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ABSTRACT: Hydroacoustics (38 and 120 kHz) was used to estimate the abundance and 3-dimensional
distribution of krill and small pelagic fishes at the downstream end of Ile Rouge Bank (St. Lawrence
Estuary) over the semidiurnal tidal cycle in July 2002. During the flood, upwelling and strong tidal
currents (>1 m s–1) forced the krill to aggregate in a patch against the slope of the bank and the mouth
of the South Channel. This rich krill patch was then advected in the Laurentian Channel during the
ebb. The mean krill density changed from 4 g m– 3 in the neighbouring scattering layer of the Laurentian Channel to 500 g m– 3 in the shoaling zone where the patch formed. This aggregation is ascribed
to the interaction between the semidiurnal tidal currents, the local topography, and the negative
phototactism of krill. The krill scattering layer was composed of Thysanoessa raschi and Meganyctiphanes norvegica. Its upper limit was at a depth corresponding to a light level of 3.1 × 10–1 to
1.2 × 10– 3 µW cm–2 nm–1 which varied with the turbidity gradient and chlorophyll a concentration.
The upper krill scattering layer at this light level was observed to swim down with a mean speed of
5 cm s–1 (maximum 13 cm s–1). The recurrent and tidally predictable availability of rich krill patches
makes this part of Ile Rouge bank a highly attractive area for predators such as small pelagic fishes
and whales, the latter of which forage on both types of prey during the flood tide.
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Zooplankton aggregations, from various origins and
time–space scales, are structures that contribute significantly to energy transfer towards higher trophic
levels. They constitute important food sources for a
large variety of predators such as fishes (Genin et al.
1988, Giske et al. 1990, Kaartvedt et al. 1996, Mackas
et al. 1997), rorquals (Simard & Lavoie 1999) and
seabirds (Coyle et al. 1992), and they are an important
carbon flux mediator. A trophic network of this kind is
found in the Lower St. Lawrence Estuary in summer.
How exactly these zooplankton aggregations form
is, however, poorly understood. This paper seeks to
explain how zooplankton is concentrated in a whale

feeding hot spot in the Saguenay–St. Lawrence Marine
Park.
Simard & Lavoie (1999) found that the head of the
Laurentian Channel (LC) was the site of the richest
krill aggregation yet documented for the NW Atlantic. The mechanisms responsible for the generation of the aggregation act on a large range of scales,
from metres to hundreds of kilometres and minutes
to years (euphausiid life cycle), and involve dynamic
processes linked to local topography (Lavoie et al.
2000). Local aggregations are attributed to smallscale processes which often originate at sites of topographic change. The interaction of vertical migration
with bathymetric features such as canyons (Pereyra
et al. 1969, Greene et al. 1988), banks (Genin et al.
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1994) or continental slopes (Simard & Mackas 1989,
Robinson & Gómez-Gutiérrez 1998) often results in
zooplankton aggregations. In the main krill aggregation at the head of the LC, local rich patches controlled by the combined effects of tidal currents,
topography and krill negative phototactism are found
(Lavoie et al. 2000). The negative phototactism of
krill and zooplankton is well-known, and variations
in light intensity are the ‘primarily causal factor’
responsible for the initiation and maintenance of
vertical movement (Ringelberg 1995).
Light is an essential factor for the vertical distribution of krill at the head of LC, especially under tidal
upwelling conditions (Simard et al. 1986). The ‘barrier isolume’ is a threshold light intensity initiating
an avoidance reaction by the organism (Boden &
Kampa 1967, Kampa 1975, Simard et al. 1986, Forward 1988, Gal et al. 1998). This isolume becomes a
physical barrier at which euphausiids accumulate
(Simard et al. 1986, Forward 1988). Change in
underwater light condition affecting this isolume
could trigger a variation in the vertical distribution of
krill (Kaartvedt et al. 1996).

The size and persistence of the krill aggregation at
the head of LC makes this area a particularly attractive
site for several species of rorquals from the Atlantic
during summer, in their seasonal search for food. The
downstream end of the Ile Rouge Bank (see Fig. 1) is
1 of the 3 zones used most intensively by rorquals
observed by the whale-watching fleet operating in the
Saguenay–St. Lawrence Marine Park (Michaud et al.
1997). This zone is the focus of the present study, the
objective of which was to investigate the process of
local aggregation formation. The study seeks to test
the hypothesis formulated by Lavoie et al. (2000),
whereby the combined effects of the semidiurnal tidal
currents with the bank topography and the negative
phototactism of krill locally concentrate krill in rich
patches.

MATERIALS AND METHODS
Sampling. The study area is located on the southern
border of the head of the LC (Fig. 1). It includes the
downstream end of Ile Rouge Bank and the South

Fig. 1. Study area at head of Laurentian Channel (LC), lower St. Lawrence Estuary, showing acoustic transects and locations
of CTD and light transmission profiles, Bongo net tows and pelagic trawl set stations. Sa: South Channel sill
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Channel (SC) mouth. The sampling was carried out on
20, 22 and 23 July 2002, aboard the CCGS FG ‘Creed’,
a 20 m small waterplane area twin hull vessel (SWATH),
and the CCGS ‘Calanus II’, a 20 m trawler. A crenellated transect on the bank and a longitudinal transect
in SC (Fig. 1, inset) were surveyed at 5 to 6 knots 3
times over the semidiurnal tidal cycle on both 20 and
22 July for acoustical estimation of krill biomass distribution. The survey of the grid took about 2 h 30 min.
The survey was conducted during daytime only, where
krill scattering layers (SL) were at their daytime depth
and well separated from epipelagic fishes. Conductivity, temperature (CTD, Sea-Bird Electronics, SBE Seacat 19) and light transmission (Sea Tech, 25 cm path
transmissiometer) profiles were obtained at 4 stations
(ringed crosses, inset, Fig. 1). We took 3 additional
CTD profiles in association with vertical Bongo net
tows on 20 July. Surface water (2.5 m) was pumped to
an on-board CTD equipped with an in situ fluorimeter
(Sea-Bird Electronics) to estimate the chlorophyll a
concentration at 5 s intervals along transect. An
acoustic Doppler current profiler (ADCP, RDI WH Sentinelle, 300 kHz) was used to record current flow from
5 to ~150 m in 2 m vertical and 4 ping (10 to 12 s) horizontal resolution. NOAA-12 and NOAA-16 satellite
estimates of sea-surface temperature were obtained
from the remote-sensing laboratory of the Maurice
Lamontagne Institute (Fisheries & Oceans Canada,
Mont-Joli, Quebec).
The acoustic system was SIMRAD EK60, with 3 hullmounted split-beam transducers operating at 200 kHz
(3°), 120 kHz (3°) and 38 kHz (7°). The ping repetition
rate was 1 s–1, which gives a resolution of about 3 m
horizontally at the survey speed. The depth was
corrected in real time for the heave through a vessel
attitude system (POSMV) providing heave, pitch and
roll measurements. Position was obained from the
ship’s differential global positioning system (DGPS).
The acoustic system was calibrated with the standard
sphere method for each frequency (Foote et al. 1987).
Ground-truthing samples were collected with a smallmesh (5 mm codend) pelagic trawl (Fipec) and a Bongo
net (333 µm mesh). The trawl was monitored with
Scanmar netsondes CGM4-SRU-01 (Scanmar AS). The
catch was weighted and a random subsample of 250
fishes was measured on board and frozen for laboratory analysis of stomach content. When the catch was
composed of zooplankton (krill), a subsample was
immediately frozen for laboratory analysis. The Bongo
net (stations shown in Fig. 1) was equipped with a
flowmeter and a CTD. The total length of euphausiids
was measured in the laboratory to the nearest 1 mm.
The fish stomach-fullness index (Marchand et al. 1999)
was determined for 40 individuals. Stomach content
was identified for 20 individuals.

Data analysis. Surface temperature, salinity and
chlorophyll a fluorescence concentration maps were
computed by ordinary kriging (Chiles & Delfiner 1999)
with a linear variogram without nugget parameter
using Surfer (Version 8, Golden Software). The neighbouring search ellipse was elongated along the channel axis to take into account the anisotropy indicated
by the surface-temperature satellite map. The irradiance (I ) profile was computed according to Arst et al.
(1997) as
I = I 0 e(– 0.25 K )
c = −

ln(t )
0.25

(1)

K = 1.168 (a2 + 0.162ab )
where I0 is the incident surface irradiance, K is the irradiance attenuation coefficient, and c is the beam attenuation coefficient, 0.25 m is the transmission path length,
b is the diffusion coefficient (equal to 0.8c × 0.93 for
turbid waters), t is the light transmission (%) and a is
the absorption coefficient (a = c – b). Surface irradiance
was obtained from a PAR photometer (Biospherical
Institute) from a nearby oceanographic buoy (IML-4,
Fisheries and Oceans Canada, Mont-Joli, Québec).
We analysed 3-dimensional (3D) ADCP currents using
the bottom as reference. Means were computed for
horizontal windows along transect segments.
The Simrad EK60 raw data were converted to HAC
standard format (Simard et al. 1997) via CH1 (Simard
et al. 1998) and analysed with the echo integration and
editing software CH2 (Simard et al. 2000). The echo
integration (MacLennan & Simmonds 1992) was carried out using 120 kHz backscatter on 2 m vertical and
50 m horizontal (~15 pings) bins. Because the large
majority of the echoes were from krill, the rare fish
schools were not excluded from the echo integration,
since their contribution to the total backscatter was
negligible. The conversion to biomass unit was done as
in Simard & Lavoie (1999):
—–
—–
–
TS = TS – 10 logw
w

where w =

N

∑ ∑ fiLj wd mi (Lij )k
i

i

is the mean weight

Lj

in g of the 2 krill species (i) caught, computed from
the length class (Lj in mm) and the dry weight
(mi (Lij )ki), mi and ki are respectively 7.17 × 10– 7
and 3.17 for Thysanoessa raschi and 2.9 × 10– 7 and
3.50 for Meganyctiphanes norvegica, wd is the dry to
wet weight conversion factor, equal to 5, fiLj the proportion of length class Lj of Species i in the combined length-frequency distribution of the 2 species.
—–
The average target strength is TSN = 10 log(σ–bs), where
–
q N +rN log Lij ) / 10]
(
[
σbs = ∑ ∑ fiLj 10
and qN and rN are respeci

Lj
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tively –127.45 and 34.85 (Green et al. 1991). The con—–
version factor, TSW, was estimated to be –69.1 dB g–1,
which is less than 0.1 dB lower than the conversion factor of Simard & Lavoie (1999), which was applied here
to get the biomass per m3 (B) from the measured volume backscattering coefficient (sv):

of 3 km along the LC (to include more than 1 transect)
and 0.75 km across the LC (in proportion to the anisotropy). The total biomass was obtained by multiplying the average biomass for the grid by the estimation
area of 25 km2.

sv
10(TSw /10)

B =

RESULTS

This was integrated vertically, from 5 m to the bottom, to get the biomass per m2 (Bz) along the transects.
A map was computed for each visit of the transects
with ordinary kriging on a 100 m mesh grid. A spherical model was used for the variogram, taking into
account a zonal anysotropy in the LC direction (45°).
The search was made by quadrant for an ellipse radius

Vertical temperature, salinity and light conditions
The temperature and salinity profiles in Fig. 2 display the 3 layers typical of the water column at the
head of the LC during summer. Higher temperatures
(2 to 14°C) and low salinities (25 to 30) characterise the
surface layer (< 30 m), above a well-defined thermo-
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Fig. 2. Temperature, salinity, light transmission and light intensity profiles in study area at stations in Fig. 1. Note different
ordinate scale for light intensity
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halocline. The underlying layer is a cold intermediate
layer (CIL), delimited by the 2°C isotherms and with a
salinity of 30 to 33. This water mass is located between
30 and ~120 m, but its thickness varies with tide and
location. The deeper layer is warmer and saltier (> 33).
The light transmission and corresponding estimated
light intensity was higher in the deep LC than in the
SC (Figs. 1 & 2), which gave different average attenuation coefficients (Table 1). These LC profiles also
exhibited an attenuation peak at the pycnocline and a
higher light transmission at the surface.

100 m layer. From HW + 1:30 h to 2 h before low water
(LW), currents reversed completely for the deep LC
waters, but there was no reversal in the upper water
column, especially in the SC (Fig. 4c,d). Complete
reversal was attained at LW (Fig. 4e,f), when the 0 to
100 m currents were directed towards the LC and the
deep currents ran downstream along the bank at a relatively high speed (0.5 m s–1). SC surface currents were
strong (>1 m s–1) and began to turn upstream at the SC
mouth, as noted by Lavoie et al. (2000) for this tidal
phase.

Surface temperature and salinity conditions

3D krill structure

The satellite images of surface temperature indicated that the study area was located at the margin of
2 water masses: cold upwelled waters flushing out
along the southern coast of the estuary, and warmer
waters covering the LC (Fig. 3a). This corresponded
closely to measurements at this time at high water
(HW) by the FG ‘Creed’ (Fig. 3b to d). During ebbtide,
the warm LC surface waters retreated downstream
and the upwelled cold waters invaded the surveyed
area (Fig. 3e to j). This was accompanied by an increase in surface fluorescence, especially at the interface of the 2 water masses (Fig. 3d,g,j). Temperature
versus salinity graphs (not shown) showed high chlorophyll a concentrations in waters with intermediate
temperature and high salinity, corresponding to
warmed upwelled waters. The low chlorophyll a concentrations found in the SC sill area corresponded to
cold, recently upwelled waters.

From HW – 1 h to HW + 1.5 h, the krill in the LC were
distributed in a thick layer between 100 and 150 m
with an average density of 4 g m– 3 (Fig. 5a). A thin and
less dense layer, at depths of 50 to 70 m, was also present (Fig. 5a, arrows). On the edge of the bank, the
scattering layer was constrained by the topography
and formed a high-density thin layer against the slope
and top of the bank, and the SC mouth. The density of
this thin layer varied between 50 and 100 g m– 3 and
reached 500 g m– 3 in some areas. This aggregation was
occasionally accompanied by fish schools. The vertically integrated biomass revealed a patch (> 300 g m–2)
elongated against the 100 m bathymetric contour. This
was lower (<100 g m–2) in the shallow area of the bank
and SC. From HW + 1.5 h to LW – 2 h, the areal biomass was generally lower and high densities were
only present in LC and at the SC mouth (Fig. 5b). After
LW – 2 h, the dense thin layers in shallow areas disappeared, the krill layer in LC became diffuse (75 to
175 m depth), and the richest areal densities were
found offshore with some dense patches (~25 g m– 3).
The thin and weak layer around 50 m was still present.
Around LW, the upper limit of the krill scattering layer
was up to 18 m shallower than at HW + 3 h in the downstream part of the surveyed area (Table 1, Fig. 5c).
The total biomass for the 25 km2 of the estimated
area varied between 5875 and 2140 t over the 6 visits
of 20 and 22 July. On 20 July, the biomass peaked at
HW and decreased by a factor of 2 during the ebb. On
22 July, the peak biomass was 2.5 times lower than on
20 July. It was maximum after HW (HW + 0.5 to 2 h),
rather than exactly at HW.
The thin and weak krill scattering layer between 32
and 50 m corresponded exactly with a layer with negative vertical speeds as measured by the ADCP (Fig. 5:
vertical current profiles). The speeds averaged ca.
–5 cm s–1 and could reach –13 cm s–1. This layer was
mainly concentrated in the LC and the SC mouth, and
its speed decreased over the bank and the SC sill (for
details see Cotté 2004).

3D currents structure
From 2 h before HW to HW, currents in the upper
100 m were 0.5 to 1 m s–1, directed towards and over
the bank, while the deep currents were about 0.2 m s–1
and ran upstream along the bank (Fig. 4a,b). At the SC
sill, the forced currents exceeded 1 m s–1 in the 50 to
Table 1. Depth of upper limit of krill (Thysanoessa raschi
and Meganyctiphanes norvegica) scattering layer (0.5 g m– 3),
average attenuation coefficient Km (for upper 50 m), and
corresponding estimated light intensity
Tidal phase

Depth (m)

Km (m–1)

Light intensity
(µW cm2 nm–1)

HW + 3 h
LW – 1 h
LW – 0:30 h
LW
LW + 1:30 h

50
34
32
37
40

0.32
0.34
0.40
0.41
0.39

8.7 × 10– 3
3.1 × 10–1
2.4 × 10– 3
5.3 × 10– 3
1.2 × 10– 3
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Fig. 3. NOAA thermal satellite image of head of Laurentian Channel on 20 July, 12:51 h US Eastern Daylight Time (EDT) at high
water, indicating (a) study area, (b, e, h) surface temperature (°C), (c, f, i) salinity and (d, g, j) fluorescence (relative units) from 10:46 h
(b–d) to 17:57 h (h–j); blue arrow at beginning of track (black line) indicates survey direction. HW: high water; LW: low water
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The upper limit of the krill layer in the area
varied from 32 to 50 m and corresponded to a narrow
range of light intensities, from 3.1 10–1 to 1.2 10– 3 µW
cm–2 nm–1 (Table 1). In the shallow area, the high light
attenuation in surface water (Fig. 2) accompanied the
shallower upper limit of the krill scattering layer.

Zooplankton and small pelagic fish analysis
As in the previous studies at the head of the LC
(Simard & Lavoie 1999, Simard et al. 2002), the zooplankton biomass was largely dominated by euphausiids, with length–frequency distributions corresponding to only 2 yr old individuals (Berkes 1976) for the 2
species Thysanoessa raschi (mode at ~26 mm) and
Meganyctiphanes norvegica (mode at ~33 mm) (for
further details see Cotté 2004). The majority of the
fishes caught were 2+ capelin Mallotus villosus (Bailey
et al. 1977). Capelin stomach contents showed a predominance of copepods (mainly Calanus finmarchicus)
and (in lower abundance) the 2 euphausiids species.
The capelin stomach fullness index and the average
occurrence of euphausiids in the stomach contents
were higher at the end of the flood tide (for details see
Cotté 2004).

DISCUSSION
Krill aggregation and patchiness
The krill biomass in the study area was generally high
and patchy, with intermittent dense concentrations, similar to those previously reported for the St. Lawrence Estuary (Simard & Lavoie 1999) or the rich krill aggregations of the Antarctic (Hewitt & Demer 1993).
Occasionally values exceeded 600 g m–2 or 500 g m– 3.
This krill concentration hot spot corresponds to the fringe
of the main aggregation core located off Les Escoumins–Cap de Bon Désir (Simard & Lavoie 1999).
Rorquals use this area intensively, as testified by the activity of the whale-watching fleet there (Michaud et al.
1997) and tracking of a tagged fin whale in the area during flood tide (Fig. 3b1 in Simard et al. 2002).
The decrease of biomass from 20 to 22 July was
probably related to the retreat of the main aggregation
core downstream. The tidal displacement of the richest
part of the aggregation did not reach the Ile Rouge
Bank and SC entrance during this period.
The krill aggregation at the downstream end of the
Ile Rouge Bank was caused by the interaction of tidal
currents with the topography. The 3D current structure
observed corresponds closely to that obtained from a
high-resolution 3D circulation model of the area by
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Saucier & Chassé (2000) and hourly prediction of
currents by Lavoie et al. (2000). During flood tide, the
LC krill aggregation is pushed towards the bank and the
SC entrance by tidal currents, when particular hydrodynamic conditions divert them towards the SC (Lavoie
et al. 2000). This results in krill ‘piling-up’ against the
bank. The upwelling raises and compresses the krill
scattering layer vertically. Thin and very dense krill
layers are then formed close to the bottom at the slope of
the bank and behind the SC sill, which results in an elongated rich patch along the 100 m contour. The currents
then reverse during ebb tides and the aggregation built
up on the shallow area during flood is flushed towards
the LC, where currents shear vertically and flow is downstream at depth. The scattering layer becomes more diffuse, but still contains dense patches. This interaction of
currents with sloping topography has been observed
elsewhere in several coastal upwelling areas (Simard et
al. 1986, Simard & Mackas 1989, Mackas et al. 1997) and
appears to be a fundamental component of the concentration process at the head of the LC (Lavoie et al. 2000),
and probably elsewhere in the St. Lawrence system.
This recurrent ‘piling-up’ of krill against Ile Rouge
Bank and the SC entrance during flood tide, and its
subsequent flushing during ebb tide, contributes significantly to small-scale krill patchiness in the larger
aggregation at the head of the LC. The highest densities
can reach 500 g m– 3, or about 4500 Thysanoessa raschi or
1500 Meganyctiphanes norvegica m– 3. The few hundred
metres-wide, dense patches are preserved during flushing by the ebb tide, and may persist for a few hours to
days (Genin et al. 1994). Such patches observed in the
krill scattering layers of the Gulf of St. Lawrence were
attributed to concentrations during diel vertical migration in the surface layer at night (Sameoto 1983). This
hypothesis does not explain horizontal patchiness. The
concentration process we observed at the downstream
end of the Ile Rouge Bank shows that patch creation
proceeds in a different way and involves interaction of
currents with topography (Simard et al. 1986, Simard &
Mackas 1989, Genin et al. 1994). Tracking of this process
over a semidiurnal tidal cycle reveals the formation of
these patches, the origins of which often remain unknown (Haury et al. 1978, Hamner 1988). The dynamics
of this patchiness was probably the source of the more
patchy distribution of krill we observed on 22 July
compared to 20 July.

Depth-maintenance and negative phototactism of krill
Physical processes are not sufficient to explain the observed variation in aggregation. The reaction of krill to
underwater light levels is also a probable key factor
(as proposed by Lavoie et al. 2000), since it controls
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Fig. 4. Three-dimensional structure of currents along transects from acoustic Doppler current profiler (ADCP) on (a,b) 20 July at
HW – 1 h to HW + 1:30 h, (c,d) 2 h later, and (e,f) 2 h before LW to LW. a,c,e: perspective view; b,d,f: plan view

Cotté & Simard: Formation of krill patchiness
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Fig. 5. Thysanoessa raschi and Meganyctiphanes norvegica. (A–C) Three-dimensional structure of krill biomass m– 3 (volume backscattering strength, Sv [dB re 1 m–1]) , map of biomass m–2 integrated over water column at different phases of tide, and profiles of average
vertical currents (cm s–1) from ADCP at locations arrowed A–E. Blue arrow at beginning of track indicates survey direction. Graphs A–E:
y-axis is depth (m) and x-axis is vertical speed in cm s–1
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the vertical distribution of euphausiids. The upper
light –level limit of the krill scattering layer was found
between 3.1 × 10–1 and 1.2 × 10– 3 µW cm–2 nm–1. This
is slightly higher than the range of in situ light
intensity observed for Meganyctiphanes norvegica (10– 4
to 10– 5 µW cm–2 nm–1, Boden & Kampa 1967, Kampa
1976, Onsrud & Kaartvedt 1998). However, a scattering
layer tracked during a solar eclipse followed an isolume
of 2 × 10–1 µW cm–2 nm–1 (Kampa 1975), and Sameoto
(1980) observed a light intensity of 10–2 to 10– 4 µW cm–2
nm–1 for a multispecies krill scattering layer in the Gulf of
St. Lawrence. The light intensities measured at the top of
the scattering layer in the present study were for a different species, Thysanoessa raschi, which is smaller and
lives higher in the water column than M. norvegica
(Simard et al. 1986), as corroborated by the catches and
the higher backscattering at 120 kHz compared to
38 kHz of the upper scattering layers (Chu et al. 1993).
The depth of this light –level limit was found to vary as a
function of area as well as upper limit of the scattering
layer, probably because of the turbidity gradient and the
shadowing effect of the phytoplankton patches, as described by Kaartvedt et al. (1996) for the ascent of
the krill scattering layer when encountering a front.
An intriguing scattering layer with negative vertical
speed was observed at a depth of about 45 m on 20 July.
This layer is unlikely to be the result of a physical process
alone. No density anomaly or related current shear were
observed in the water profiles at that depth. The vertical
speed did not present a gradient, but a sharp peak corresponding to the scattering layer. This plunging layer did
not correspond to the strong, high-frequency internal
wave which propagates in the area at the end of the ebb
tide (Lavoie et al. 2000, Saucier & Chassé 2000), since
this affects the whole water column and not just a single
layer. According to its depth, this scattering layer was
probably composed of Thysanoessa raschi. The observed
vertical speed averaged 5 cm s–1, which is larger than the
sinking speeds of euphausiids (Kils 1981) but close to the
sustained swimming speed reported for Meganyctiphanes norvegica (Buchholz et al. 1995, Liljebladh &
Thomasson 2001) and slightly lower than burst speeds
over 2 min (Hardy & Bainbridge 1954). Higher speeds,
closer to our observed maximum, have been noted for M.
norvegica (Tarling et al. 2001) that can reach 15 cm s–1
(Kils 1981). These values correspond to 4 body lengths
s–1, which would give about 12 cm s–1 for T. raschi. The
possible explanation is that a T. raschi scattering layer is
pushed towards its isolume barrier (Boden & Kampa
1967, Kampa 1971, 1976) and strongly reacts by swimming downwards, and this is detected by the ADCP.
However, at the observed swimming speed, the layer
would reach the bottom (200 m) in less than 1 h; the
reason for the persistence of this layer over a longer
part of the tidal cycle could be that the organisms

stop swimming downwards and reduce their energy
expense when they reach a comfortable light level, are
then borne back upwards by upwelling current, and
then again swim downwards. Similar downwards
swimming behaviour may also result from advection
over deeper waters of krill concentrations trapped over
shallows during the previous part of the tidal cycle.

Prey aggregations and availability to predators
The negative phototactism of krill results from visual
predator avoidance (Zaret & Suffern 1976, Gliwicz
1986). Fish schools are common close to krill aggregations (Genin et al. 1988, Giske et al. 1990, Mackas et al.
1997, Robinson et al. 1998). Although fish schools were
rare in the study area during the survey, previous studies showed that capelin are frequently present in the
upper water column at the head of the LC (Simard et
al. 2002). The few fish schools observed in this study
were located above the scattering layer, but also at
depth close to the shoaling aggregation during flood
tide, as also reported by Simard et al. (2002). Capelin
stomach contents show that they feed on krill and
copepods (as described by Vesin & Leggett 1981),
especially at the end of the flood tide (also noted by
Ménard 1998), when dense concentrations are found
at shallow depths. These tidal dynamics differ from
those during the usual period of twilight predation
often found in other environments (e.g. Clark & Levy
1988). In the LC, the tide ‘sets the table’. This is also
true for larger predators such as whales, which come to
feed on these predictable local tidal aggregations at
the end of the flood tide (Michaud & Giard 1997), when
they can harvest dense concentrations of both krill and
capelin efficiently with minimum effort. These rich
patches persist for at least a few hours, after being
flushed to the LC, where they are still attractive to
feeding whales. The advantage of such aggregations
for the negatively phototactic krill is not evident, since
aggregated krill are more attractive to bulk-feeding
predators such as baleen whales. The concentration of
prey into smaller areas may limit encounters with random searching predators on small- to meso-scales, but
is unlikely to be very advantageous, since predators
have developed strategies to find such feeding hot
spots. The advantage of avoiding visual predators by
negative phototactism probably outweighs the drawback of being concentrated in upwelling currents. As
in schooling fishes, warning signals of close predator
threats from conspecific neighbours, especially bioluminescent emissions, may benefit aggregated krill.
Their aggregation along sloping bottoms where upwelling occurs certainly helps to maintain them in
regions with higher production potential.

Cotté & Simard: Formation of krill patchiness

CONCLUSION
This work has shown that the downstream end of the
Ile Rouge Bank is a site of regular intense aggregation
and dispersion of krill over the semidiurnal tidal cycle.
These small-scale dynamics are driven by the interaction of tidal currents with local topography and the
negative phototactism of krill. The flooding currents
advect a part of the larger local krill aggregation
towards the bank, where the organisms concentrate in
a thin layer close to the bottom during tidal upwelling.
The in situ light level plays a key role in this process,
whereby the euphausiids tend to stay below a barrier
isolume, to which they react by actively swimming
downwards at maximum speed. The predictive and
recurrent high krill densities make this area attractive
for pelagic fishes and rorquals, which feed on both the
krill and the fishes. This dynamics at the downstream
end of Ile Rouge bank is a good example of the complex processes generating the patchiness of the krill
aggregation at the head of the Laurentian Channel
and that of zooplankton in general.
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