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Nature of environmental variability
experienced by benthic and pelagie animais
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ABSTRACT: We compared the short-term variability in salinity, temperature and concentration of
suspended particulate matter experienced by benthic and pelagie animais in the middle SI. Lawrence
Estuary on bath horizontal and vertical axes. ln addition, we examined the effect of 3 patterns of
vertical distribution (no vertical migrations, diel and tidal vertical migrations) on the environmental
variability experienced by pelagie animais. Results demonstrated that the nature of environmental
variability is different for the 2 types of animal. For benthic animais, environmental variability is
experienced on the horizontal axis. whereas the vertical axis is more important for pelagie animals. The
magnitude and frequency of abiotic fluctuations experienced by benthic animais depend on the
environmental factors that control the longitudinal position of the estuarine gradient, whereas for
pelagie animais they mostly depend on the animais' behaviour on the vertical axis. Consequently,
favourable habitats for benthie and pelagie animaIs in the estuary are different. The most upstream
section of the estuary is the most variable for benthic animals because the tides of greatest range
generate the highest abiotic fluctuations on the horizontal axis. ln contrast, the same section is the most
abiotically stable for pelagie animals because tides of highest energy generate the strongest vertical

, mixing. The highest abiotic fluctuations experienced by these animais are in the most vertically strati-
tied waters downstream in the estuary. As a result, minimum numbers of species of benthic and pelagie
animals are reached at different locations in the estuary corresponding to the areas which are the most
abiotically variable for each type of animal. We propose that well-mixed "arts of estuaries should be
considered as abiotically stable habitats for the pelagie fauna, whereas vertically stratified areas should
be eonsidered as abiotically variable exeept in the ease where vertical migrations are not necessary for
the retention of animais.

INTRODUCTION according to displacements of the longitudinal gradi-
ent induced by factors such as tides and river dis-
charge (Bassindale 1943).These fluctuations in abiotic
conditions may cause major physiological problems for
animals (Parry 1966,Green 1968.Holliday 1971, !<'inne
1971, Remane & Schlieper 1971, Beadle 1972, Vem-
berg & Vemberg 1972). Stuàies on salinity and
temperature demonstrated that fluctuations may have
major effects on loc.omotion,growth, reproduction and
ultimately survival because osmotic and thermic
stresses cause changes in basal metabolic rate, which
reduces surplus energy available for other activities.
These observations have led to the widely accepted
concept that estuarine ecosystems are variable (or
unstable) environments. This concept has played a
fundamental role in estuarine ecology and constitutes

Estuaries are characterized by the presence of a
longitudinal gradient in salinity with which other
gradients in physico-chemical parameters, such as
temperature and concentration of suspended parti-
culate matter, are associated (Pritchard 1967). ln
drowned-river-valley eS~::J.ries,these environmental
parameters may fluctuate at any point in the estuary
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one of the principal assumptions of several hypotheses
that explain a whole range of observations. For
eXdllll-He,UUCLUduonsln salinity may constitute a major
factor controlling the distribution of estuarine animaIs
(e.g. Heerebout HOU, De Jonge 1974). Burrowing in
the sediment may be iln ;,rlaptation reducing tidal
salinity fluctuations (e.g. McLusky 1968). Environ-
mental variabiHty may bc i.::sponsible for the lower
diversity of estuarine organisms compared to marine
and limnic environments, few species being adapted to
tolerate rapid changes in abiotic conditions (Green
1968, Sanders 1969, Kinne 1971, McLusky 1981,
Haedrich 1982, Miller et al. 1985). Estuarine communi-
ties may be mainly 'physically controlled' in opposition
to the 'biologically accomodated' communities found
in areas where physical conditions are constant and
uniform for long periods of time (Sanders 1969,
McLusky 1981). AlI these hypotheses and others
assume that estuarine animaIs are subjected to fluc-
tuations in environmental conditions.

The mechanism that generates environmental vari-
ability for animais in estuaries may be reduced to 2
components. The first component corresponds to the
presence of longitudinal and vertical gradients in
physico-chemical parameters. The second component
is dynamic: environmental variability results from the
movement of animais against the spatial gradients.
The speed and direction of this movement deterrnine
the rate and the direction of changes in abiotic condi-
tions an individual experiences.

Most of the information available on the nature of

environmental variability experienced by estuarine
animais cornes from studies of benthic organisms. For
these animais, the periodic longitudinal displacement
of the horizontal gradient caused by tides and seasonal
fluctuations in river dis charge generates most of the
variability in physico-chemical conditions. Sessile ani-
mais are exposed to the whole range of fluctuations
observed at one geographic point in the estuary, unIess
adaptations such as living in interstitial waters or in a
shell reduce the range of fluctuations experienced by
an individu al (Kinne 1971).

However, knowledge a)Jout benthic fauna is not
always relevant for animaIs living in the water column.
For example, pelagie animais are transported by tidal
currents and move upstream and downstream accord-
ing to the displacement of water masses (e.g. Gagnon &
Lacroix 1981, 1982, Laprise & Dodson 1989a, b, 1990).
As a resuIt, tidal variability should be lower for pelagic
animais than for benthic animais, because they should
not move with respect to the environmental gradient but
rather remain in the same body of water for some period
of time. On the other hand, several pelagic animaIs
undertake vertical migrations in the water column. This
dimension, not present for benthic animals, may be

-- --

an important sc:.:~::'"of environmental variability. First,
vertical migrations in current shears may modify the
position of animais along the environmental gradient
(Miller 1970).Second, fluctuations in abiotic conditions
will be experienced if migrations occur in vertically
stratified waters. However, there are no data in the lit-
erature that document the abiotic variability experi-
enced by pelagie animals in estuaries, nor is there a
clear distinction in general accounts of how environ-
mental factors that create abiotic variability may have
different.effects on benthic and pelagic animais.

The purpose of this paper is to compare the nature of
the environmental variability benthic and pelagic
animais experience in an estuarine tidal system. Here,
benthic animals are considered as sessile animals
living on the bottom in open waters and not influenced
by factors such as desiccation or substrate composition.
To achieve this, we carry out calculations on physico-
chemical and biological measurements made in the ~.
middle St. Lawrence Estuary to estimate the fluctua-'
tions in abiotic conditions animals experience on the
horizontal and vertical axes in waters with different
conditions of vertical stratification. ln addition, we "'''ri:
examine the effect of 3 patterns of vertical distribution
cornmonlyexhibitedbypelagicestuarineanimals(no ..
vertical migrations, diel and tidal vertical migrations). &
Only tidal and daily fluctuations in abiotic conditions
are examined. ln contrast with sessile animaIs, pelagic {!(.
animals can undertake longitudinal movements in the
estuary which are associated with ontogenetic or sea- ...
sonal migrations between different habitats (e.g.
Laprise & Dodson.1989b). Thus, long-term changes in .h
abiotic conditions experienced by these animais can-
not be interpreted only in terms of the intrinsic vari- ,A
ability of the estuarine environment. '.'

1.
STUDYAREA __, ~

The study are a was the middle 51.Lawrence Estuary ,(Fig. 1), a large, drowned-river-valley estuary which '~.'

receives an annual mean discharge of 10000 m3 S-1 ;:".,.~
from the river (D'Anglejan &Smith 1973).The circula--,-.;L.
tion is dominated by semi-diumal, lunar tides (M2
type) ranging from 3 to 5 min height. The results of a .

survey conducted from June 18to 23, 1987,showed the'
characteristics of the permanent longitudinal gradients ~

in salinity, temperature dl).d concentration of SUSe'
pended particulate matter (SPl'v1)(Laprise & Dodson
1989b).Salinity averaged over the whole water colUIIlD:
ranged from 0 upstream of De d'Orléans to over 30,..
downstream of De aux Coudres (Fig. 1). Temperature
was negatively correlated with salinity (Pearson cor-.
relation: r2 = 0.98, P <0.0001). Vertically averaged"
temperature varied from about 18°C upstream of

- - -- - --- --- --
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MIDDLE ST. LAWRENCE
ESTUARY

Fig. 1. Middle St. Lawrence
Estuary. Location of the stations
sampled on June 18 to 23, 1987,
and isolines of salinity (incre-
ments of 5) during high slack
waters. Station numbers are con-
secutive from Stns 4 to 9 and

Stns 24 to 28 71 °00'

ne d'Orléans to less than 3°C downstream of ne aux
Coudres. Near-bottom SPM concentrations varied
between 5 and 236 mg 1-1 in the estuary. Surface SPM
concentrations varied between 3 and 72 mg 1-1 and
were positively correlated with near-bottom SPM con-
centrations (Pearson correlation: r2 = 0.78,P<0.0001).
Maximum values were associated with the upstream
limit of salt water intrusion, near ne d'Orléans in the
northern channel, and decreased seawards to reach
minimum values downstream of ne aux Coudres. The
are a of highest SPM concentrations is usually referred
to as the maximum turbidity zone (D'Anglejan &Smith
1973).The effect of the Coriolis force on the circulation,
is reflected by the lirnit of salt water intrusion, which
was farther upstream in the northern than in the
southern channel of the estuary (Fig. 1). The distribu-
tion of other environmental variables in the estuary
followed the skeweJ pattern observed for salinity.

There were also vertical gradients in environmental
conditions that varied along the estuary (Laprise ~
Dodson 1989b).ln June 1987,the water column was well
mixed at the upstream end, corresponding to the waters
of surface salinities less than 5. ln these waters, salinity
and temperature were almost uniform from the surface
to the bottom of the water colurnn. A thermo-haloc1ine
was present ir1waters characterized by surface salinities
~ 5. ln these waters, the water column was more saline
and cooler near the bottom. At all stations in the estuary,
SPM concentrations were typically greater nearer the
bottom due to the negative buoyancy of SPM.

--- -- - -- - ---
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Tides were a major source of environmental vari-
ability in the estuary (Laprise &Dodson 1989b). During
the survey in June 1987,the longitudinal advection of
water masses by tidal currents caused upstream and
downstream movements of the estuarine environ-
mental gradient. This is represented by the position of
the salt-water intrusion. which was located approxi-
mately 9 to 10 km farther upstream during high slack
waters compared to low slack waters. Temperature
and SPM gradients were displaced according to the
salinity gradient.

MATERIALSAND METHODS

We utilized the data from the survey conducted in
the estuary in June 18to 23, 1987,for our analysis. The
sampling procedure is described in detail by Laprise
& Dodson (1989b). Twenty-nine stations distributed in
the 3 channels of the estuary were visited at low and
high slack waters (:1:1 hl. At each station, ichthyo-
plankton and macrozooplankton were sampled and
vertical measurements of salinity, temperature and
SPM were carried out.

Environmental variability on the horizontal ms. To
estimate the magnitude of the fluctuations in abiotic
conditions benthic animals were exposed to during a
tidal cycle in the estuary, we calculated the difference
in near-bottom (2 m at stations shallower than 25 m
and 5 m at others) salinity (dSh),temperature (dTh)and



SPM concentration lù.::;PMh) between low and h;~;.
~1_~~!( '.','J. ter periods for each station.

ln the case of pelagie animais, our approach con-
sisted of comparing the distribution of a given popula-
tion with respect to the environmental gradient for low
and high slack waters. The differences in salinity (6Sh)
or temperature (6Th) in which the population is found
at high and low slack waters give a measure of the
fluctuations in these conditions an average individual
in the population experiences during a tidal cycle.

Three species were used in our analysis: Atlantic
tomcod Microgadus tom cod juveniles, of 43 mm
(:t 8 SD) average total length, the possum shrimp
Neomysis americana, a planktonic mysid < 15 mm
(Wigley & Burns 1971), and rainbow smelt Osmerus
mordax larvae, of 19 mm (:t 3 SD) average total
length. We chose these species because they exhibit
different patterns of vertical distribution. Tomcod do
not migrate vertically but remain in the deeper layers
of the water column (Laprise & Dodson 1990). Smelt
larvae undertake tidal vertical migrations, moving to
surface waters during floods and closer to the bottom
during ebbs (Laprise & Dodson 1989a). Although the
vertical distribution of N. americana has not been

investigated in the St. Lawrence Estuary, evidence
suggests that this species undertakes diel vertical
migrations (Hopkins 1965, Laprise & Dodson unpubl.
data). AlI these species were very abundant in the
estuary and their populations were weIl contained in
the are a surveyed (Laprise & Dodson 1989b, Laprise &
Dodson unpubl.).

Abundances of animaIs were related to the average
salinity and temperature of the water column using
regression analysis. Depth-integrated averages in
salinity and temperature were calculat~d for each
station as Lx/n, where x is ~he .salinity (S) or the tem-
perature (T) at depth i, and n is the number of depths
sarnpled. Abundances were log-transformed (log (a + 1))
to homogenize the variance along the x-axis. Only
samples coming from waters of salinities between 0.5
and 20 were included in the analysis. The salinity of
0.5 is considered to indicate the upstream limit of salt
water penetration. ln addition, 0.5 and 20 approxi-
mately correspond to the distribution lirnits of these
species. The smallest order polynomial function was
fitted so that residuals of the regression showed no
significant trends along the x-axis. The distribution of
the residuals of aU regressions was not significantly
different from a normal distribution (Shapiro-Wilk test,
p < 0.05; Shapiro & Wilk 1965). FinaIly, regression lines
at low and high slack waters were compared for each
species using an analysis of covariance (Snedecor &
Cocl}ran 1980). No satisfactory models could be found
relating abundance dnd SPM concentrations, which
precluded similar analyses.

'...
"
..,

Environmental variability ~n the vertical ms. For~
each sample, the differences between bottom and

surface salinities (6Sy), temperatures (6Ty) and SPM.concentrations (6SPMy)were calculated. These differ- . .

ences were then divided by the depth z of the station, _
which results in a rate of change per me ter of depth ..

PSvlz, 6Ty/z, 6SPMy/z). These ratios allow compari- . .

~on of vertical variatio~s in environmental conditions 1. .

.

.

..

ln water columns of different depths. The values of ~.'~ .
..
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Fig. 2. Environmentalvariabilityon the horizontalaxis for
.

benthic animals in the middIe St. Lawrence Estuary: differ-
ence in boUom salinity lâSh). temperature (6Th) and concen-
tration of suspended particulate maUer (6SPMh) between
low and high slack waters as a function of boUom salinity
during low slack waters. Numbers indicate stations sarnpled

on June 18 to 23, 1987 (Fig. 1)
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these ratios were plotted as a function of the averag~
salinity of the water column, as this variable is a good
predietor of animal distributions (see below). ~5..,/z,
ô.Ty/Z 3-'~ .lSPMy/Z were multiplied by 10 to simulate
the variability experienced by an animal migrating
over 10 min the water column, 10 m being the average
depth of the largest, southern Cl1auHt~1.These new
indices were co!"~;dered as Ô.SVIO'ô.Tv10and ô.SPMv10,

Comparisons between axes and anima1~ Calcula-
tions were made in order to make the magnitude of the
fluctuations in abiotic conditions experienced on both
::orizontal and vertieal axis in the estuary more easily
comparable among the different types of animaIs. Ô.Sh.
Ô.SvIO.ô.Th,ô.Tvlo.ô.SPMh and ô.SPMvlo were divided by
0.5t where t is the period of the factor that generates
the cyclic variability in abiotic conditions. For tidal-
and daily-related cycles, t = 12.25 and 24 h, respec-
tively. As a result, we obtain a rate of change in abiotic
conditions per hour (ô.S/0.5t, ô.T/0.5t and ô.SPM/O.5t)
for aIl situations.

RESULTS

Environmental variability on the horizontal axis

The longitudinal, tidal displacement of water masses
generated signifieant environmental fluctuations at
one fixed location in the estuary (Fig. 2). For example,
at Stn 4, located upstream in the northern channel
(Fig.1),there were differencesof 11,5.5°Cand 33mg
1-1in bottom salinity, temperature and SPM concentra-
tion respectively between low and high slack waters.
The magnitude of near-buuomenvuonmentalfluctua-
tions in the estuary was maximum upstream and de-
creased downstream. At Stn 9,'downstream of ne aux
Coudres, Ô.Sh'ô.Thand ô.SPMhwere only 3.5, 1.7°C
and 16 mg 1-1. The magnitude of tidal fluctuations
in salinity and temperature followed a
similar pattern in the estuary (Pearson
correlation: r2 =0.93, p < 0.0001). Ô.Sh and

ô.Th diminished slowly upstream and
decreased more rapidly downstream of
lIe aux Coudres. For stations with ap-
proximately the same bottom salinity at
low slack water, the fluctuations in the
MOSt upstream section of the estuary
were greater in the northern channel
(Stns4 & 5) than in the southernchannel
(Stns 24, 25 & 26). ln the case of SPM,
large fluctuations in concentration were
limited to the !nost upst!"e<!!TIsection of
the estuary, just downstream of ne
d'Orléans in the northern channel (Stn 4)
and ne aux Oies in the southern channel

--

(Stns24& 25).ln contrastto salinityand temperature,
there were no definite cross-estuarine patterns in
ô.SPMh..\3 a result, environmental variability expen-
enced by sessile, benthie animaIs was maximum in the
MOStupstream section of the estuary, and greater in
the northern channel than in the southern channel.

The ::';erage salinity of the water column was a very
goodpredictorofthe abundancesofpelagieanimalsin
the estuary at both high and low slack waters (Table l,
Fig. 3). The I00rtrithmic rtbundance of juvenile tomcod
decreased linearly with increasing salinity whereas the
abundances of Neomysis americanaand smelt larvae
iormed a quadratic curve that reached a maximum
around salinities of ca 4 to 5 and 8 to 10, respectively.

The 3 pelagie species experienced small differ-
ences in salinity and temperature between low and
high slack waters. Neomysis americana and smelt
were found in salinities of ca 1.75 and 2.3 greater
during low slack waters whereas tomcod was found
in salinities of ca 1 greater during high slack waters
(Fig. 3). ln the case of temperature, N. americana
and smelt were in ca 0.9 and 1.0°C less during.low
slack waters whereas tomcod was in temperatures ca
0.5°C higher during low slack waters (not shown).
For aIl species, no statistieal differences in variance,
slope or elevation were detected between the regres-
sion lines at low and high slack waters by the analy-
sis of covariance (p>O.l). However, further analysis
revealed that this test was not able to discrinùnate
between similar curves of abundance when the dit-
ference in their position along the salinity axis was
less than 3 due to the small number of samples.
Nevertheless, these results demonstrate that tide-
reiated environmental variability was lower for
pelagie animaIs than for benthie animals, indicating
that their distribution moved upstream and down-
stream with tidal currents in a similar fashion to the
environmental gradient.

Table 1. Middle St. Lawrence Estuary: regressions between the abundance
(a) of Microgadus tomcod, Neomysis americana, Osmerus mordax and the
average salirtity (5) of the water column for low (LSW) and high (HSW) slack

waters from JUI1t!18 to 23, 198,

Tide

M. tomcod
LSW
HSW
N. americana
LSW
HSW
O. mordax
LSW
HSW

n Model r2 p

11 Log(a+1) =2.86- 0.15 0.88 0.0001
9 Log(a+1) =2.95- 0.14S 0.91 0.0001

Il Log(a+1) =3.90 + 0.212 5 - 0.01952 0.88 0.0002
9 Log(a+1) =4.33 + 0.106 5- 0.014 52 0.89 0.0014

11 Log(a+l) =1.28+ 0.3525 - 0.018 52 0.53 0.0472
9 Log(a+1) =2.17 + 0.204 5- 0.013 52 0.73 0.0198
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Fig. 3. Environmental variability on the horizontal axis for
pelagic animals in the middle St. Lawrence Estuary: abun-
dance of Microgadus tomcod, Neomysis americdDa and
Osmerus mordax as a function of the average salinity of the
water column at high (e) and low (0) slack waters from June
18 to 23, 1987. Regression lines are illustrated for high (solid
line) and low slack waters (dotted line). Regression coeffi-

cients are given in Table 1

Environmental variability on the vertical axis

At the tirne of our survey. the values of the ratios
6.S.lz. 6.T.lz and 6.SPM.lz varied significantly along
the longitudinal salinity gradient (Fig. 4). The regres-
sion between J.S.lz and th~ dvecdge salinity ùf the

.water column shows that the rate of change in salinity
over the water column was minimal in waters of lowest

- - -- - --
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Fig. 4. Environmental variability on. the vertical axis for
pelagic animaIs in the middle St. Lawrence .Estuary: vertical
changes in salinity (6S.lz), temperature (6Tv1z) and sus-
pended particulate matter concentrations (6SPM.lz) ~ a
function of the average salinity (S)of the water column from
June 18 to 23. 1987.Models fitted: 6S.lz = -0.0033 + 0.05005
- 0.001352, r2 =0.81, P =0.0001; 6Tv1z= 0.0029 + 0.02265-
0.000552, r2 = 0.86, P = 0.0001;6SPM.lz = 3.2413 x 10-0.03045,

r =0.65. P = 0.0001

average salinities, corresponding to the well-mixed
part of the estuary, and reached a maximum in waters
of average salinity 19. Then. the values of the ratio
decreased rapidly as the average salinity of the water
column incrcascd and approached salinities typically
found in the Gulf of St. Lawrence. The regression
between 6.T.lz and average salinity revealed the same

------
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longitudinal pattern of vertical stratification except
.,~_~:::,,, ,uuximum was reached in waters of average
salinity 21. ln the case of SPM, the largest differences
ut::lw~~n surface and bottom water concentrations
were attained at the upstream limit of salt water
intrusion. Then, ôSPMy/z decreases exponentially
dS a luncUon Ol the average salinity of the water
column, reaching minimum values in highest average
salinities.

Given the longitudinal pattern of ôSy/z, ôTy/z and
ôSPMy/zin the estuary, animals migrating in the water
column would experience maximum variability in
salinity and temperature in average salinities around
20. where a vertical displacement of 10 m would have
';j2ûerated a change in salinity and temperature of 4.7
and 2.40c. AnimaIs would have experienced minimum
fluctuations in salinity and temperature in the weIl-
mixed part of the estuary, corresponding to average
salinities less than 5. Fluctuations would have been on
the order of 0.33 and 0.25°C in an average salinity of 1.
ln the case of SPM, maximum fluctuations in concen-
trations would have been experienced at the head of
the estuary where a vertical migration of 10 m would
have generated an average fluctuation of up to 30.2 mg
1-1,whereas fluctuations would have been only 3.9 mg
1-1in an average salinity of 30.

Comparisons between axes and animaIs

Tables 2 &.3 present the estimated hourly fluctua-
tions in salinity, temperature and SPM concentration
benthic and pelagie animals experienced in June 1987
on both horizontal and vertical axes at different loca-
tions in the St. Lawrence Estuary. Definite patterns of
environmental variability emerge for the different
types of animaIs. Variability in salinity and tempera-
ture experienced by pelagie animaIs undertaking
vertical migrations is greater on the vertical axis than
on the horizontal axis. Generally. benthic animaIs
experience greater environmental variability than

Table 2. Envimnmental variability on the horizontal axis in
the middle St. Lawrence Estuary: hourly changes irt sa1inity
(6Sh), temperature (6Th) and concentration of suspenderl
particu1ate matter (6SPMb) experienced by benthic and

pelagie animaIs during a tidal cycle (period t =12.25 h)

6Sb/O.5t ~Th/0.5t 6SPMh/0.5t
(h-l) (OCh-l) (mg 1-1h-I)

pelagie animals everywhere in the estuary, even when
migrations of pelagie animals in vertically stratified
waters are considered. Variability in salinity and tem-
perature for benthic animals is lowest in downstream
parts of the estuarine gradient. whereas it is lowest in
the Most upstream part for pelagic animaIs. For both
types of animals. variability in SPM concentrations is
highest at the upstream end of the estuary. Finally,
the pattern of vertical distribution of pelagie animals
appears to affect the level of environmental variability
they experience on both horizontal and vertical axes.
Environmental variability is lowest in the case of non-
migrating animals whereas it is higher for animals
undertaking diel vertical migrations and highest for
those undertaking tidal vertical migrations.

DISCUSSION

Our results demonstrate that the nature of environ-
mental variability experienced by benthic and pelagie
animals in the St. Lawrence Estuary is different. For

Table 3. Environmental variability on the vertical axis irt the middle St. Lawrence Estuary: hourly changes in salinity (6Sy).
temperature (I1Ty)and concentration of suspended particulate matter (ÂSPMy)experienced by pelagie animaIs during a vertical

migration of 10m at diIferent locations along the salinity gradient. Diel migrations: t =24 hi tidal migrations: t = 12.25h

Benthos

Upstream (Stn 4) 1.80 0.90 5.4
Downstrea Stn 9) 0.57 0.28 2.6

Pelagos
No vertical migrations

Mjcrogadus tom cod 0.17 0.09

Diel migrations
Neomysis americana 0.28 0.15

Tidal migrations
Osmerus mordax 0.37 0.17

Average 6Sy lo/0.5t (h-l) 6Ty lo/0.5t (OCh-l) 6SPMy lo/0.5t (mg 1-1h-I)
salinity t: 12.25 h 24 h 12.25 h 24 h 12.25 h 24 h

1 0.05 0.03 0.04 0.02 4.9 2.5
5 0.35 0.18 0.17 0.09 3.7 1.9

10 0.59 0.30 0.29 0.15 2.6 1.3
15 0.73 0.37 0.36 0.18 1.8 0.9
20 0.76 0.39 0.39 0.20 1.3 0.7
25 0.68 0.35 0.38 0.20 0.9 0.5
30 0.49 0.25 0.32 0.16 0.6 0.3
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benthic, sessile animaIs, environmental variability is
generated by the horizontal movement of the spatial
gradients dgainst the animaIs. ln the St. Lawrence,
tides are responsible for most of the short-term move-
ments of the longitudinal gradients. The upstream-
downstream transport of water masses by tidal cur-
rents can create large fluctuations in physico-chemical
conditions at a given location in the estuary, where the
difference in bottom s~ty between low and high
slack wate=-scan reach 11.Consequently, environmen-
tal variability experienced by benthic animaIs in the
St. Lawrence Estuary depends on the factors that
influence the position of the longitudinal gradient, and
t::8 frequency of abiotic fluctuations depends on
the periodidty of these factors.

ln the case of pelagic animaIs, horizontal movements
of spatial gradients in the estuary do not result in high
short-term fluctuations in abiotic conditions. Animals
should not move with respect to the horizontal gradi-
ents because they are passively transported upstream
and downstreain by currents in a similar fashion to the
salinity gradient, allowing them to stay in stable
physico-chemical conditions during a tidal cycle. How-
ever, due to the presence of vertical patterns in current
speed and direction, net displacement of organisms
along the estuarine gradient may be generated. Our
results for tomcod, mysids and smelt suggest that the
magnitude of the fluctuations experienced is a function
of the vertical distribution of the animals in the water
column. Tidal vertical migrations appear to generate
the highest short-term variability, followed by diel
migrations and non-migra tory behaviour. Nonetheless,
in aIl cases, the variability experienced on the horizon-
tal axis remains very low compared to that experi-
enced by benthic animaIs, the greatest difference
measured for salinity bet\yeen low and high slack
waters being around 2. -'

Vertical movement of animals agaiIist the vertical
gradients appears to be the principal factor generat-
ing short-term environmental variability for pelagic
species. Non-migrating spedes such as tomcod do not
experience environmental variability on the vertical
axis. However, species undertaking vertical migrations
experience fluctuations in abiotic conditions and the
magnitude of these fluctuations may be comparable to
that experienced by benthic animals on the horizontal
axis when waters are very stratüied. For example, an
animal migrating over 10and 20 m in waters of salinity
19 would experience an average change in salinity of
4.7 and 9.4. However, in contrast to benthic animaIs,
the level and the frequency of environmental vari-
ability experienced by pelagic animaIs are not
controlled by some environmental factor but by the
animaIs themselves, as the variability depends on
their beha.iour. For example, tidal migrations gener-

-- - -- --

ate higher variability than diel vertical migrations due
to the higher frequency of the migrations.

The level and the nature of enviro~ental variability
experienced by benthic and pelagic animaIs in the
St. Lawrence change with their position in the estuary.
For benthic animais, fluctuations in salinity, tempera-
ture and SPM concentrations at a fixed location are
greater at the upstream end of the estuary and in the
northern channel. This is mainiy related to the effect of
the morphology of the estuary on water circulation.
The funnel shape of the estuary concentrates tidal
energy towards theupstream end (Ouellét & Cerceau
1976). During the sampling period, tides ranged be-
tween 3.5 and 4.4 m at Québec City, at the upstream
end of the estuary, and between '1.9 and 2.4 m at
Pointe-au-Père, at the downstream end (Canadian tide
and current tables). Consequently, longitudinal tidal
displacements of water masses were greater towards
the head of the estuary, causing greater fluctuations in
environmental conditions at one fixed location. Tidal
currents may also be faster in the deep and narrow
northern channel, thus causing greater longitudinal
displacement of the estuarine gradient than in the
large and shallow southern channel.

ln the case of pelagie animals, fluctuations in salinity
and temperature experienced on the vertical axis are
minimum at the upstream end of the estuary, corre-
sponding to the well-mixed waters of salinities less
than 5, and maximum in the middle part of the longitu-
dinal salinity gradient, in waters of average salinities
around 20. ln contrast, maximum vertical fluctuations
in SPM concentrations are experienced at the up-
stream end of the esiuary, corresponding to the pùsi-
tion of the maximum turbidity zone in well-mixed
waters (D'Anglejan & Smith 1973). The changes in
abiotic conditions found in our study on the vertical
axis are considered as maximum for the period studied
because our sampling was conducted during slack ,.>::'

waters. During ebbs and floods, tidal currents increase
vertical mixing, which tends to homogenize salinity,
temperature and SPM concentrations. in the water
column (Laprise & Dodson 1989a)."

ln contrast to benthic animals, tides contributè to
reducing the environmental variability for pelagic or-

o ganisms. Tides provide most of the vertical mixing
energy in the St. Lawrence. The longitudinal pattern of
vertical stratification in salinity and temperature is ',..
partly related to the effect of the morphology of the
estuary on water circulation, as greater vertical mixing
of upstream waters is mostly due to tides of larger
range and shallower depths (Ouellet &Cerceau 1976).

Short-term fluctuations in salinity and temperature~'
such as those observed in the St. Lawrence constitute
obvious factors influencing the distribution of animals .
through their influence on physiology. However, we ...

'if

--- --
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are not aware of .3~;;.dieson the effect of cyclie fluctua-
tions of SPM concentrations on animaIs. Experience
with constant concentrations of SPM suggests that the
effect of fluctuations depends on the type of animal.
Very high concentrations of SPM may be detrimental
to benthic animaIs and fish (see reviews in Wilber
1971, Moore & tvIoore 1976 and Bruton 1985). SPM
clogs gills and feeding mechanisms of some filter
feeders. Molluscs reduce pumping rates at high SPM
concentrations. The presence of SPM in the water
crea tes high turbidities which may reduce prey cap-
ture for visually feeding fishes as fast-swimming prey
move more quickly out of the reduced visual field. On
the other hand, relatively high concentrations of SPM
may be advantageous for zooplankton and fish larvae.
High turbidities may constitute a refuge from preda-
tion by large fishes (Bruton 1985). Turbidity values
such as those found in the maximum turbidity zone
may enhance feeding of fish larvae on small, slowly
moving translucent organisms by increasing the con-
trast between the prey and the environment (Boehlert
& Morgan 1985, Breitburg 1988). Organic particles
associated with the SPM constitute an important food
source for detritivorous zooplankton and maximum
turbidity zones are known as enhanced productivity
areas for these organisms (Barclay & Knight 1981,
Zagursky & Feller 1985, Dodson et al. 1989). This
suggests that fluctuation in SPM concentrations is
potentially an important factor in the distribution of
tish and benthic animaIs as it may affect their feeding
activities, whereas it may not be detrimental in the
case of zooplankton and tish larvae.

The different nature of environrnental variability
experienced by pelagic and benthic animals in the
St. Lawrence Estuary suggests that some aspects of
hypotheses based on the assumption of environmental
variability should be reconsidered in the case of
pelagic animals. For example, the low diversity of
estuarine animals is often associated with the abiotic
variability of the environment. If such is the case, our
results predict that the minimum number of species for
both types of animaIs should be reached at different
locations in the estuary. While the number of benthic
species should be minimum at the upstream end of the
estuary, the minimum number of pelagie species
should be found in waters with average salinities of
around 20.

The results of studies on benthic and pelagic fauna
in the St. Lawrence Estuary are consistent with these
predictions. ln a study on the longitudinal distribution
of the epibenthie fauna, Ardisson & Bourget (1992)
found that the species richness of the sessile species
diminishes steadily following the decreasing salinity
gradient. Fourteen species were found in the lower
part of the estuary during the period between 1975and

---

1985 whereas only 8 '>pccies were found in the up-
stream part of the estuary. Their sampling consisted in
collecting animaIs on suspended navigation buoys
moored in open coastal waters within the surface 0 to
2 m depth laver. This procedure eliminated factors
influencing the distribution of epibenthic animals such
as the inshore tidal emersion-immersion cycle and the
substrate composition. As such, the observed pattern
in species richness May be mostly attributed to the cir-
culation and the physico-chemical characteristics of
the water column.

ln the case of pelagic animals, waters of salinities
around 20 appear to constitute a major discontinuity
in the distribution of zooplankton and iehthyoplankton
in the middle St. Lawrence Estuary. Two distinct
communities of zooplankton species are present in the
estuary (Bousfield et al. 1975, Dodson et al. 1989). A
tirst community is associated with the upstream weIl-
mixed waters corresponding to the maximum turbidity
zone, and a second community is associated with the
MOStsaline waters downstream of ne aux Coudres.
Abundances of zooplankton in the middle parI."of the
salinity gradient are depressed and plankton in this
area consists mostly of drifting, non-reproducing indi-
viduals. No species population center is associated
with the Most vertically stratified waters (Laprise &
Dodson unpubl.). The same pattern of distribution was
found for ichthyoplankton. Larvae of 2 tish species,
rainbow smelt and Atlantic tomcod, are MOStabundant
in salinities less than 15 (Laprise & Dodson 1989b),
whereas herring larvae Clupea harengus are found in
the very saline waters downstream of ne aux Coudres
(Henri et al. 1985, Fortier & Gagné 1990). Thus, in
contrast to benthic animals, zooplankton and fish
larvae in the middle St. Lawrence Estuary appear to
be associated with the MOStvertically mixed parts of
the estuary.

We propose that environmental variability on the
vertical plane is an important factor in understanding
the distribution of pelagic animaIs in estuaries because
of the constraint imposed by estuarine circulation on
the retention of these animals. ln fact, it appears that
planktonic animals must undertake vertical migrations
in order to achieve retention at intermediate positions
along the longitudinal estuarine gradient. ln positive
estuaries, where river discharge and precipitation are
greater than evaporation, there is generally a residual
upstream displacement of salt waters near the bottom
that compensates the downstream flow of fresh waters
at the surface (Emery & Stevenson 1957). As a result,'
animals that remain in surface waters are transported(.a,~e
downstream (e.g. Fortier & Leggê~~ ~8C::; ::.::reas ~tI\~Cf\'
individuaIs that remain in deep waters accumula te at
the head of the estuary (e.g. Laprise &Vodson 1989b).
The principal mechanism allowing animals to remain

- - -- ---
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at intermediate positions in the estuary is vertical
migration in the vertical shear of current sp~ed <md
direction. Consequently, well-mixed parts of estuaries
should be considered as abiotically stable habitats for
the pelagie fauna, whereas vertically stratified areas
should be considered as abiotically variable except in
the case of hydrodynamic systems where vertical
migrations are not necessary for the retention of
animaIs. .
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