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ABSTRACT: Persistent high-density krill aggregations make the St. Lawrence Estuary and the Gulf
of St. Lawrence important feeding-grounds for large marine mammals. To estimate the effects of the
circulation on the seasonal krill distribution, a krill biomass-concentration equation with active vertical migration was coupled to a 3D regional sea ice–ocean circulation model. The results show recurrent spatial patterns of aggregation and advection controlled by the circulation and a high sensitivity
to the parameters of the biological model. The time spent in the surface layer is crucial for the retention of organisms in the estuary. The simulated krill aggregation areas are associated with 3 processes (tidal interactions with bathymetry, wind-driven upwelling and mean circulation). Zooplankton generally aggregate near the edges of the Laurentian Channel and other secondary channels, at
locations that are consistent with the sparse synoptic information on the distributions of large marine
mammals in the gulf. The simulations also indicate that changes in the seasonal circulation significantly affect the krill distribution within the gulf through gyre intensities, the seasonal thermocline
and the strength of the estuarine circulation. Finally, the variability of zooplankton transport to the
estuary from the gulf appears to be controlled by processes acting on the circulation mode at the
mouth of the estuary and estuarine pumping of the krill layer towards the head of the Laurentian
Channel. The simulated krill biomass imported into the estuary changed by a factor of 2 over the
3 simulated years.
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circulation · Vertical migration
Resale or republication not permitted without written consent of the publisher

The Gulf of St. Lawrence is a semi-enclosed shelf sea
covering an area of 2.3 × 105 km2. Its general estuarine
circulation leads to high biological production and
high biomass at all trophic levels (Dickie & Trites
1983). In particular, some extensive krill aggregations
occur in the gulf (Sameoto 1976, Simard & Lavoie
1999), with average densities of 0.5 to 2.4 g dry weight
m– 3 and values of up to 50 g dry weight m–2 (Simard et
al. 1986a, Simard & Lavoie 1999). These aggregations,

mainly consisting of Meganyctiphanes norvegica and
Thysanoessa raschi (Simard et al. 1986a), attract populations of fishes and marine mammals (de Lafontaine et
al. 1991, Kingsley & Reeves 1998). The system is dominated by a strong seasonal cycle of the general circulation (El-Sabh 1976, Mertz et al. 1991, Saucier et al.
2003) and high interannual variability (e.g. Gilbert &
Pettigrew 1997). We can thus hypothesise that the spatial distribution of krill also follows a strong seasonal
cycle that, owing to the large size of the area and the
large internal variability of the water masses, has not
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1990) and adult biomasses would return upstream in
the deeper waters at the head of the Laurentian Channel in response to the 2-layer estuarine circulation.
Such coupling between population dynamics and circulation has been proposed for several plankton species in other regions (Falk-Petersen & Hopkins 1981)
but has not yet been specifically examined with circulation models for the euphausiids in the St. Lawrence
system. Zakardjian et al. (1999) have tested and verified this assumption for the copepod Calanus finmarchicus using a 2D idealised, (laterally averaged)
estuarine model. However, the behaviour of this species is clearly different from that of euphausiids, and
the marked lateral structure of the estuary (Saucier &
Chassé 2000) may strongly affect the results.
In contrast with previous studies, this paper
addresses the krill aggregation dynamics over the
whole St. Lawrence system, with an emphasis on the
exchanges between the estuary and the gulf via the
coupling of a physical circulation model with a diel
vertical migration (DVM) model. We make use of a
more realistic 3-D circulation model of the estuary and
gulf in order to: (1) verify the above assumptions
regarding the aggregation processes in the estuary, (2)
estimate the distribution patterns over the whole St.
Lawrence system and its variability as a function of
seasonal circulation, (3) examine the factors controlling the exchanges of krill between the lower estuary
and the gulf (in particular for the recruitment of krill on
the whale feeding-grounds at the head of the Laurentian Channel in the Saguenay-St. Lawrence Marine
Park), and (4) investigate the effects of interannual
variability on the circulation.
We describe the method used to introduce the krill biomass as a primitive
variable in a realistic 3D sea ice–ocean
simulation validated for reproducing the
tidal to seasonal circulation patterns in
the estuary and gulf (Saucier et al. 2003).
Krill vertical migration is added as an
idealised function that represents the observed sub-daily behaviour as a function
of incident light at the surface, preferred
depths, and swimming speeds. We first
present the basic modes of krill circulation as a function of different assumptions
regarding biological parameters. The
aggregation processes were found to be
highly sensitive to the timing and depths
of the migrations, and the basic model
reproduces the high concentration areas
generally observed. The strong effects
of circulation variability over a range of
Fig. 1. Mercator depth (m) chart of St. Lawrence Estuary and Gulf of
scales in the pumping of krill into the
St. Lawrence. A small part of the model grid is shown along its boundary near
St. Lawrence Estuary are discussed.
Cabot Strait. Division between the estuary and gulf lies at Point-des-Monts
yet been precisely observed and described in detail.
Understanding the dynamics of the biomass distribution in conjunction with the variability of the circulation is thus essential to understanding the ecology of
marine mammal populations and their management, in
particular for the Saguenay -St. Lawrence Marine
Park, including the region at the head of the lower
St. Lawrence Estuary (Fig. 1).
The processes leading to zooplankton accumulation
and retention act on several spatial and time scales
(Okubo 1980, Mackas et al. 1985), and aggregations
generally result from the interactions between currents, organisms’ behaviour and bathymetry (Mackas
et al. 1985). It is also well known that the aggregations
comprise different sizes and durations ranging from
several centimetres to several kilometres and from several seconds to several months, respectively. In the
estuary, several processes involved in krill distribution
have already been documented. One pattern, described by Simard et al. (1986a), is the aggregation of
adult krill at the head of the Laurentian Channel, arising from pumping by the 2-layer estuarine circulation
combined with the organisms’ negative phototactism.
Lavoie et al. (2000) and Cotté & Simard (2005) have
shown that tidal interactions with the bathymetry,
strong upwelling and downwelling, and closed circulation cells are involved in the concentration and retention processes of this dense krill aggregation. Another
pattern is the spatial separation of krill development
stages between the gulf and the lower estuary as a
result of different vertical swimming behaviours and
depth preferenda: epipelagic larval stages are flushed
downstream with the surface outflow (Runge & Simard
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METHODS
Physical model. The zooplankton transport was
simulated with a 3-D hydrodynamic model of the
St. Lawrence system (Saucier et al. 2003; see Fig. 1 for
model domain). The model has a free surface and is
coupled with a sea-ice model. The grid’s horizontal
resolution is 5 km2 and the vertical resolution is 5 m
from the surface to 300 and 10 m in deeper layers.
Owing to the time–space scales of the simulations for
this large-scale system, we will not deal here with
small-scale features such as krill schools and swarms.
Aggregations with horizontal scales of several kilometres and durations of 1 d to several weeks are the focus
of this work. The model computes a fully prognostic
solution for currents, temperature, salinity, turbulent
energy and sea-ice properties with a 5 min time-step.
The atmospheric forcing is represented by nearsurface 6-hourly humidity, winds, air temperature,
radiation and precipitation provided by the operational
CMC/MRB Global Environmental Multiscale (GEM)
model (Côté et al. 1998). The model is also driven by
the tides propagating from the Atlantic Ocean,
observed temperature and salinity at depth through
the open boundaries, and observed daily river runoff
(see Saucier et al. 2003). The physical results were
compared with in situ measurements and adequately
reproduced the seasonal cycle of water mass transformation and circulation. Simulations were carried out
for 1997, 1998 and 1999 using different initial conditions for the physical fields based on observations
made during autumn. The average currents simulated
over an extended period by the model were also represented to make the description of the zooplankton
transport easier to follow (Fig. 2).
Biological model. To focus on the patterns of krill
advection versus vertical migrations, the effects of
growth and mortality rates were ignored in the model.
As a result, the simulated aggregations are ‘accumulations’ or ‘retentions’ if the biomass concentration
within the aggregation either increases or remains stable, respectively (see Franks 1992). To simulate krill
behaviour, a simple model of diel vertical migration,
adapted from Zakardjian et al. (1999), was developed
for euphausiids. The optimal depth (zopt) is calculated
according to the time (t, hours) and the organisms’
average depth ( z2, metres), migration frequency (1/N),
and migration amplitude (Δz, metres,) as
4cos( 2π + t ) ⎤
z opt = z − Δz × tanh ⎡⎢
⎥⎦ + ε
N
⎣

(1)

Because of the relatively high swimming speed of krill
(see below), a dispersion parameter, ε, is introduced to
avoid rapid concentration of the organisms in a single
layer. This parameter could be interpreted as an
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expression of individual variability for the optimal
depth. It is a random number, estimated following a
uniform distribution (ε ∈ [–L/ 2,+L/ 2]) at each time-step
of the biological model, with L (fixed at 20 m) being the
thickness of the optimal depth layer.
Sinking rate was ignored in the estimate of the
maximal krill swimming speed because it is lower
(ca. 2.2 cm s–1; Kils 1981, Cochrane et al. 1994) than
sustained active swimming speeds (ca. 3 to 6 cm s–1;
Hardy & Bainbridge 1954, Tarling et al. 1999, Thomasson et al. 2003), and no energy budget is taken into
account in the model. The maximal swimming speed
was thus fixed at 5.5 cm s–1 (200 m h–1), which corresponds to 1.5 to 3 body lengths s–1 (close to the values
of about 1.5 to 4 for Meganictiphanes norvegica and
Thysanoessa raschi measured in this area; Simard et
al. 1986b). Such swimming speeds make the organisms
independent of fine-scale turbulence, in contrast to
smaller species (Yamazaki & Squires 1996) and also to
vertical currents that have maximal modelled intensities of about 1 cm s–1. The horizontal distribution of
these rapid organisms will thus mainly be controlled
by the horizontal current gradient (Franks 1992). The
swimming activity is computed with the equation
wz = wmax × tanh[α(z–zopt)]

(2)

where α represents the organisms’ sensitivity to removal from their optimal depth and is fixed at 0.05.
Owing to the complex social behaviour of krill aggregations recently observed (Price 1989, Greene et al.
1992, Heywood 1996, Patria & Wiese 2004), we can
also assume that the short-term velocity fluctuations
around wz for a krill aggregation do not contribute to
dispersal but rather to maintenance of the aggregation
against turbulent diffusion. It is therefore difficult to
assume that the nonlinearity of individual krill movements could be simulated by an additional diffusion
term (Visser & Thygesen 2003), as proposed by Wroblewski (1982) and used by Zakardjian et al. (1999) for
copepods. Therefore, no biological diffusion was
added to the model.
To obtain a better understanding of the horizontal
aggregation processes, 3 groups of organisms with different behaviours were simulated. In the first group
(Group 1), the organisms remain in the surface layer
(10 to 30 m, Δz = 0 m and z2 = 20 m) at depths corresponding to the vertical distribution of the first developmental stages of krill (eggs to furcilla; Lacroix 1961).
Group 2 simulates organisms residing only in the deep
layers (130 to 150 m, Δz = 0 m and z2 = 140 m), hereafter
called ‘deep-dwelling krill’. In the main part of the
gulf, these depths correspond to the vertical distribution of Meganictiphanes norvegica adults during the
day (Sameoto 1976, Simard et al. 1986b) and to the
depths of apparently non-migrating copepods (Cala-
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Fig. 2. Average currents simulated by model over extended period (1997 to 2003). Currents integrated over 3 layers and
simulation performed with no break
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nus sp.) in the estuary. Group 3 undergoes diel vertical
migrations between the depths occupied by the first 2
groups (Δz = 80 m and z2 = 60 m). The effect of the ratio
of the time spent in the surface layer (where in principle the krill migrate to feed during the night) to that
spent in the bottom layer during daytime was tested
for values ranging from 1 to 0.4.
Model implementation. The biological model was
coupled with the physical model by introducing the
following field equation for an active Eulerian tracer
that is transported and diffused in the simulated 3D
currents:
∂w zC
∂C
∂ ⎛ ∂C ⎞
+ ∇ (VC ) − K h∇2hC −
= −
K
∂z
∂t
∂z ⎝ ∂z ⎠

(3)

where C is the organism concentration, V is the current
(with 3 components, u, v, w), Kh and K are the horizontal and vertical diffusion coefficients, respectively, and
wz is the vertical swimming speed of the organisms.
The right- and left-hand sides of Eq. (3) are solved
separately in the model. First, to solve the right-hand
side (the evolution of the krill density field due to
vertical swimming) we follow the procedure used by
Andersen & Nival (1991) and Zakardjian et al. (1999).
The right-hand term is integrated using a Euler forward method with a time-step of 1 min, therefore subcycling 5 times at each of the 5 min physical timesteps. This solution is mass conserving and avoids fast
migrations compared to the thickness of the model layers (occurring mainly in the free surface layer that
changes in thickness with tidal oscillation). The advection and diffusion steps (left-hand term) of the biological tracer are computed as for the other tracers (e.g.
salinity, temperature and turbulent kinetic energy)
using a 3D flux-corrected transport scheme (Zalesak
1979). The mass conservation was verified for the
biological tracer at each time-step during the run and
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the precision obtained was the same as for physical
tracers.
Initial conditions. The initial physical and boundary
conditions were obtained from observed data interpolated on the numerical grid (Saucier et al. 2003).
Several initial fields are available for the end of years
1996 to 2003 through the Atlantic Zone Monitoring
Program (Therriault et al. 1998). For the biological conditions, no corresponding observations over the whole
gulf are available, and the scattered data do not allow
reliable interpolation. Thus in order to avoid further
complexity in the simulations, we assumed a uniform
initial concentration of 1 ind. m– 3 between 5 and 10 m
of depth (5 ind. m–2) for the 3 groups in grid cells with
bottom depths greater than 25 m. This concentration is
less than those observed in the known aggregation
regions (Simard et al. 1986a, Lavoie et al. 2000), but
the total cumulated biomass of about 105 tons prescribed this way in the model (with a mean wet weight
of 0.2 g ind.–1; Simard & Lavoie 1999) is on the order of
magnitude of the estimated 4 × 105 to 106 t found in the
estuary and gulf (Runge & Joly 1995). At the boundaries, no organisms were introduced, assuming that
the import of euphausiids is negligible, an assumption
in agreement with several studies considering the Gulf
of St. Lawrence as an exporter of organisms that can
greatly influence euphausiid populations as far as the
Scotian Shelf and Georges Bank (Herman et al. 1991).

RESULTS
Aggregation area
For the 3 simulated years (1997, 1998 and 1999) and
in the first simulation (Group 1), whereby the krill is
forced to remain in the surface layer, the organisms

Fig. 3. Meganictiphanes norvegica and Thysanoessa raschi. Monthly averaged concentration of upper water-column krill group
in (a) February and (b) April 1997. Simulation was started on 8 December 1996 with uniform distribution of 1 ind. m–2 integrated
throughout the water column
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were largely flushed out of the estuary after only 1 to
2 mo (Fig. 3a). This was expected, given the general
estuarine circulation of the system. However, at the
mouth of the estuary, the lateral circulation modes also
become important. In the NW gulf, the nearly permanent large-scale cyclonic Anticosti Gyre (El-Sabh 1976)
and the Gaspé Current are the 2 main features of horizontal circulation (Fig. 2). The Gaspé Current is initiated with freshwater outflow from the estuary, runs
along the south shore, and efficiently displaces a volume flux 100 times higher than the St. Lawrence runoff
toward the southern gulf (El-Sabh 1976, Tang 1980a,
Benoit et al. 1985, Mertz et al. 1988). Thus, the organisms exit mainly via the Gaspé Current. However, the
Gaspé Current also often leaves the coast to partly recirculate through the gyre, and thus some organisms
can remain trapped in the northwestern gulf for up to 6
mo (Fig. 3b). A coastal aggregation near the end of the
Gaspé Peninsula was formed during the winter in the
frontal area between the Gaspé Current and a cyclonic
circulation that was briefly simulated in 1997 in the
northwestern gulf. After a slowdown of the cyclonic
gyre in January and the setup of a stable anticyclonic
circulation in the following month, this aggregation
then moved downstream along the coast before dis-

persing on the Magdalen Shallows following the
general cyclonic circulation of the gulf. Significant
export was observed through Cabot Strait: for each
simulated year, 40% of the initial total biomass was
exported during the first 3 mo and 80% during the
whole year. A large part of the krill larvae that remain
in the surface layers for 2 or 3 mo are thus flushed out of
the gulf. In the NE gulf (near the Strait of Belle-Isle),
exchanges of organisms between the north shore of the
gulf and the west coast of Newfoundland can be
intense under favourable wind conditions.
In the second simulation (Group 2), whereby the
organisms remain in the deep layer, the aggregations
appear closely linked with bathymetry. Under the
effect of the tidal currents oriented towards sloping
bathymetry (see Cotté & Simard 2005), these deepdwelling zooplankton are aggregated on most slopes
at the margin of the basin. This process is the dominant
accumulation mechanism, occurring on short time
scales and generating aggregations after only 1 wk
simulation (Fig. 4a). On longer time scales, the residual
circulation produces several major and year-round
persistent aggregation areas (Fig. 4b–d): the head of
the Laurentian Channel, the Jacques-Cartier Strait,
the Anticosti Gyre, and the north shore near the Strait

Fig. 4. Meganictiphanes norvegica and Thysanoessa raschi. (a) Deep-dwelling krill group concentration on 12 December 1997
and averaged concentrations from (b) January to February, (c) May to June, and (d) July to August. Initial conditions as in Fig. 3
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of Belle-Isle. Significant variations in the intensity of
the aggregation and retention processes are simulated
as results of seasonal circulation changes. For instance,
the aggregations west and east of the Jacques-Cartier
Strait result from 2 mechanisms. The western aggregation was built up during the first 2 mo of the winter of
1997 (Fig. 4b) through an episodic anticyclonic circulation cell in the northwestern gulf. The aggregation
then dispersed and was advected westward during the
following 2 mo (Fig. 4c), when the cyclonic circulation
resumed. On the eastern side of the strait, the organisms were pushed westward along the slope of the
north Anticosti Channel by the inflow of dense
Labrador waters entering through the Strait of BelleIsle. Owing to the deep distribution of the organisms
relative to the strait’s depth and deep-water blocking
from sill hydrodynamics, as described for the head of
the Laurentian Channel (see Lavoie et al. 2000), an
accumulation was created at the head of the north
Anticosti Channel. In the absence of diel vertical
migration of the zooplankton, the aggregation was
then transported SE along the north shore of Anticosti
Island (Fig. 4b). After reaching the Laurentian Channel, the organisms were transported to the NW along
the south coast of Anticosti Island via the deep flow of
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the 2-layer estuarine circulation (Fig. 4c). Significant
exchanges of organisms occur between the 2 sides of
the Laurentian Channel through mesoscale advection
and deep eddies (Fig. 4c,d).
The simulations also highlight the importance of the
Anticosti Gyre on the zooplankton dynamics of the
estuary. Under the effects of both the 2-layer estuarine
circulation of Atlantic and Labrador waters towards
the head of the Laurentian Channel and wind driven
upwelling events along the north shore (Mertz et al.
1991), deep-dwelling organisms are accumulated on
the north shore. They are then trapped inside the
cyclonic gyre in the northwestern gulf. This area represents the main source of the organisms later found in
the St. Lawrence Estuary.
The last persistent aggregation of deep-dwelling krill
is located in the NE gulf and is linked to local bathymetry. The krill are concentrated at the head of the
Esquiman Channel and in a mesoscale basin (Mecatina), from which they cannot escape without moving
over the edges. Other simulated accumulations are
linked to wind-driven upwelling events. For example,
on the west coast of Newfoundland, NE winds produce
upwelling events that generate an aggregation on the
slope (Fig. 4b). However, these aggregations are

Fig. 5. Meganictiphanes norvegica and Thysanoessa raschi. Monthly averaged concentration of vertically migrating krill group
(12 h depth:12 h surface) in (a) February and (b) April 1997, and averaged concentration during periods from (c) May to June and
(d) July to August. Initial conditions as in Fig. 3
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Krill exchange between the lower
estuary and the gulf

Integrated water flow (Sv)

of the simulated fluxes in the other two layers (40 to
shorter-lived than those described above and their
100 m and below 100 m) are subject to seasonal variamaximal simulated concentration is lower.
tions. The fluxes have an upstream direction in the
As expected, the transport of organisms undergoing
intermediate layer (between 40 and 100 m), but the
diel vertical migration (Group 3) is highly dependent
mean is near zero over a period of about a 4 mo during
on the time they spend in the upper water column.
autumn and winter. During this period the surface
Their simulated aggregations are thus less dense and
layer deepens to approximately 100 to 120 m in depth
less persistent than those of organisms remaining in
in the Gulf of St. Lawrence and gradually encomthe deep layer (Fig. 5). However, they are also aggrepasses, and thus renews, the previous year’s summer
gated on slopes, in particular around Jacques-Cartier
cold intermediate layer (CIL). Heat removal, sea-ice
Strait, along the Laurentian Channel, and on the west
formation and strong wind-stress produce high vertical
coast of Newfoundland. Depending on the time spent
diffusion of scalars and momentum through this new
in the surface layers during the night, some organisms
layer, which is in contact with the deep Atlantic waters
also invaded the Magdalen Shallows and the south
of the Laurentian Channel. The circulation is then
coast of the Gaspé Peninsula. An equal time spent in
2-layered, with the thick winter surface layer generally
the surface layer and in the deep layer results in rapid
moving out of the estuary and the deep Atlantic waters
advection of the organisms. Their residence time in the
circulating more intensely through the Laurentian
estuary is around 3 mo, which is close to the value
Channel. In the present simulation, the circulation in
observed for the organisms staying in the surface layer
the deep layer is highly variable, with a mean
(Figs. 3a & 5a). The residence time in the lower estuary
upstream flow of about –0.1 Sv. Several strong inflow
and in the gulf varies only slightly for organisms stayevents are also visible during autumn and winter
ing 6, 10, or 12 h in the surface layers (results not
(–0.4 Sv) in association with high outflow events in the
shown). From the integrated mean current profile at
winter-surface layer. In early spring, freshwater runoff,
the Pointe-des-Monts section (results not shown), the
sea-ice melt, and vernal warming produce a new staratio between the time spent in the deep layer relative
ble surface layer over the estuary and gulf that preto that spent in the surface layer (above 50 m) must be
vents frictional stress from entraining the circulation
around 6:1 to maintain the organisms in the same area,
below. Near 100 m depth, the circulation reverses and
a value close to the estimate of Zakardjian et al. (1999)
new CIL waters move fairly swiftly into the estuary
using a 2D model of the estuary. The simulated verti(see Smith et al. 2006b). During spring and summer, a
cally migrating organisms are thus advected outside
the estuary and no persistent aggregation is formed at the head of the Lau0.4
a
rentian Channel (Fig. 5c). Furthermore,
0.2
the loss through the open boundary at
0
Cabot Strait is also high, reaching 60%
–0.2
of the initial biomass over 1 yr. Very low
outflow
abundance is maintained in the NW
–0.4
0–40 m
inflow
during the summer (Fig. 5d), while the
–0.6
Magdalen Shallows contain dense
0.4
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The residual water fluxes (Fig. 6) in
the Pointe-des-Monts section (see
Fig. 1) computed for 1997 highlight the
seasonality in the deep layer circulation, in agreement with other recent
results (e.g. Smith et al. 2006a,b). The
flux in the surface layers (between 0 to
40 m) is obviously downstream (close to
0.2 Sverdrup, Sv), but, as indicated previously, the direction and the intensity

Fig. 6. Vertically and horizontally integrated residual water-flux series through
Pointe-des-Monts section between estuary and Gulf of St. Lawrence for 1997. Positive values (red) indicate outflow. Tidal components filtered using Godin filters
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forced and drawn into the estuary in response to its
cyclonic circulation pattern whereas currents along the
north shore were directed upstream. The average, simulated, upstream currents in all layers were thus
mainly located on the north side of the estuary, in
agreement with the cyclonic circulation observed in
the estuary (Koutitonsky 1979, Tang 1980a) and
smaller domain simulations (Saucier & Chassé 2000).
However, the N to S variability in the local circulation
at the mouth of the Lower Estuary was associated with
frequent synoptic scale reversals in the deep, intermediate and surface layers (Fig. 8). Such a flow inversion
in deep layers (such as the anticyclonic circulation at
the end of May 1997) was responsible for the poor
recruitment of deep-dwelling zooplankton into the
estuary and resulted in the absence of a seasonal modulation of krill pumping into the estuary. The intense
krill pumping events in the estuary in 1999 resulted
from favourable concentrations of krill on the north
side of the mouth combined with a corresponding
northern inflow. All factors acting on the circulation
mode at the mouth of the Lower Estuary and on the
availability of a source krill-aggregation along the
north shore thus have a strong influence on the recruitment of deep-dwelling zooplankton into the estuary.
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Fig. 7. Meganictiphanes norvegica and Thysanoessa raschi.
Annual series of integrated simulated biomass of deepdwelling krill group in St. Lawrence Estuary for 1997 to 1999.
Simulations were started with same initial conditions on
8 December for all years
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regular upstream flow in the intermediate layer was
simulated (around –0.1 Sv).
In agreement with the simulated water flux in the
deep layers, the total biomass of deep-dwelling krill in
the lower estuary steadily increases over the year for all
years (Fig. 7). The initial total biomass of 8 kt reaches
values between 16 and 30 kt after 1 yr, with the estuarine pumping effect leading to a 2- to 4-fold increase
from the initial biomass. This represents around 30% of
DISCUSSION
the total biomass left in the domain after 1 yr. A 2-fold
interannual variability is also simulated, with the
General patterns
pumping of the organisms towards the head of the Laurentian Channel being most effective in 1999. In conIn accordance with Franks (1992), the high swimtrast to water fluxes, no interannual recurrent increases
ming speeds of organisms allow them to be indepenin the import cycle related to the seasonal fluctuation in
dent of the simulated vertical currents, and their horifreshwater input and vertical stratification appear in
the simulated accumulation series.
Other periods (December, June and Noinflow
outflow
a m s–1
vember 1999; Fig. 7) are characterised
0.5
by a higher inflow of organisms.
0
The absence of a seasonal pattern in
the 1997 simulated biomass accumula–0.5
tion of deep-dwelling krill in the Lower
b m s–1
0.2
Estuary is due to the combination of the
N to S variations in the flow pattern at
0
the mouth of the estuary and the concentration of organisms in the imported
–0.2
c m s–1
waters. This concentration was higher
0.1
in waters originating from the north
shore than in those from the south
0
shore because the zooplankton were
–0.1
previously aggregated along the north
shore of the NW gulf via the tidal interactions with the slopes, the gyre activFig. 8. Cross-channel series of along-channel residual currents for 1997 at
ity, and some wind-driven upwelling
Pointe-des-Monts section located between estuary and Gulf of St. Lawrence
events (e.g. Lacroix 1987) (present
for (a) surface, (b) 60 m, and (c) 130 m. Positive values (red) indicate outflow.
Fig. 4). Parts of this aggregation were
Tidal components filtered using Godin filters
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zontal aggregation is thus controlled by the horizontal
current gradient. As observed in submarine canyons
(Greene et al. 1988, Allen et al. 2001) and at the head
of the estuary (Lavoie et al. 2000), migrating macrozooplankton with high swimming capacities are concentrated on steep bottom slopes throughout the Gulf of
St. Lawrence, primarily due to tidal oscillations (Cotté
& Simard 2005). Our results thus extend the dynamics
already described for the estuary to the entire gulf, in
agreement with studies describing abrupt sloping bottoms as areas of major trophic exchanges in response
to local biomass aggregation, notably for vertically
migrating organisms (see review by Genin 2004).
The model provided evidence that the organisms accumulate in key areas determined by the regional circulation (Jacques-Cartier Strait, around Anticosti Island, and along the north shore in the NW part of the
gulf). These new aggregation areas outside the estuary
revealed by the simulations appear to be stable over
long time scales even though their concentrations are
lower than that at the head of the Laurentian Channel.
As krill is an essential food source for large marine
mammals, the good match between the overall distribution of baleen whales reported in the survey available
for the gulf (Kingsley & Reeves 1998) and the average
distribution of the simulated krill (Fig. 9) is not surprising. We chose to use the distribution of the 3 largest
whale species found in the St. Lawrence Estuary and
Gulf on the basis of their diet or their trophic position.
The diet of the blue whale Balaenoptera musculus is
thought to be essentially made up of krill (Schoenherr

1991, Fiedler et al. 1998), and the trophic levels of the
finback and humpback whales Balaenoptera physalus
and Megaptera novaeangliae in the St. Lawrence system are very low (Borobia et al. 1995), indicating a high
contribution of zooplankton such as krill in their diet.
The good match between krill aggregations and the period when whales move into the gulf to restore their
lipid reserves (Borobia et al. 1995) supports the accuracy of the krill aggregation dynamics simulated by the
model. Moreover, the existence of such aggregations is
largely confirmed by acoustic surveys in the gulf
(Sameoto 1976, Simard unpubl. data). Such prey/
predator mesoscale co-distributions have been observed in the St. Lawrence Estuary (Simard & Lavoie
1999) and other blue whale feeding areas (Croll et al.
1998, 2005, Fiedler et al. 1998), indicating that krill accumulation dynamics is the key factor. Moreover, since
the whale observations are from different years (1995
and 1996) than the simulation results (1997), this indicates a certain degree of stability in the aggregation
processes and spatial distribution between years, as
shown by the simulations for the 3 yr.
Krill population dynamics were not included in this
study because this would have required several additions to the model and the data were insufficient for
proper implementation and validation. Nevertheless, the
3 yr of simulated results showed that estuarine krill
pumping intensity and the circulation mode at the
mouth of the estuary can generate fluctuations of a factor of 2 for the total krill biomass in the Lower Estuary.
Over shorter time and space scales, larger fluctuations
would be expected, such as those observed by Simard & Lavoie (1999) near
the head of the Laurentian Channel.

Sensitivity to biological parameters

Fig. 9. Comparison between summer distribution of large whale species in the
Gulf (solid white circles) from the only systematic survey made (1995 and 1996
aerial survey by Kingsley & Reeves 1998) and averaged simulated abundance
of zooplankton during July and August 1997. Whale species comprise blue, fin,
and humpback (see Kingsley & Reeves 1998 for more details)

The differences between the simulated distribution patterns for the deepdwelling and the vertically migrating
organisms clearly show the sensitivity
of the results to the vertical migration
model. This involves the residence time
and mean depth in the surface layer
(below or above the thermocline) and
the seasonal cycle of vertical migration.
Thysanoessa raschi and Meganictiphanes norvegica are able to adapt
their vertical distribution patterns
according to their physiological condition and to environmental factors such
as temperature, food concentration, in
situ light levels or predators (Zelikman
et al. 1978, 1979, Fischer & Visbeck
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1993, Buchholz et al. 1995, Bergström & Strömberg
1997, Onsrud & Kaartvedt 1998, Pearre 2003, Tarling
2003). Although krill cross the thermocline (Simard et
al. 1986b), their particular location in relation to this
boundary (and particularly the exact duration of their
stay above it, where mean currents are stronger and
outflowing) are not well known and have not been
considered in any model. Fine-scale, nocturnal, vertical migration appears to be a key factor that interacts
with several tidal and seasonal processes and strongly
affects aggregation/dispersion patterns, and could
explain the lack of retention of vertically migrating
organisms in the estuary. A synergy for retention could
also exist in the vicinity of the upwelling areas, where
new primary production should occur. Krill would first
be aggregated in deep layers during the day against
the shelf slope and, by spending less time feeding in
these productive and concentrated food areas, subsequently be less exposed to surface currents during the
night. Such processes could explain the significant
positive correlation reported by Sameoto (1976)
between euphausiid abundance and chlorophyll a concentrations in the gulf.
The in situ light level (Simard et al. 1986b, Tarling
et al. 1999), which is affected by day lenght, phytoplankton (Kaartvedt et al. 1996), river input of terrigenous material and sea-ice cover, is another source of
seasonal control that was ignored. Sea-ice covers
more than 50% of the gulf surface during several
months (e.g. Saucier et al. 2003, Pellerin et al. 2004).
A simple light-level model controlling the mean depth
of krill would concentrate the organisms in the upper
layers during the 3 winter months, and 50% of the
krill would thus be lost from the estuary and gulf during the winter months without any return during
spring. This stresses the importance of investigating
the existence of an endogenous, seasonal, vertical
migration rhythm in this system. In addition, the physical processes reducing sea-ice formation (tidal and
wind driven upwellings and the 2-layer estuarine circulation; Saucier et al. 2003) are also largely responsible for krill aggregation. Interannual variability in
sea-ice cover (and hence in light penetration) could
affect krill aggregation through a higher export in
years with denser sea-ice cover. Taking into account
light level effects requires numerous biological
assumptions and validation data. Since these data are
lacking, the biological model must remain simple.
However, we did explore the effect of day length on
the distribution dynamics. Residence times of 10 and 6
h in the surface layer (0 to 30 m), corresponding to the
length of the spring and summer daylight periods,
slightly changed the aggregation patterns (results not
shown), but also resulted in a lack of retention in the
estuary in contrast with all field observations, which
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again stresses the critical importance of nocturnal vertical distribution. The deep-dwelling organisms are
adequately represented by overwintering macrozooplankton such as large calanoid copepods, which
have well-known overwintering periods at depth in
high latitudes, and also by krill remaining in deep layers during the sea-ice period, or vertically migrating
with very short individual residence times above the
thermocline, as suggested by Simard et al. (1986b).
This assumption of krill behaviour appears to be necessary to validate the ‘estuarine pumping system’ as
an effective mechanism for accumulating and maintaining the krill population at the head of the Laurentian Channel.

Sensitivity to physical model
The low spatial resolution of the model relative to
the size of the estuary resulted in insufficient mixing
at the head of the Laurentian Channel and difficulties
in balancing the salt and temperature budget in the
estuary. This problem was solved by increasing the
horizontal eddy viscosity and diffusivity coefficients
(Kh) in the estuary. The simulated surface salinity and
temperature thus fit better with the weekly observations in the surface layer. This correction generates
fast exchanges from the north to the south side of the
estuary, especially in the surface layers where currents are highest. It also blunts the upstream flow
close to the north shore of the estuary, which is well
defined in a higher resolution model of the estuary by
Saucier & Chassé (2000). A higher resolution model
now needs to be implemented to test the importance
of small-scale processes in the residence time of
organisms in the estuary. Sensitivity tests of the crosschannel gradient current and of the deep-water
inflow period to the horizontal eddy viscosity and diffusivity coefficients (Kh) were conducted by applying
the gulf values over the entire model domain. The
current intensity at the mouth of the estuary obviously
increased, but the rate of changes in the circulation
modes and the laterally integrated water inflow in the
estuary remained stable.

Krill and deep-dwelling macrozooplankton
exchanges between estuary and gulf
The simulated dynamics near the mouth of the estuary highlight the high variability of the current system
over a wide range of time scales. The spatial extent
and the persistence of the small anticyclonic gyre
observed by Tang (1980a) below the surface waters
near the mouth of the estuary in September appear
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small. The N–S cross-channel current described by
Tang (1980a) in the surface waters could result from a
short period of outflow along the north shore in the
Pointe-des-Monts section. Our simulations and previous observations of gulf inflow in the surface waters
indicate that this circulation mode seems temporary
(Koutitonsky 1979, Gratton et al. 1988). All factors acting on the pumping of water towards the head of the
Laurentian Channel and the circulation mode at the
mouth of the estuary influence krill exchanges
between the estuary and the gulf and generate variability in total krill biomass within the estuary. The stability of the Gaspé Current (Mertz & El-Sabh 1988), the
wind conditions on the north shore off the Pointe-desMonts section (Lacroix 1987), the intensity of the freshwater discharge (Tang 1980b, Koutitonsky & Bugden
1991), neap and spring tides, and the intensity of the
Anticosti Gyre are thus the most important factors
involved in regulating zooplankton exchange. Dense
concentrations pumped towards the head of the Laurentian Channel should then persist there under the
combined action of additional tidal concentration processes and recirculation (Lavoie et al. 2000, Cotté &
Simard 2005).
Overall, trends emerge for deep-dwelling organisms inhabiting the CIL, deep-dwelling organisms
staying below the CIL, and organisms vertically
migrating between one of these layers and the surface layer. For the deep-dwelling groups, the pumping towards the head of the Laurentian Channel and
the circulation mode at the mouth control the efficiency of zooplankton accumulation in the estuary.
The accumulation of the group confined in the CIL
should be more stable, since the water flow within
the CIL is upstream most of the time (Fig. 6b) and is
less variable than in the deeper Atlantic waters. The
accumulation of organisms remaining below the CIL
should be highest from the end of the summer to the
beginning of the spring, before stratification is established. During the rest of the year, the strong cyclonic
circulation into the estuary could generate a krill
import in the estuary and at the head of the Laurentian Channel. Finally, for migrating organisms that do
not avoid the fast-moving surface layers, the ‘estuarine pumping system’ is not able to explain an aggregation at the head of the Laurentian Channel. The
existence of a strong cyclonic circulation in the estuary and small-scale processes related to the bathymetry, tides and winds appear to be the most important
factors explaining the import of vertically migrating
organisms.
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