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Spatial distributions of zooplankton during coastal upwelling in western Lake Superior
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Abstract

Zooplankton distributions during coastal upwelling in western Lake Superior were mapped with a high-frequency
(192-kHz) sonar system that consists of an echosounder and a navigation receiver connected to a microcomputer.
An acoustic transect after a September storm revealed a sloping sound-scattering layer, traceable more than 5 km
offshore, in the thermocline between an upwelling water mass and a returning front of surface water. Interfacial
shear produced short internal waves on the scattering layer, and regularly spaced plumes of high backscattering in
the surface layer were attributed to stream lines of eddies that were transporting sound scatterers from aggregations
in the thermocline to the lake surface. The sloping sound-scattering layer was due to high concentrations (up to 10°
ind. m~3) of copepods, chiefly Leptodiaptomus sicilis. Backscattered sound (volume-scattering strength) was highly
correlated with concentrations of microcrustacea in samples collected with nets, consistent with Rayleigh scattering
theory for ideal elastic spheres the size of adult L. sicilis (target strength = —123 dB).

Acoustic sampling revealed a skewed frequency distribution; low animal concentrations (<1,000 m~3) occupied
most (65%) of the zooplankton space, but a small proportion (<10%) of the space contained very dense aggregations
(>10° m~3) with concentrations several orders of magnitude larger than the median. Infrequent patches of very high
densities are probably a general feature of zooplankton populations, because the patchiness inferred from sound
backscattering is similar statistically to distribution patterns in lakes and oceans sampled with conventional methods.
The densest aggregations are likely to be the most important for foraging fishes but are so infrequent they are

unlikely to be detected with conventional sampling methods.

Spatial distribution influences virtually every aspect of the
ecology of populations. In the zooplankton, spatial hetero-
geneity is thought to influence predation and mortality rates,
reproduction, feeding, and species diversity (Cryer and
Townsend 1988; Priddle et al. 1990; Saiz et al. 1993). A
demographic process such as mortality, for example, is likely
to be very different qualitatively and quantitively in a dense
aggregation than it is where population density is very low.
Our understanding of zooplankton populations has been im-
peded because zooplankton are known to be extremely
patchy, and the patterns of distribution have been difficult to
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discern with conventional sampling methodology. Patchy
zooplankton distributions have been found wherever people
looked for them (Whiteside 1974; Malone and McQueen
1983), and Downing (1991) concluded that zooplankton, al-
though transported passively by water movements, are as
spatially aggregated as most other groups of aquatic organ-
isms.

Despite the importance of spatial distribution to the ecol-
ogy of zooplankton, little is known about the dimensions of
zooplankton patches, variations of densities within patches,
or the mechanisms that produce and maintain zooplankton
aggregations. It has been especially difficult to differentiate
the effects of water movements from those of behavior on
zooplankton aggregations. The reason is that conventional
sampling methods usually cannot provide enough samples
to delineate the space occupied by zooplankton aggregations.
The presence or absence of aggregations is typically dis-
cerned by statistical analyses of samples collected with nets,
for instance by comparing the variance among replicate sam-
ples with the variance expected in random or uniform dis-
tributions (Downing et al. 1987; Pace et al. 1991), but this
only tells us whether plankton aggregate and yields little
information about the spatial pattern shown by the popula-
tion (Dutilleul 1993; Legendre 1993) or the mechanisms that
cause aggregation.

The pattern of spatial distribution is the most important
clue to the controlling mechanisms. Patterns have been dif-
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ficult to discern, however, because of the inherent variability
of both the biota and the physical environment. The only
way to overcome the biological and environmental variabil-
ity is to use new high-resolution sampling instruments and
strategies that can resolve the influence of the physics on
the biology (Haury et al. 1992; Greene et al. 1994). Acoustic
sampling methods have been advocated (e.g. Greene et al.
1989, 1991; Greene and Weibe 1990; Pieper and Holliday
1984) because they provide the requisite large number of
samples and fine-scale spatial resolution. An equally impor-
tant requirement that is often overlooked is that the geo-
graphic locations of the sampling points must be recorded
precisely and rapidly to delineate the three-dimensional
space occupied by plankton aggregations. Sample locations
now can be determined with Loran-C navigation receivers
or with satellite-based global position (GPS) receivers,
which have greater speed and accuracy.

In this study, we used a microcomputer-based sonar and
navigation system to map the zooplankton in a physically
dynamic part of western Lake Superior. We measured acous-
tic backscattering along a coastal transect on the north shore
of the lake at a time when upwelling was occurring and
obtained detailed information about the effects of water
movements during upwelling on zooplankton distributions.

Coastal upwelling is an important physical process in
Lake Superior and the other Laurentian Great Lakes, but
little is known about its effects on zooplankton abundance
and spatial distribution. The western and northern shore is a
major upwelling region in Lake Superior during summer
(Lam 1978). Upwelling occurs frequently, typically once or
twice each month after summer storms (Ragotzke 1974).
Satellite imagry (Mortimer 1988; Bogrien and Brooks 1992)
and other data (Mortimer 1975; Csanady 1984; Haffner et
al. 1984; Dunstall et al. 1990b) indicate that strong offshore
winds during summer storms induce upwelling of deep
coastal water in all the Laurentian Great Lakes and that up-
welling usually persists 2—-6 d after the storms.

Areas of coastal upwelling in oceans are typically very
productive, but upwelling of cold deep water apparently does
not enhance nearshore productivity in large lakes. Although
the western and northern shore of Lake Superior is an up-
welling region, zooplankton concentrations are lower than
on the south shore, which is a region of downwelling (Wat-
son and Wilson 1978; Patalas and Salki 1993). In Lake On-
tario (Haffner et al. 1984) and Lake Erie (Dunstall et al.
1990a), the displacement of the surface layer by upwelling
deep water changes the composition of nearshore zooplank-
ton assemblages only temporarily, with copepods usually be-
coming more abundant during upwelling. Coastal upwelling
occurs at irregular times and persists for shorter periods in
lakes than in the sea. The irregularity may have important
practical implications, because it suddenly changes the com-
position and food supply for juvenile fish and other littoral
and benthic organisms not transported passively by water
movements during upwelling.

Methods

Zooplankton distribution patterns were recorded with a
sonar system that recorded the depths of sound scatterers,

geographic coordinates, and the strength of the backscattered
sound. The system consisted of a 192-kHz echosounder
(Lowrance X-16) and a Loran-C navigation receiver (Apelco
DXL 63000) connected to a microcomputer equipped with
an analog-digital converter (Data Translation DT-2801). Spa-
tial variations of zooplankton concentration can be seen in-
stantaneously on the computer monitor, which displays the
sound backscattered by acoustic targets as a color echogram
(e.g. Fig. 2).

The echosounder was modified slightly by connecting two
wires to the circuit board in order to conduct signals for the
start of acoustic pulses (pings) and returning echoes to the
analog-digital converter in the computer. In other respects,
the hardware consisted of commercially available units that
required no modification. The ‘““‘data out” terminal of the
Loran receiver connects to the computer’s serial port, and
current Loran coordinates were stored with each acoustic
record during data collection. The files of acoustic and geo-
graphic data were saved on the computer’s hard disk during
data collection and moved later to large-capacity optical
disks in an external disk drive. A 12-V lead-acid storage
battery connected to a DC-AC inverter provided 115-V AC
electrical power for the computer. The transducer was held
~0.5 m beneath the water surface on the end of a steel pipe
clamped to the vessel’s rail.

The system is controlled by software that uses the sonar
equations (Urick 1983) to provide “‘time-varied gain,”
which compensates for the loss of signal strength due to
beam spreading during sound transmission. The echosounder
controls the transducer, and it also is used to select the du-
ration of acoustic pulses and amplifier gain. The computer
digitizes the analog signals returning after each acoustic
pulse in 2,000 50-us increments, which correspond to depth
bins of 0.04 m (28 samples m™!) at the depth range (70 m)
used in this study. The digitized data can be displayed with
or without time-varied gain because it is essential to know
the values of raw signals for system calibration and other
purposes.

When time-varied gain is used, the strength of echoes is
computed in terms of volume backscattering strength,

S, = 10 log s,, ()

where s, is the volume backscattering coefficient that rep-
resents the strength of echoes at a distance of 1 m from an
ensonified volume of water. If individual scatterers, such as
those in a zooplankton assemblage, are approximately the
same size, they have approximately the same backscattering
cross section g,,. The volume-backscattering coefficient then
depends on their concentration, N m~3, and mean backscat-
tering cross-section &,

s, = Na,,. 2

The concentration of animals therefore can be calculated
from s, measured at a single sound frequency if the animals
are nearly the same size and their backscattering cross sec-
tion is known (Greenlaw 1979; Holliday and Pieper 1995).

The body size of zooplankton sound scatterers relative to
the sound wavelength is critical for the interpretation of s,.
The planktonic animals in western Lake Superior at the time
of this study were typically 1 mm long, smaller than the







































