 23 
Salinity 0.1 (0.00-1.6) 2.8 (0.5-5.0) 16.7 (6.1-27.1) 
Temperature 22.3 (20.6-24.1) 19.7 (13.9-21.9) 11.4 (5.1-18.2) 
SPM 17.4 (4.9-78.5) 19.9 (14.4-26.5) 11.2 (5.8-19.7) 
AS/Z 0.00 (0.00-0.08) 0.14 (0.00-0.35) 0.64 (0.31-1.16) 
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Fig. 4 .  Zooplankton in the St. Lawrence Estuary, 1987: distribution of each species with respect to the average salinity of the water 
column, the distance upstream of the salinity front (km) and the average verbcal stratification in salinity (AS/Z) for each sampling 
penod. Abundances are on a logarithmic scale, for 100 m3 for all species but Eurytemora affinis and Bosmina longirostris which 
are for 1 m3. Details on regressions between AS/Zand average sahnity are presented in Table 5. Plain vertical line: salinity front; 

dashed vertlcal line: h i t  between species Groups 11 and I11 defined In Tables 2 & 4 .  See Table 2 for full genus names 
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Species distribution and diversity with respect 
to abiotic factors 

Salinity 

Fig. 4 shows the relationships between each taxon 
and the average salinity of the water column in the 
estuary. In tidal fresh water, the distribution of each 
taxon is presented as a function of the upstream dis- 
tance relative to the salinity front, which we defined as 
waters of salinity 0.51%~. The limits of distributions are 
approximate because their estimation depends on the 
location of samples along the salinity gradient and on 
the estimation of the position of the salinity front. 

Taxa characteristic of the freshwater assemblage, 
Bosmina longirostris and amphipods, reached their 
maximum abundances upstream of the salinity front. 
Their abundance diminished rapidly as salinity 
increased. Both taxa occurred in the highest salinities 
except in the case of B. longirostris in July which dis- 

appeared in salinities higher than ca 1 5 Y ~ .  Upstream of 
the salinity front, the variability in the abundance of 
these taxa was a function of the distance from the limit 
of salt-water intrusion. The abundances of B. lon- 
girostris and amphipods diminished significantly after 
ca 20 km upstream in the river. Although amphipods of 
this assemblage were not identified, it is most probable 
that Gammarus tigrinus accounted for most of them, as 
Dodson et al. (1989) found that this species was the 
only one caught in the most upstream section of the 
estuary using the same net. 

Species characteristic of the true-estuarine assem- 
blage reached their highest abundances in waters of 
salinities higher than 0.5%0 and lower than 10%0 except 
for Euryternora affinis, which reached high abun- 
dances in salinities as high as ca 23%0 in June. The 
sharpest increase in the abundance of these species 
corresponded to the initial decline in the abundance of 
the species of the tidal freshwater assemblage. Mysids 
were seldom caught upstream of the salinity front 
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Fig. 5. Zooplankton in the St. Lawrence Estuary, 1987: total 
abundance of zooplankton captured with a Tucker trawl 
(500 pm mesh) with respect to average salinity of the water 
column, distance upstream of the salinity front (km) and ver- 
tical stratification in salinity (AS/Z). Plain vertical line: salinity 
front. Dashed vertical lines: range of depth-averaged salin- 

ities coinciding with maximum values of A S / Z  

• July 3 to 8 

whereas E. affinis was common in these waters. All 
species of this assemblage were caught in waters of 
highest salinities. The range of salinity occupied by 
Mysis stenolepis became narrower as  the season pro- 
gressed, concomitantly with a reduction of their total 
abundance in the estuary. The distribution of E. affinis 
became bimodal at the end of July. During this period, 
there was a maximum in abundances in salinities less 
than 6%, and another, lower maximum in salinities 
higher than 20%0. This maximum may be related to 
another closely related species, E. herdmani, known to 
occur in high salinities downstream of Ile aux Coudres 
(Bousfield et al. 1975). We did not discriminate 
between these 2 species during sorting. 

Taxa characteristic of the euryhaline-marine assem- 
blage were not very abundant in the sampling area. 

Average salinity (%o) 

Fig. 6. Zooplankton diversity In the St. Lawrence Estuary, 
1987: number of species (species richness, R; open symbols) 
and number of specles exhibltlng maximum population abun- 
dance (population richness, P; vertlcal bars) as a function of 

the average salinity of the water column 

Their abundance steadily increased with salinity and 
always reached maximum in highest salinities. The 
upstream limit of Calanus spp., Sagitta elegans and 
Mysis littoralis was around salinities of 6% whereas 
euphausiids never occured in waters less than 10%. 

The total abundance of zooplankton captured with 
the Tucker trawl varied as a function of salinity in a 
fashion that was consistent for all sampling periods 
(Fig. 5). Highest abundances of large zooplankton 
were always found in salinities corresponding to the 
distribution of the true-estuarine assemblage. Abun- 
dances decreased sharply upstream in the river and 
downstream in the estuary, and minimum values were 
observed mainly between salinities of ca 15 and 25%0. 
Abundances increased again in waters of higher salin- 
ities largely due to the presence of Calanus spp. We 
are unable to determine the relationship between total 
abundance of mesozooplankton and salinity from our 
data as the abundance of only 2 species was evaluated 
from standard net samples. 

Species diversity also varied as a function of average 
salinity. Species richness (R)  was lowest in tidal fresh 
waters and increased seaward (Fig. 6). The number of 
species' population centers (P) also increased with salin- 
ity wlth the notable exception that no species exhibited 
maximum abundance in the l 1  to 20%0 salinity stratum. 
Combining the present data set with that of Bousfield et 
al. (1975) revealed the same pattern for both R and P 
except that R was greater in the 11 to 20%0 salinity stra- 
tum than in the most saline waters (Fig. 7). 

Vertical stratification (AS/Z) 

AS/Z varied significantly along the estuarine gradi- 
ent as a function of the average salinity of the water 
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Fig. 7. Zooplankton diversity in the St. Lawrence Estuary: num- 
ber of species (species richness, R; open symbols) and number 
of species exh~biting maximum population abundance (popu- 
lation centers, P; vertical bars) as a function of average salinity 
of the water column. In&ces were calculated from the results of 

this study and those of Bousfield et al. (1975) 

Average salinity (%o) 

Fig. 8. Suspended particulate matter in the St. Lawrence Estu- 
ary, 1987: concentration in surface waters as a function of the 
average salinity of the water column and distance upstream of 

the salinity front (km) 

column (Fig. 4 ,  Table 5). Maximum stratification was 
reached in waters of salinities between 17 and 22%0. 

The lowest abundances of all species collected in this 
study were associated with the highest values of AS/Z 
(Fig. 4). The depression in both total abundance of 
large zooplankton (Fig. 5) and number of population 
centers (Figs. 6 & 7) also corresponded to the most ver- 
tically stratified waters in the estuary. 

The salinity range occupied by the true-estuarine 
assemblage varied during the season as a function of 
the vertical stratification (Fig. 4). Vertical stratifica- 
tion in the estuary was on average higher early in 
June and late in July and lower late in June and 
early in July. The downstream limit of the true-estu- 
arine assemblage along the salinity gradient was in 
higher salinities late in June and early in July when 
vertical stratification was low. The downstream limit 
of this assemblage was in lower salinities early in 
June and late in July when vertical stratification was 
greatest. 

Table 5. Vertical stratification in the St. Lawrence Estuary, 
1987: coefficient of determination ( R ~ )  of regressions pre- 
sented in Flg. 4 describing the evolution of the vertical strati- 
fication in salinity (ASLZ) as a function of the average-salinity 
of the water column (S). Model fitted: AS/Z = bo + b,S - &S2 
Max.: average salinity ( O h )  of the water column where the 

function reaches maximum 

Date n R2 P Max. 

June 3 to 8 57 0.75 0.0001 18 
June 18 to 23 55 0.68 0.0001 19 
July 3 to 8 53 0.83 0.0001 22 
Ju ly18 to23  40 0.84 0.0001 17 

SPM concentration 

No significant correlations between SPM concentra- 
tions and individual species abundances were found 
for the 4 sampling periods. Total abundance of large 
zooplankton and species diversity indices were not 
associated with maximum SPM concentrations. Maxi- 
mum SPM concentrations were reached at the salinity 
front corresponding to the limit between the tidal 
freshwater and the true-estuarine assemblages 
(Fig. 8). Values decreased in both the upstream and 
downstream directions, the maximum turbidity zone 
(MTZ) extending into both tidal fresh waters and low 
salinity waters. As a result, both tidal freshwater and 
true-estuarine zooplankton assemblages were associ- 
ated with the MTZ. 

Seasonal variability in abundance 

Seasonal variability in the abundance of some of the 
species characteristic of the tidal freshwater and true- 
estuarine assemblages is illustrated in Fig. 9. Seasonal 
variability in the abundances of euryhaline-marine 
species is not presented because they were captured at 
the upstream limit of their distribution and changes in 
their abundance may not be characteristic of the whole 
population. In the case of Crangon septemspinosa, the 
low abundance of this species in the water column is 
probably due to its benthic habits and cannot be con- 
sidered representative of the population. For each spe- 
cies, we calculated the mean abundance of animals in 
the area comprised between 9 km upstream of the 
salinity front and salinities less than 25%. This area 
contained most of the populations of the species char- 
acteristic of Groups I and I1 and was well sampled at all 
sampling periods. Each sample was assigned to a class 
of salinity as follows: 10.5Y~; > 0.5Yw and ISYW; >5% 
and 115%0; > 15%0 and <25%0. Each salinity stratum 
was given a weight reflecting its size (1, 1, 2 and 2, 
respectively) and averages were calculated as for a 
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Fig.  9 .  Zooplankton in the 
St. Lawrence Estuary, 1987: 
seasonal variablity in the 
abundance of some species. 
Sampllnq periods: (1) June 3 

Sampling period to 8, ( 4 )  July 18 to 23 

stratified random sampling (Frontier 1983). This 
improves the estimates as the distributions of all spe- 
cies were strongly associated with salinity. This post- 
stratification of the samples allows a comparison 
between dates by eliminating biases created by the 
aggregation of samples in certain salinity values at a 
given sampling period. There were always 7 or more 
samples for each stratum. 

Results indicate strong seasonal patterns in the 
abundance of zooplankton in the estuary. The average 
abundances of the 2 microcrustacean species, Bosmina 
longirostris and Eurytemora affinis, were highest in 
June. This was followed by a sharp decrease In July. 
The abundance of B. longirostris was reduced by 1 
order of magnitude at the end of July compared to pre- 
vious abundances in June whereas the abundance of 
E. affinis was reduced by 72 %. Mysis stenolepis also 
diminished in abundance as the season progressed, 
going from an average abundance of 172 per 100 m3 
early in July to only 36 per 100 m3 at the end of July. 

In contrast, the populations of the 2 dominant macro- 
zooplankton taxa of the tidal freshwater and the true- 
estuarine assemblages increased regularly during the 
season; both Neomysis americana and amphipods 
were approximatly 2.5 times more abundant at the end 
of July than at the beginning of June. As such, abun- 
dance of mesozooplankton decreased significantly as 
the season progressed while abundance of macrozoo- 
plankton increased. 

DISCUSSION 

Multivariate analyses revealed the presence of a lon- 
gitudinal succession of 3 well-defined zooplankton 
assemblages in the St. Lawrence Estuary. The species 
composition and the structure of these assemblages 
remained stable over the 2 mo sampling period. Varia- 
tions in the geographic position of these assemblages 
over time were mainly a function of temporal varia- 
tions in depth-averaged salinity. These results are con- 
sistent with studies that consider salinity the most 
important environmental variable determining geo- 
graphical distributions of zooplankton in estuaries (e.g. 
Kinne 1971, Collins & Williams 1981). A tidal freshwa- 
ter assemblage dominated by Bosmina longirostris and 
an amphipod (probably Gammarus tigrinus) was found 
in the vicinity of Ile d10r16ans. Species of the tidal 
freshwater assemblage reached highest abundances 
just upstream of the limit of salt-water intrusion, sug- 
gesting that this assemblage was not characteristic of 
the whole tidal freshwater portion of the river, which 
stretches 150 km upstream of Ile dlOrleans, but of the 
area just beyond the salinity front. A true-estuarine 
assemblage composed mainly of Eurytemora affinis, 
Neomysis americana and Mysis stenolepis was charac- 
teristic of the area just downstream of Ile d1Orleans in 
salinities between 0.5 and 10. Large zooplankton of 
this assemblage was the most abundant of the estuary. 
Finally, a euryhaline-marine assemblage composed of 
Calanus spp. (C. finmarchicus and C. hyperboreus), M. 
littoralis, euphausiids and chaetognaths was found 
downstream of the true-estuarine assemblage. Abun- 
dances of euryhaline-marine species increased with 
salinity, indicating that maximum abundances were 
reached downstream of the sampling area, in waters of 
salinity higher than 30%. The last 2 assemblages were 
very similar to those found in previous studies with 
some minor differences (Bousfield et al. 1975, Dodson 
et al. 1989, Runge & Simard 1990). Dodson et al. (1989) 
classified G. tigrinus and Crangon septemspinosa in 
the true-estuarine assemblage. In this study, G. tigri- 
nus was reclassified in the tidal freshwater assem- 
blage. C. septemspinosa was characteristic of the true- 
estuarine assemblage only in July, this species being 
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associated with the euryhaline-marine assemblage in 
June.  The change in the distribution of this species is 
consistent with the spring-early summer up-estuarine 
migrations observed in other estuaries (e.g.  Modlin 
1980). Bousfield et al. (1975) also reported greater 
abundance and biomass for mesozooplankton of the 
true-estuarine assemblage. 

Most importantly, these results support the hypothe- 
sis that abiotic variability is a major factor influencing 
distribution and species diversity of zooplankton in the 
estuary and that species assemblages are not simply 
the result of species sorting independently according 
to their salinity tolerance. Vertical stratification always 
explained a significant proportion of the variability in 
species composition and abundance in multivariate 
analyses. Direct gradient analyses showed that sea- 
sonal variations in distribution of the assemblages with 
respect to salinity was related to variations in AS/Z. 
Furthermore, the limit between the true-estuarine and 
the euryhaline-marine assemblages, the lowest abun- 
dance of large zooplankton and the lowest number of 
population centers based on the present data set and 
on the combination of this data set with that of Bous- 
field et al. (1975) all corresponded to the most verti- 
cally stratified waters. In contrast, population centers 
of all species of the true-estuarine and the euryhaline- 
marine assemblages were associated with waters that 
were more homogeneous on the vertical plane (Fig. 4).  

A combination of the constraints imposed by the 
estuarine circulation on the retention of planktonic 
organisms and the variability in physico-chemical con- 
ditions on the vertical plane as proposed by Laprise & 

Dodson (1993) is the most parsin~onious explanation 
for the associations observed between vertical stratifi- 
cation, zooplankton distribution and species diversity 
in the St. Lawrence Estuary. The absence of population 
centers associated with the most vertically stratified 
waters suggests that there may be some absolute limit 
of tolerance to cyclic abiotic fluctuations in planktonic 
organisms. As vertical migrations are necessary for the 
retention of zooplankton in these waters (see 'Intro- 
duction'), animals must cope with the highest fluctua- 
tions of abiotic conditions in the estuary due to the 
presence of strong vertical gradients in salinity and 
temperature. For example, an  animal that migrates 
over 20 ni in waters of an  average salinity of 18%0 early 
in June would experience an  average change in salin- 
ity of 14%0, every 24 h in the case of diel vertical migra- 
tions (Fig. 4 ) .  The observed depression in total abun- 
dances of zooplankton and the high species richness of 
the area may also be explained by vertical stratifica- 
tion. Salinity discontinuities can inhibit diel vertical 
migrations of zooplankton (Grindley 1964). In salinities 
corresponding to the most vertically stratified waters of 
the estuary, Bousfield et al. (1975) and Dodson et al. 

(1989) reported that true-estuarine species were 
mostly associated with the fresher surface waters flow- 
ing downstream whereas euryhaline-marine species 
were found mainly in more saline deep waters flowing 
upstream, suggesting that animals may be confined in 
waters that transport them away from the centers of 
their respective populations. In addition, Bousfield et 
al. (1975) noted that copepods found in these waters 
were mostly moribund, non-reproductive animals, 
suggesting that this habitat may constitute an extreme 
environment for these species. Consequently, zoo- 
plankton abundances may diminish as a result of mor- 
tality as animals niove away from their population cen- 
ters, resulting in the lowest abundances of organisms 
mid-way between the true-estuarine and the euryha- 
line-marine assemblages. In contrast, the edge effect 
caused by mixing individuals from the 2 assemblages 
results in increasing the species richness, with true- 
estuarine species dominating in salinities closer to 
10%0 and euryhaline-marine species dominating in 
higher salinities. Therefore, species richness gives an  
erroneous impression of the evolution of zooplankton 
species diversity along the environmental gradient due  
to the susceptibility of these animals to be transported 
to unsuitable habitats. 

Turbidity and temperature appear to play a minor 
role in influencing spatial distilbution patterns of sum- 
mer zooplankton in the estuary. No significant rela- 
tionship was found between turbidity and individual 
species or total abundances of large zooplankton. Both 
tidal freshwater and true-estuarine assemblages were 
found in waters of highest turbidities. In contrast to the 
hypothesis of Dodson et al. (19891, this suggests that 
factors controlling the distribution of zooplankton and 
SPM in the estuary are different. The association 
between temperature and zooplankton distribution in 
the multivariate analyses reflects the strong negative 
correlation existing between temperature and salinity 
over short periods of time. However, as the season pro- 
gressed, waters warmed thus decreasing the correla- 
tion between salinity and temperature over the sea- 
sonal time-scale. The association between zooplankton 
distribution and temperature decreased accordingly 
because organisms remained in similar salinities as the 
season progressed but found themselves in warmer 
waters. This resulted in the smaller contribution of 
temperature when all samples of the 2 mo sampling 
period were included in the discriminant analyses. 
Temperature may serve as a cue signalling seasonal 
changes in distribution with respect to salinity in the 
case of Crangon septemspinosa. 

We conclude that environmental variability is a 
major factor influencing zooplankton distribution and 
diversity in estuaries, as in the case of other estuarine 
animals. Zooplankton populations in the St. Lawrence 
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Estuary are concentrated in the most abiotically stable 
parts of the estuary. No species populations' center 
was associated with the most stratified waters, which 
was also the site of the lowest zooplankton abundance 
in the estuary. As such, the large-scale distribution of 
zooplankton in the St. Lawrence may be considered as 
primarily physically controlled. However, the confine- 
ment of zooplankton populations in restricted areas 
defined by salinity and vertical stratification may pro- 
mote strong interspecific interactions. Within these 
areas, the regulation of zooplankton populations may 
be more biologically controlled. The sharpest reduc- 
tion in the abundances of Bosmina longirostris and 
amphipods occurred at the limit of salt-water intrusion, 
in salinities they can tolerate. However, these waters 
also correspond to the upstream limit of the true-estu- 
anne assemblage in which most species may prey 
heavily on B. longirostris and amphipods; this includes 
all life-history stages of fishes (Dauvin & Dodson 1990, 
Laprise 1991, Laprise & Dodson unpubl. data) and, in 
the case of B. longirostris, most probably mysids 
(Mauchline 1980, Fulton 1982). In addition, the sea- 
sonal decline observed in the abundance of rnesozoo- 
plankton in the estuary was related to the increase in 
the abundance of their potential macrozooplanktonic 
predators, suggesting that predator-prey interactions 
may be important in structuring these assemblages. 
The importance of these trophic dynamics in structur- 
Ing assemblages and controlling secondary production 
in the estuary is the subject of ongoing research. 
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