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Abstract

The relationship between the distribution of zooplankton, especially euphausiids (Euphausia and Thysanoessa spp.),

and hydrographic regimes of the Western Antarctic Peninsula continental shelf in and around Marguerite Bay was

studied as part of the Southern Ocean GLOBEC program. Surveys were conducted from the RVIB N.B. Palmer in

austral fall (April–June) and winter (July–August) of 2001. Acoustic, video, and environmental data were collected

along 13 transect lines running across the shelf and perpendicular to the Western Antarctic Peninsula coastline, between

651S and 701S. Depth-stratified net tows conducted at selected locations provided ground-truthing for acoustic

observations. In fall, acoustic volume backscattering strength at 120 kHz was greatest in the southern reaches of the

survey area and inside Marguerite Bay, suggestive of high zooplankton and micronekton biomass in these regions.

Vertically, highest backscattering was in the 150–450m depth range, associated with modified Circumpolar Deep Water

(CDW). The two deep troughs that intersect the shelf break were characterized by reduced backscattering, similar to

levels observed off-shelf and indicative of lower zooplankton biomass in recent intrusions of CDW onto the continental

shelf. Estimates of dynamic height suggested that geostrophic circulation likely caused both along- and across-shelf

transport of zooplankton. By winter, scattering had decreased by an order of magnitude (10 dB) in the upper 300m of

the water column in most areas, and high backscattering levels were found primarily in a deep (4300m) scattering layer

present close to the bottom. The seasonal decrease is potentially explained by advection of zooplankton, vertical and

horizontal movements, and mortality. Predictions of expected backscattering levels based on net samples suggested that

large euphausiids were the dominant source of backscattering only at very particular locations and depths, and that

copepods, siphonophores, and pteropods were more important in many locations.
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1. Introduction

Zooplankton play a pivotal role in the antarctic
continental shelf ecosystem, providing both a
trophodynamic link between phytoplankton and
higher predators, and, via their faecal pellets, a
mechanism by which newly fixed carbon can be
exported from the euphotic zone (Priddle et al.,
1992). Historically, much attention has focused on
Antarctic krill (Euphausia superba) due to its status
as a key prey item for many whales, birds, seals,
and fishes (Laws, 1985) and as the subject of a
commercial fishery (Ichii, 2000). Although less
studied, other zooplankton also represent impor-
tant ecosystem members: copepods, for example,
frequently exceed Antarctic krill in abundance and
are the main prey of invertebrates, sei whales, and
fish (Voronina, 1998), while salps may account for
more carbon export to depth than Antarctic krill
(Le Fèvre et al., 1998).

High-frequency acoustic sensors are often used
in the study of zooplankton distribution, due to
their high sampling rates and concomitant ability
to survey the entire water column over large areas
(Foote and Stanton, 2000). In the Antarctic,
acoustic techniques are used routinely to survey
the biomass and distribution of Antarctic krill (see
review by Hewitt and Demer, 2000), but have been
used much less frequently to study other zoo-
plankton taxa (Weeks et al. 1995; Brierley et al.,
1998). Substantial progress has been made in
discriminating Antarctic krill from other acoustic
scatterers that may be present (Madureira et al.,
1993; Brierley et al., 1998; Watkins and Brierley,
2002; Hewitt et al., 2003). Historically, however,
many Southern Ocean acoustic studies have
simply assumed that all volume backscattering
strength measurements above some minimum
threshold stemmed from Antarctic krill (e.g.,
Macaulay et al., 1984; Lascara et al. 1999; Nicol
et al., 2000). The contribution to acoustic observa-
tions from other zooplankton taxa often has been
assumed to be negligible, which discards potential
information on the biomass and distribution of
such taxa, and may result in an overestimation of
Antarctic krill abundance.

The continental shelf region in and around
Marguerite Bay, west of the Antarctic Peninsula
(Fig. 1), is hypothesized to be an important over-
wintering ground for Antarctic krill, and may act
as a source for the down-stream krill populations
in the Bransfield Strait and at South Georgia
(Atkinson et al., 2001; Fach et al., 2002). Little is
known about the winter distribution of Antarctic
krill or other zooplankton in this area, however,
although studies of the nearby Bransfield Strait
region have been more numerous (e.g., Siegel,
1989; Zhou et al., 1994). In the only previous
acoustic survey of the region, Lascara et al. (1999)
examined Antarctic krill distribution in Marguer-
ite Bay and the region immediately to the north,
and found distinct seasonal variability in biomass
and vertical distribution, with krill more abundant
and shallower during the summer and spring than
fall and winter. The acoustic system employed
reached to only 189m in depth, and so this study
was unable to conclude whether the seasonal
decrease in biomass resulted from vertical or
horizontal movements. Given the dearth of pre-
vious studies, the US Southern Ocean GLOBal
ECosystems Dynamics (SO GLOBEC) program
has targeted austral fall and winter as periods for
detailed study of the Marguerite Bay region
(Hofmann et al., 2002). The program’s primary
objective is to understand the physical and
biological factors that contribute to Antarctic krill
over-wintering success. As such, one goal of the
program is to link physical processes with the
distribution of Antarctic krill and other members
of the zooplankton community, and ultimately
with higher predators.

In this paper, we describe measurements of
acoustic volume backscattering strength made
over most or all of the water column during
austral fall and winter of 2001, in relation to
hydrography in the vicinity of Marguerite Bay. We
then use depth-stratified net samples and taxon-
specific models of acoustic target strength to
predict the likely sources of acoustic backscatter-
ing, with particular emphasis on understanding
the contribution of zooplankton taxa other than
Antarctic krill. On the basis of these measure-
ments and predictions, we make certain inferences
concerning seasonal and spatial variability in
zooplankton and micronekton biomass in the
region.
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Fig. 1. US SO GLOBEC survey area. Shown are (A) the overall geographical context of the survey area, (B) the location of survey

blocks, and the cruise tracks in (C) fall and (D) winter 2001. The latter show only those portions of the overall cruise-track where

acoustic data were collected. Note the lower survey coverage in winter relative to fall. Block name abbreviations are: Northern Outer-

Shelf (NOS), Northern Inner-Shelf (NIS), Central Outer-Shelf (COS), Central Inner-Shelf (CIS), Southern Outer-Shelf (SOS),

Southern Inner-Shelf (SIS), Off-Shelf (OFF), and Marguerite Bay (MBY). Circles indicate where the MOCNESS tows analyzed here

were conducted, with tow locations abbreviated as mid-shelf 1-4 (MS1-4), off-shelf (OS), and Marguerite Bay (MBY). Gray arrows

show where the deep troughs that run diagonally across the continental shelf meet the shelf break.
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2. Methods

2.1. Study area

The US SO GLOBEC Program study site was
located on the continental shelf to the west of the
Western Antarctic Peninsula, extending from the
northern tip of Adelaide Island to the southern
portion of Alexander Island and including Mar-
guerite Bay (Fig. 1). Two cruises were conducted
in the area on the RVIB Nathaniel B. Palmer: an
austral fall cruise from April 23 to June 6, 2001
(cruise number NBP0103), and a winter cruise
from July 21 to September 6, 2001 (cruise number
NBP0104). The fall cruise track was determined by
the position of 84 station locations distributed
along 13 transect lines running across the con-
tinental shelf and perpendicular to the Peninsula
coastline. On the winter cruise, eight additional
stations were added to the survey grid and the
entire grid was shifted south by 2 km so that
acoustic mapping of the sea floor would take place
over unmapped sea floor. In order to allow spatial
comparisons across the region, the overall study
area was subdivided into eight functional blocks
(Fig. 1B). The survey region first was subdivided
from northeast to southwest into three sectors
(southern, central, and northern), each of which
was divided into inner-shelf (i.e. coastal) and
outer-shelf blocks. An off-shelf block was defined
as the region beyond the 1000m isobath, and a
final block corresponded to the interior of
Marguerite Bay.

2.2. BIOMAPER-II

The BIo-Optical Multi-frequency Acoustical
and Physical Environmental Recorder, or BIO-
MAPER-II, is a towed system designed to conduct
quantitative surveys of the spatial distribution of
plankton and nekton (Wiebe et al., 2002). The
system consists of a multi-frequency echosounder,
a Video Plankton Recorder (VPR, Davis et al.,
1992), and an environmental sensor package
(Conductivity, Temperature, and Depth sensor
(CTD); fluorometer; transmissometer). To en-
hance the performance of the BIOMAPER-II in
high sea states, a slack tensioner was used to damp
the motion of the ship (see Wiebe et al., 2002 for
additional details).

2.2.1. Acoustic data collection

The BIOMAPER-II collected acoustic data
from five pairs of transducers, with frequencies
of 43, 120, 200, 420, and 1000 kHz. All transducers
had 31 half-power beamwidths, with the exception
of the 43 kHz transducers, which had beamwidths
of 71. One of each pair of transducers was
mounted on the top of the tow-body looking
upward, while the other was mounted on the
bottom looking downward. This arrangement
allowed acoustic data to be collected over most
or all of the water column as the instrument was
‘towyoed’ obliquely up and down through the
water column between 20 and 300m depth. The
vessel proceeded along the track-line between
stations at 4–6 knots, and surveying was con-
ducted around the clock.

Multi-frequency acoustic data were collected
over much of both surveys, although prohibitively
thick pack ice in portions of the survey area led to
the area surveyed in winter being less than in fall
(Figs. 1C and D). Due to episodic malfunctions at
the different acoustic frequencies, 120 kHz repre-
sents the frequency at which data were collected
with the greatest spatial coverage. In order to
allow examinations of the seasonal distribution of
zooplankton over the broadest scales possible and
best complement the scales at which data were
collected by other projects conducted during the
cruises (e.g., top predator surveys), this paper
deals only with acoustic data collected at 120 kHz.
Analyses of the multi-frequency data will be the
subject of future papers.

Volume backscattering strength, Sv (where
Sv=10 log10 sv in units of decibels, and sv is the
observed volume backscattering coefficient), is a
measure of the intensity of emitted sound that is
reflected back to the source per cubic meter. For
simplicity, this quantity will be referred to as
‘backscattering.’ Backscattering is related to both
the number and size of scatterers in the path of the
incident sound, to the efficiency with which these
scatterers reflect sound, and thereby to their
taxonomic composition. Although the relationship
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between backscattering and the biomass of scat-
terers is thus highly complex, we assume that the
large spatial and temporal differences in back-
scattering observed in the present study are related
to differences in zooplankton and micronekton
biomass. In the discussion we show how the
confounding influences of animal size, sound
scattering efficiency, and taxonomic composition,
are minimized in this study.

Backscattering data at 120 kHz were collected in
1.5-m-deep bins, starting at 6m from the transdu-
cer face (the end of the acoustic near-field) and
extending to a maximum range of 300m from the
instrument. A 10 kHz bandwidth chirp pulse was
used (Ehrenberg and Torkelson, 2000), with an
effective pulse duration of 0.18ms, and a ping rate
of 0.3 pings s�1. The system’s dynamic range
allowed these data to be collected between �100
and �40 dB. Profiles of noise levels (ship’s noise,
ambient noise, and system noise combined) vs.
depth were made in situ near the start of each
cruise. Backscattering levels in each ping were
compared to these profiles, and those bins where
backscattering did not exceed noise levels were set
to zero. Backscattering data were echo-integrated
over 4-ping intervals (i.e., �35m along-track).

All transducers were acoustically calibrated by
the manufacturer (Hydroacoustic Technologies
Inc., Seattle, WA, USA) prior to each cruise for
source level, receive sensitivity, as well as transmit
and receive beam patterns. An in situ calibration
also was performed at the end of the winter cruise
with a 38mm tungsten carbide (6% cobalt)
standard target, following established practices
(Foote et al., 1987). This calibration indicated that
the standard target was approximately 6 dB lower
on the down-looking 120 kHz transducer than it
should have been, and the data therefore were
corrected for this offset. Although there is no
reason to doubt the validity of the calibration,
6 dB is a large correction and it must be noted that
the absolute levels of backscattering reported here
thus may contain some bias. The relative changes
in backscattering that are the focus of this paper
and our conclusions would not be affected by any
such bias. After backscattering data were cor-
rected for the results of these calibrations, there
was evidence of higher backscattering levels
observed by the up-looking 120-kHz transducer
relative to the down-looking transducer in some
portions of the water column (Fig. 2). This
discrepancy was particularly evident in low-scat-
tering areas such as the northern portion of the
survey area in fall, and much of the continental
shelf during winter; in high-scattering areas like
Marguerite Bay, no such difference was evident.
Furthermore, the enhanced backscattering levels
in the up-looking data were restricted to the
pycnocline and were especially prominent in
regions of rapid vertical changes in density. We
believe that these enhancements do not represent
scattering from biological sources, but rather
represent an as-yet unexplained artifact. They
may result from sound reflecting off vortices shed
by the tow cable as it passes through the
pycnocline. Since the tow cable extends above
the towed body, only the up-looking transducer
would observe such artifactual backscattering. It
therefore was excluded from all quantitative
analyses, representing a 7% reduction in data
(varying from 0% to 24% on a by-transect basis),
primarily between 0 and 200m.

2.2.2. Acoustic data post-processing

Acoustic data from the up- and down-looking
transducers were combined to provide a vertically
continuous acoustic record extending from the
surface to at least 300m, and at most 550m,
depending on the position of the BIOMAPER-II
along its towyo path. This acoustic record then
was edited using custom MATLAB-based routines
to remove unwanted returns from the surface
bubble layer and the bottom, as well as noise
spikes from the ship’s engines or ice-breaking.

For many of the following spatial analyses,
measurements of integrated backscattering in each
1.5-m depth bin were averaged over 1-km along-
track intervals and also over depth, in intervals of
25–100m (shallow layer), 100–300m (mid-water
layer), and 300–500m (deep layer). These depth
ranges were chosen since the surface bubble layer
obscured most measurements shallower than 25m,
the mixed-layer depth was generally around 100
and 300m represents the depth to which the
BIOMAPER-II always made acoustic observa-
tions despite being towyoed up and down through
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Fig. 2. Acoustic data collected in (A) fall and (B) winter 2001. Backscattering levels are plotted on the color scale in decibels, according

to the depth and position of measurement. Blue indicates low levels of zooplankton backscattering, while red to black indicate high

levels. High backscattering near the surface corresponds to the surface bubble layer. Strong (i.e. black) returns at depth are from the

strongly reflecting bottom. Both the bottom and surface layer were edited out for quantitative analyses. The V-shape of the maximum

depth of observation is due to the BIOMAPER-II being towyoed up and down through the water column as the vessel proceeded

along-track. Arrows indicate typical regions of the pycnocline where enhanced backscattering measured by the up-looking transducer

(i.e. in the upper portion of the towyo’s V) was believed to represent an artifact rather than scattering from biological sources.

G.L. Lawson et al. / Deep-Sea Research II 51 (2004) 2041–20722046
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the water column. These averages, as well as all
other simple descriptive statistics, were calculated
using the arithmetic form of backscattering (sv).
The arithmetic form also was used in between-
block statistical comparisons, since the tests
employed were rank-based (see below) and so
insensitive to whether the data were transformed
or not. The decibel form of backscattering (Sv) was
used in regression analyses, since this test is
parametric and the log-transformed data better
approximated a normal distribution. The decibel
form is also used in figures and in the text.

2.3. Environmental analyses

Acoustic data were combined with environmen-
tal data to examine the association of back-
scattering with environmental properties and
water masses. Depth, temperature, conductivity,
fluorescence, and transmissometry data were
collected by the BIOMAPER-II along its towyo
path at 4-s intervals. In order to provide details of
the environmental structure at greater depths than
sampled by the towed body, however, data from
CTD casts made at the survey stations by Klinck
et al. (2004) were used as the primary source for
quantitative analyses. The CTD rosette package
made measurements of salinity, fluorescence,
transmittance, photosynthetically active radiation
(PAR), potential temperature, and oxygen con-
centration at 1-m depth intervals from the surface
to between 5 and 20m off the bottom. In analyses
of backscattering in relation to environmental
conditions, each environmental measurement was
associated with the acoustic measurement aver-
aged in 1-km intervals made nearest to that depth
and location.

2.4. MOCNESS

A 1-m2 Multiple Opening/Closing Net and
Environmental Sensing System (MOCNESS;
Wiebe et al., 1985) was used to sample the
zooplankton at selected stations distributed
throughout the survey grid (24 locations in fall
and 17 in winter). The MOCNESS was equipped
with nine 335-mm mesh nets, a suite of environ-
mental sensors including temperature, conductiv-
ity, fluorescence, and light transmission, and a
strong strobe light, that flashed at 4-s intervals.
The rationale behind the strobe system was to
shock or blind the animals temporarily so that the
net would not be perceived and avoided, and
catches of large euphausiids were significantly
enhanced when using the strobe (Sameoto et al.,
1993; Wiebe et al., 2004). The MOCNESS was
towed obliquely from near-bottom to the surface,
sampling eight depth intervals on the up-cast. The
deepest tows sampled to 1000m. Typically, the
upper 100m were sampled in 25-m intervals, with
50-m intervals at intermediate depth ranges, and
greater intervals (150- or 200-m) for the deepest
depth ranges (see Ashjian et al., 2004, for
additional details). The depth-specific samples
were preserved upon recovery in 4% buffered
formalin.

The size distributions of plankton for six
MOCNESS tows from each of the two cruises
have been analyzed to date (Ashjian et al., 2004).
Following the nomenclature of Ashjian et al.
(2004), tow locations will be referred to as off-
shelf, Marguerite Bay, and mid-shelf 1–4 (Figs.
1C,D). Note that no acoustic data were collected
in the vicinity of the winter mid-shelf 4 site.
Lengths of individuals of each sampled taxon
were determined for an aliquot of each net
sample using the silhouette method of Davis and
Wiebe (1985).

2.5. Taxonomic composition of zooplankton and

micronekton

The ultimate goal of our research is to use VPR
observations and taxon-specific differences in
backscattering at increasing frequencies, in addi-
tion to net catches, to partition accurately our
measurements of backscattering among taxonomic
groups, and then to make biomass estimates for
each taxon. Here, we make preliminary inferences
concerning the sources of acoustic backscattering
measurements by conducting the forward pro-
blem: an exercise where predictions are made of
expected levels of backscattering based on MOC-
NESS catches and models of the backscattering
from individual sampled animals (Wiebe et al.,
1996). By comparing these predictions to observed
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backscattering levels, it is possible to assess
whether the animals collected by the nets could
account for measured levels of backscattering.
Provided that this assessment is favorable, infer-
ences can then be made about the likely relative
contributions of different taxa to observed back-
scattering levels in the vicinity of each tow.

In addressing the forward problem, predicted
backscattering levels for each depth stratum
sampled by the MOCNESS were calculated as
the linear (i.e. incoherent) sum of expected echo
intensities from each captured animal. Expected
echo intensities, or backscattering cross-sections
/sbsSwere estimated based on the length of each
individual determined by silhouette analysis and
models of acoustic scattering appropriate to the
individual’s taxonomic group. These models were
developed by Stanton et al. (1994, 1998), are
reviewed in Stanton and Chu (2000), and are
sensitive to numerous parameters in addition to
animal length, including animal orientation and
material properties (Chu et al., 2000; Table 1).
Discrete values were used for all parameters other
than animal orientation (Table 1). For the latter,
scattering from each animal was averaged over
some distribution of orientations, to allow for the
fact that the animals are oriented at a range of
angles as they move through the water.

Estimates of expected backscattering cross-sec-
tions for each jth individual were summed over all
individuals in each ith taxon and then over all taxa
to yield an estimate of the total expected volume
backscattering strength (Sv, in dB) in the volume
(V) defined by the depth range sampled by each
kth net:

Svk
¼ 10 log10

1

Vk

XX
sbsh i

ij

� �
:

Since the BIOMAPER-II and the MOCNESS
could not be towed concurrently, comparisons of
predicted backscattering levels could not be made
to observations of backscattering made at the
identical time and location. Comparisons were
thus made to acoustic observations made in the
appropriate depth interval and averaged over a
spatial area within no more than 17 km of each of
the 11 MOCNESS tows. At all but two MOC-
NESS tow locations, acoustic data were collected
within no more than 5 h of the net tow as the vessel
approached or departed the station. At the mid-
shelf 1 and 2 stations in winter, however, MOC-
NESS tows and acoustic data collection were
separated in time by approximately four weeks due
to instrument problems. Predictions of backscat-
tering from each taxon were still calculated based
on these tows, in order to shed light on the
sensitivity of the predicted to observed back-
scattering comparison to temporal variation.
3. Results

Backscattering during fall generally was en-
hanced within Marguerite Bay and in the southern
portion of the survey area (Fig. 2A). Large sub-
surface patches of intensified backscattering that
stood out markedly from background scattering
levels were observed primarily in coastal regions of
complex bathymetry, and at depth in the northern
portion of the continental shelf. The term ‘patch’ is
used here to denote a recognizable feature in the
acoustic record, but does not imply any particular
aggregative behavior on the part of the zooplank-
ton or micronekton comprising these features.
Smaller such patches also were evident within the
mixed layer across the shelf. In winter, the most
striking feature was a dramatic decrease in back-
scattering relative to fall levels throughout most of
the water column (Fig. 2B); backscattering in
winter was high only within Marguerite Bay and in
the bottom scattering layer, which was present on
both cruises.

3.1. Environmental setting

The continental shelf in this region is character-
ized by intrusions of oceanic Circumpolar Deep
Water (CDW; salinity (S) 34.6–34.74, potential
temperature ðyÞ 1.0–2.0 1C), pumped up onto the
shelf at depth by the action of the Antarctic
Circumpolar Current (see Klinck et al., 2004; and
Smith et al., 1999, for further water mass defini-
tions and descriptions of hydrography). As this
warm and salty CDW interacts with cooler and
fresher shelf waters, it forms a water mass that has
been referred to as modified-Circumpolar Deep
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Water (mCDW, sensu Hofmann and Klinck, 1998;
S 34.0–34.6, y �1.8 to 1.5 1C). Such mCDW was
the primary water mass observed through the
pycnocline and below in the study area, often with
CDW present at greater depths (Table 2). During
fall, the water column at shallow depths contained
Antarctic Surface Water (AASW, Table 2; S
33.0–33.7, y �1.5 to 1.0 1C). In winter, AASW
was mostly replaced near the surface in all survey
blocks by Winter Water (WW; S 33.8–34.1, y �1.8
to �1.5 1C). Water properties differed between
regions. The mCDW found during fall in the more
northern and more offshore blocks was generally
warmer and saltier (i.e. less-modified) than else-
where in the study area, suggesting more recent
intrusions of CDW onto the shelf. The more
coastal regions typically had warmer and fresher
AASW present at shallow depths, particularly in
Marguerite Bay.
3.2. Vertical distribution of backscattering

Seasonal and spatial differences were observed
in the vertical distribution of backscattering
(Fig. 3). In fall, backscattering was strongest
between 150 and 450m in all of the inner-shelf
and southern blocks. Scattering in the northern
and central outer-shelf blocks was more constant
with depth. A slight enhancement in backscatter-
ing was observed in all blocks at shallower depths
(15–95m, depending on block), corresponding
to the influence of episodic patches of high
backscattering present within the mixed layer.
The decrease in backscattering from fall to winter
was also evident in the vertical distribution of
backscattering. Backscattering throughout the
upper 300m of the water column in winter was
very low in all blocks except Marguerite Bay
and the two southern blocks. Below 300m,
however, backscattering generally increased ra-
pidly, and in all but one block reached
levels higher than those observed at comparable
depths during fall. This increase at depth was due
to the influence of the deep scattering layer
associated with the bottom, which was present
during both surveys, but more intense in winter
(Fig. 2).
3.3. Horizontal distribution of backscattering

The horizontal distribution of backscattering
was examined via comparisons between geogra-
phically defined spatial blocks and spatial inter-
polations of backscattering data between transect
lines using linear kriging (Chu, 2000; Fig. 4).
During fall, backscattering in the mid-water
(100–300m) and bottom (300–500m) depth ranges
spatially averaged over 1-km intervals differed
significantly between survey blocks (Kruskal-
Wallis non-parametric one-way analysis of var-
iance (Sokal and Rohlf, 2000), w2 ¼ 809; po0:001;
n ¼ 1932; and w2 ¼ 573; po0:001; n ¼ 1030; re-
spectively; Table 2), with highest levels in the
southern inner-shelf and Marguerite Bay and
lowest off-shelf (Tukey-Kramer post-hoc tests
(Sokal and Rohlf, 2000), po0:05). Within the
shallow layer (25–100m), backscattering was
reduced relative to the deeper layers, but showed
similar enhancements in coastal areas, as well as
significant differences between blocks (w2 ¼ 367;
po0:001; n ¼ 1385).

Marguerite Trough is the deep trough that cuts
diagonally across the continental shelf, meeting the
shelf break at approximately 66.51S (Figs. 1C,D
and 4A,C); interpolations show that backscatter-
ing at depth was very low in the vicinity of this
meeting point. A second trough meets the shelf
break at approximately 67.751S (Fig. 1C,D).
Backscattering near this point was very low in
the 100–300m depth range, and reduced relative to
nearby levels in the 300–500m range. Hydro-
graphic observations suggest that CDW intrudes
on to the shelf at these locations (Figure 9 in
Klinck et al., 2004; Dinniman and Klinck, 2004);
the low observed backscattering levels are sugges-
tive of low zooplankton biomass in these recently
intruded waters. Contours of dynamic height
relative to 400m calculated by Klinck et al.
(2004) indicate a cyclonic gyre situated in the
northern portion of the survey area, and a coastal
current moving along the shelf towards the south-
west (Fig. 4E). Enhanced backscattering was
evident in all three depth ranges at the southern
end of this gyre, where water was flowing in an off-
shelf direction. Scattering also was enhanced in the
vicinity of the coastal current off Alexander Island.
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Table 1

Scattering models employed in forward calculations of backscattering levels expected based on MOCNESS catches

Taxon Scattering model Parameter values

Orientation Density contrast (g) Sound speed contrast (h)

(Ref. in parentheses) (Ref.) (Ref.) (Ref.)

Copepods* Distorted-Wave Born Approximation

(DWBA)-Based Fluid-Like Deformed

Cylinder (1)

N(0,30) 1.02 (7) 1.058 (14)

Large Euphausiids* and Mysids

(415mm)

DWBA Deformed Cylinder (1) N(20,20) (6) g ¼ 5:485� 10�4 � LðmmÞ þ 1:002 (8) h ¼ 5:942� 10�4 � LðmmÞ þ

1:004 (8)

Small Euphausiids and Mysids

(o15mm)

DWBA Deformed Cylinder (1) N(20,20) (6) 1.016 (8) 1.019 (8)

Amphipods DWBA Deformed Cylinder (1) N(0,30) 1.058 (9) 1.058 (9)

Chaetognaths and Polychaetes DWBA Deformed Cylinder (1) N(0,30) 1.03 (7) 1.03 (7)

Ostracods DWBA Deformed Cylinder (1) N(0,30) 1.03 (7) 1.03 (7)

Fish DWBA Deformed Cylinder (1) N(0,30) 1.03 (7) 1.03 (7)

Salps* DWBA Deformed Cylinder (1) N(0,30) 1.004 (10) 1.004 (10)

Gymnosome Pteropods DWBA Deformed Cylinder (1) N(0,30) 1.03 (7) 1.03 (7)

Larval Crustaceans DWBA Deformed Cylinder (1) N(0,30) 1.058 (9) 1.058 (9)

Eggs High-Pass Fluid Sphere (2) — 0.979 (11) 1.017 (11)

Thecosome Pteropods (Limacina

spp.)*

High-Pass Fluid Sphere (2) — 1.732 (10) 1.732 (10)

Radiolarians High-Pass Fluid Sphere (2) — 2.147 (12) 3.979 (12)

Medusae* DWBA-based Model of Two Spheroidal

Interfaces (3)

Broad-side only 1.02 (3) 1.02 (3)

Siphonophore Bracts and

Nectophores

Scattering proportional to the volume of a

fluid-filled sphere of equivalent volume (4)

— 1.02 (7) 1.02 (7)

Siphonophore Pneumatophores* Carbon Monoxide-filled Sphere (5) — g ¼ gsurfaceð1þ 0:1DepthðmÞÞ; where

gsurface ¼ 0:0012 (13)

0.22 (15)

Asterisks (*) indicate those models that have been validated through comparisons of model predictions to laboratory measurements of scattering from the animal of

interest; elsewhere, models were deemed appropriate on the basis of what is known about the animal’s physical structure, but not on experimental verifications. Each

model involves a number of parameters, describing the animal’s shape, orientation, and acoustic material properties. The latter include the ratio of the animal’s density to

that of the surrounding water (g) and the ratio of the speed of sound in the animal to that in the surrounding water (h). Parameter values were drawn from a number of

sources. All necessary shape parameters (e.g., length:width and length:volume ratios) were measured empirically for a sub-sample of captured animals. An average

backscattering cross-section was calculated for each animal, based on a distribution of orientations. Where there was little or no information available on orientation, a

normal distribution with a mean of 01 and a standard deviation of 301 was assumed (i.e. N(0,30)), where an angle of 01 indicates sound striking the animal in dorsal

aspect. The taxa listed constituted the majority of sampled animals. Certain rare taxa (o3% of net abundance) were excluded from forward calculations; these included
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thecosome Styliola-like pteropods, foraminifera, larval polychaetes, and ctenophores. Sensitivity analyses using scattering models for taxa comparable to these rare

animals suggested that they were very minor contributors to overall backscattering levels (not shown).

(1) Equation (5) of Stanton et al. (1998), and see Stanton and Chu (2000) and references therein.

(2) Equation given in Stanton et al. (1994), p. 507.

(3) D. Chu. Unpublished Data.

(4) D. Chu. and A. Lavery, Pers. Comm.; Fluid-filled sphere model is derived from Anderson (1950).

(5) Derived from Anderson (1950).

(6) Chu et al. (1993).

(7) D. Chu. Pers. Comm.

(8) D. Chu. Unpublished Measurements; preliminary descriptions of results are found in US SO GLOBEC (2002). Measurements were performed only on animals larger

than 20mm.For animals smaller than this length (e.g., the ‘small euphausiid’ category), the g and h predicted by the regression equations for a 20mm animal were

assumed to apply.

(9) Inferred for shrimp based on model-fits to direct observations by Stanton et al. (1994), and very comparable to values measured by Chu et al. (2000) for the decapod

shrimp Palaemonetes vulgaris. Assumed here to also apply to certain other crustacean taxa.

(10) Inferred based on model-fits to empirical observations, Stanton et al. (1994).

(11) Measured by Chu et al. (2003).

(12) Based on the density and sound speed of fused silica (2.2 gm�3 and 5968m s�1, respectively), and assuming the speed of sound in seawater is 1500m s�1, and the

density of seawater is 1.025 gm�3.

(13) A. Lavery. Pers. Comm.; based on pressure-related increases in density and thereby g in depth (Medwin and Clay, 1998). gsurface is the density contrast for carbon

monoxide at the surface (1 atmospheric pressure).

(14) Measured by Chu et al. (2000) for Gulf of Maine calanoid copepods.

(15) Sound speed contrast for carbon monoxide at surface pressure of 1 atmosphere.
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Table 2

Between-block comparisons of environmental properties and backscattering

Block Pot. temperature (Std Deviation) Salinity Mean (dB), Median (dB), and CV of backscattering Day vs. night mean backscattering (dB)

25–100m 100–300m 300–500m 25–100m 100–300m 300–500m 25–100m 100–300m 300–500m 25–100m 100–300m 300–500m

Fall

Northern �0.84 1.02 1.44 33.95 34.57 34.71 Mean=�76.2 Mean=�70.9 Mean=�75.8 D=�74.4 D=�70.5 D=�74.3

Outer-Shelf (0.43) (0.65) (0.11) (0.21) (0.13) (0.01) Med=�80.1 Med=�76.1 Med=�78.2 N=�79.2 N=�70.7 N=�77.9

CV=3.09 CV=1.33 CV=1.29

Northern �0.33 0.70 1.37 33.74 34.45 34.69 Mean=�78.6 Mean=�68.6 Mean=�71.0 D=�79.4 D=�69.1 D=�72.6

Inner-Shelf (0.50) (0.62) (0.05) (0.25) (0.23) (0.02) Med=�79.7 Med=�72.8 Med=�73.6 N=�78.0 N=�68.5 N=�70.8

CV=0.76 CV=1.49 CV=1.53

Central �1.02 0.68 1.47 33.92 34.51 34.70 Mean=�72.2 Mean=�69.7 Mean=�67.8 D=�72.4* D=�70.1* D=�69.5*

Outer-Shelf (0.26) (0.81) (0.08) (0.19) (0.16) (0.01) Med=�73.2 Med=�70.1 Med=�68.4 N=�71.8 N=�69.4 N=�67.2

CV=0.88 CV=0.78 CV=0.72

Central �0.44 0.49 1.27 33.74 34.38 34.67 Mean=�74.7 Mean=�64.6 Mean=�68.3 D=�72.0* D=�59.2* D=�65.1*

Inner-Shelf (0.44) (0.55) (0.13) (0.23) (0.23) (0.04) Med=�77.5 Med=�71.2 Med=�72.8 N=�76.4 N=�70.8 N=�71.0

CV=0.86 CV=4.52 CV=2.71

Southern �1.24 0.09 1.31 33.75 34.40 34.68 Mean=�75.2 Mean=�69.6 Mean=�67.8 D=�76.8* D=�70.4 D=�68.4

Outer-Shelf (0.30) (0.95) (0.17) (0.22) (0.19) (0.03) Med=�76.7 Med=�70.6 Med=�69.1 N=�74.7 N=�69.2 N=�67.5

CV=0.85 CV=0.90 CV=0.88

Southern �0.99 �0.20 0.91 33.52 34.23 34.58 Mean=�71.0 Mean=�59.9 Mean=�64.2 D=�73.0 D=�56.4 D=�64.4

Inner-Shelf (0.29) (0.64) (0.16) (0.23) (0.23) (0.05) Med=�74.0 Med=�63.5 Med=�64.1 N=�70.3 N=�62.9 N=�64.1

CV=2.42 CV=2.03 CV=0.46

Marguerite �0.42 0.38 1.07 33.48 34.28 34.61 Mean=�71.4 Mean=�67.4 Mean=�65.4 D=�77.4 D=�71.4 D=N.D.

Bay (0.27) (0.44) (0.13) (0.09) (0.29) (0.04) Med=�75.1 Med=�67.6 Med=�65.5 N=�71.2 N=�67.4 N=�65.3

CV=1.88 CV=0.49 CV=1.31

Off-shelf �1.05 1.11 1.78 33.92 34.51 34.69 Mean=�78.9 Mean=�73.2 Mean=�74.9 D=�77.7* D=�77.2 D=�73.7

(0.53) (1.03) (0.20) (0.19) (0.15) (0.02) Med=�79.2 Med=�77.0 Med=�77.6 N=�79.8 N=�72.3 N=�76.0

CV=0.61 CV=1.25 CV=0.46
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Winter

Northern �1.70 0.90 1.49 33.96 34.22 34.71 Mean=�79.9 Mean=�82.7 Mean=�73.9 D=�82.9* D=�83.6* D=�74.0

Outer-Shelf (0.30) (0.79) (0.14) (0.07) (0.16) (0.02) Med=�83.5 Med=�83.4 Med=�77.3 N=�78.8 N=�82.3 N=�73.7

CV=2.74 CV=0.66 CV=1.39

Northern �1.08 0.77 1.45 33.98 34.49 34.69 Mean=�84.2 Mean=�81.5 Mean=�74.2 D=�84.3 D=�86.2 D=�74.9

Inner-Shelf (0.84) (0.58) (0.04) (0.17) (0.16) (0.01) Med=�86.9 Med=�85.5 Med=�74.7 N=�83.9 N=�79.9 N=�72.1

CV=1.10 CV=1.64 CV=0.72

Central �1.51 0.78 1.36 33.92 34.53 34.70 Mean=�83.4 Mean=�78.6 Mean=�65.7 D=�87.2* D=�79.1 D=N.D.

Outer-Shelf (0.40) (0.65) (0.06) (0.12) (0.16) (0.05) Med=�84.5 Med=�79.4 Med=�65.9 N=�83.0 N=�78.0 N=�65.5

CV=1.07 CV=0.68 CV=0.45

Central �1.50 0.80 1.38 33.90 34.52 34.70 Mean=�78.4 Mean=�77.6 Mean=�74.6 D=�83.5* D=�74.1 D=�71.1

Inner-Shelf (0.39) (0.66) (0.04) (0.11) (0.17) (0.01) Med=�84.8 Med=�80.8 Med=�77.6 N=�75.5 N=79.2 N=�76.9

CV=4.66 CV=1.92 CV=0.94

Southern �1.68 0.31 1.24 33.79 34.40 34.67 Mean=�88.4 Mean=�73.0 Mean=�61.8 D=�91.2 D=�76.1 D=�62.3

Outer-Shelf (0.22) (0.68) (0.08) (0.07) (0.20) (0.02) Med=�91.5 Med=�75.7 Med=�61.2 N=�85.6 N=�69.1 N=N.D.

CV=1.18 CV=1.00 CV=0.47

Southern �1.62 — — 33.78 — — Mean=�81.6 Mean=�71.0 Mean=�67.2 D=N.D. D=N.D. D=N.D.

Inner-Shelf (0.22) (0.05) Med=�80.6 Med=�71.1 Med=�67.8 N=�81.6 N=�71.0 N=�67.2

CV=0.72 CV=0.42 CV=0.80

Marguerite �1.54 0.53 1.16 33.70 34.39 34.64 Mean=�78.6 Mean=�64.5 Mean=�61.3 D=�85.7* D=�64.5 D=�62.3

Bay (0.35) (0.58) (0.04) (0.12) (0.24) (0.01) Med=�82.5 Med=�64.5 Med=�61.7 N=�76.9 N=�64.2 N=�60.5

CV=1.18 CV=0.57 CV=0.59

Off-shelf �1.56 0.77 1.71 33.97 34.47 34.69 Mean=�83.7 Mean=�82.6 Mean=�78.7 D=�85.2* D=�83.5* D=�78.5

(0.76) (1.15) (0.22) (0.12) (0.20) (0.04) Med=�85.2 Med=�82.6 Med=�79.5 N=�82.1 N=�81.8 N=�80.8

CV=1.95 CV=0.45 CV=0.53

Mean potential temperature and salinity are shown, with standard deviations in parentheses. Mean, median, and coefficient of variation (CV) of backscattering were all

calculated from backscattering measurements (arithmetic form, sv) averaged over 1-km spatial intervals, and then over the three depth layers. Comparisons were made of

mean day (D) and night (N) backscattering levels. In some cases, no data (N.D.) were collected during one or the other of the day/night periods in a given block.

Asterisks (*) indicate instances where day backscattering within a given depth layer and block differed significantly (po0:05) from night levels (Mann-Whitney non-

parametric t-test equivalent, with significance levels Bonferroni-corrected for multiple tests). Note that the proportion of total survey time conducted during the day or

night varied between blocks and seasons.
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Fig. 3. Vertical distribution of backscattering in each survey block, during fall (dashed line) and winter (solid line), in the (A) Northern

Outer-Shelf, (B) Northern Inner-Shelf, (C) Central Outer-Shelf, (D) Central Inner-Shelf, (E) Southern Outer-Shelf, (F) Southern Inner-

Shelf, (G) Off-Shelf, and (H) Marguerite Bay blocks. Block name abbreviations are as in Fig. 1. Median and inter-quartile range

(indicated by black error bars in fall and gray shading in winter) of backscattering were calculated in 10-m depth intervals over all

observations in each block.
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In winter, backscattering decreased by an order
of magnitude (i.e. �10 dB) relative to fall levels
within the shallow and middle-depth layers, except
in the mid-water layer of Marguerite Bay (Fig.
4B,H and Table 2; Friedman non-parametric two-
way analysis of variance test for the effect of
Fig. 4. Interpolated backscattering during fall and winter. Data used

km along-track intervals. (A,B) Interpolated backscattering 100–300

1000m isobaths. (C,D) Interpolated backscattering 300–500m, w

backscattering 100–300m. Overlain are contours of dynamic height (fr

in dynamic topography are indicated, and arrows show the direction o

with dynamic height contours overlain.
season (Sokal and Rohlf, 2000), shallow layer:
w2 ¼ 8; p ¼ 0:005; mid-water layer: w2 ¼ 4:5;
p ¼ 0:03). Significantly different scattering be-
tween blocks (Kruskal-Wallis test, w2 ¼ 510;
po0:001; n ¼ 748) was driven primarily by high
scattering in Marguerite Bay and low scattering in
for interpolations are the backscattering levels averaged over 1-

m. Overlain are contours of bathmetry, showing the 450 and

ith bathymetric contours again overlain. (E,F) Interpolated

om Klinck et al., 2004) relative to 400m. Lows (L) and highs (H)

f geostrophic flow. (G,H) Interpolated backscattering 25–100m,
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Fig. 5. Potential temperature-salinity diagrams, with dot color indicating backscattering intensity (dB). Data are plotted separately for

the (A) fall coastal, (B) winter coastal, (C) fall offshore, and (D) winter offshore blocks. The ‘coastal’ category includes the three inner-

shelf blocks and Marguerite Bay, while the ‘offshore’ blocks include the outer- and off-shelf blocks. Environmental data were collected

at CTD stations (see Klinck et al., 2004). Acoustic backscattering levels represent the acoustic observation (backscattering averaged

over 1-km intervals) made nearest to the depth and location of each CTD measurement of temperature and salinity. Note that due to

the high sample sizes (9246 in fall, and 6481 in winter), some dots were plotted on top of one another and so low values are somewhat

obscured. The water masses present were Antarctic Surface Water (AASW), Circumpolar Deep Water (CDW), modified Circumpolar

Deep Water (mCDW), and Winter Water (WW).

G.L. Lawson et al. / Deep-Sea Research II 51 (2004) 2041–20722056
the northern and off-shelf blocks (Tukey-Kramer
post-hoc tests, po0:05). In the bottom layer
(300–500m; Fig. 4D), backscattering was high
over much of the continental shelf, as well as
within Marguerite Bay, and did not differ between
blocks (Friedman test non-significant; Table 2).
Winter backscattering levels showed less of a clear
association with the deep troughs across the shelf
(Fig. 4B,D). Although there was still evidence
from dynamic topography of a weakened gyre in
the northern portion of the survey area and a
coastal current, there was little evidence of any
enhanced backscattering at depth associated with
these features (Fig. 4F,H).

3.3.1. Potential impact of vertical migrations on

horizontal patterns

In order to determine whether the observed
trends in horizontal distribution were confounded
by diel vertical migration of the zooplankton
responsible for measured backscattering, mean
daytime and nighttime backscattering levels in
each block were compared within the shallow
(25–100m), mid-water (100–300m), and deep
(300–500m) layers. Day was defined as
0900–1500, and night as 1700–0700, with dawn
and dusk excluded from analysis in order to
examine solely whether day or night backscatter-
ing differed from one another. If the zooplankton
were migrating upwards at night one might expect
to see an increase in backscattering in the
shallower depth layers from day to night, asso-
ciated with decreases in the deeper strata. No such
pattern consistent with diel vertical migration was
observed: comparable backscattering levels were
measured in each layer during both day and night
in most blocks (Table 2; Mann-Whitney tests
p40:05).
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3.4. Backscattering relative to water masses

The association between backscattering and
particular water masses was explored using ob-
servations of potential temperature and salinity
from CTD casts (Fig. 5). During fall, highest
backscattering levels were associated with mod-
ified-CDW. Episodic high values of backscattering
also were observed in association with AASW,
corresponding to the occasional presence of dense
patches in surface waters. Warmer (i.e. less-
modified) CDW present in areas farther offshore
was typified by generally reduced backscattering,
again suggestive of low zooplankton biomass in
offshore waters and recent intrusions of CDW on
to the continental shelf. In winter, backscattering
was lower than in fall, particularly in the more
offshore waters and in the WW and colder
(o0.5 1C) mCDW present at shallower depths
(Fig. 5). CDW and warmer mCDW present at
depth showed some enhanced scattering, as would
be expected from the deep scattering layer
observed during the winter survey.

3.5. Multi-variate analyses

Multiple regression analysis with backward
step-wise elimination of variables was used to
examine how backscattering averaged in 1-km
intervals was associated with salinity, fluorescence,
transmittance, photosynthetically active radiation
(PAR), bottom depth, bottom complexity, dis-
tance along-shelf, and distance across-shelf. The
standard deviation of the nearest 20 measurements
of bottom depth (i.e. within a horizontal distance
of �400m) was used as a proxy for bottom
complexity. Potential temperature, oxygen con-
centration, and depth were highly correlated with
one another and with salinity during both cruises
(rX0:8), and so only salinity was used in the
analysis. In fall, distance along-shelf, distance
across-shelf, and salinity were the most strongly
associated with backscattering levels (standardized
partial regression coefficients of �0.53, �0.41, and
0.31, respectively, all p’so0:001). The former two
variables had negative effects, indicating that
backscattering increased farther in on the shelf
and farther along the shelf towards the southwest.
Increasing backscattering was associated with
increasing salinity, but note that the latter’s
influence may be due to an association of the
zooplankton with salinity itself, or due to the
influence of one of its correlates, such as depth.
Overall, only 34% of the variation in fall back-
scattering was accounted for by the selected
independent variables (n ¼ 9246). In winter, dis-
tance along-shelf and salinity were the two most
important explanatory variables (standardized
partial regression coefficients of �0.50 and 0.46,
respectively, p’so0:001), and 41% of the total
variation in backscattering was explained by the
selected variables (n ¼ 6481).

3.6. Taxonomic composition

In general, small (o 2.5mm in length) and large
copepods (42.5mm) dominated MOCNESS
catches in terms of both numbers and estimated
biomass. From qualitative examinations, small
copepods were dominated by Metridia gerlachei

copepodites, with cyclopoids (e.g., Oithona and
Oncaea spp.) also abundant at some locations. The
large copepod group was composed of mostly
Calanoides acutus, Calanus propinquus, Gauidius

spp., adult M. gerlachei, Rhincalanus gigas, and
Paraeuchaeta spp. (Ashjian et al., 2004).

Our silhouette method for identifying net
catches was not able to identify euphausiids to
the level of species. Microscopic examination of a
subset of the net catches indicated that the
euphausiid community consisted of E. superba,
E. crystallorophias, E. frigida, E. triacantha, and
Thysanoessa macrura. For the remainder of this
paper, we will group these species together and
refer to them simply as euphausiids. Small
euphausiids (all individuals o15mm in length,
corresponding to larval stages) often contributed
substantially to total zooplankton abundance and
biomass, though less than copepods. Large
(415mm, juveniles and adults) euphausiids made
important contributions to sampled biomass, but
typically not to abundance. Other taxa, such as
pteropods, chaetognaths, amphipods, mysids, si-
phonophores, other jellies, and micronektonic
fishes, were proportionally important only at
limited depth ranges and particular locations.
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Detailed analyses of MOCNESS catches were
performed in a companion study (Ashjian et al.,
2004), and the emphasis here is on using these
catches to interpret acoustic observations.

Forward calculations of expected backscattering
based on net catches showed a positive correlation
with observed backscattering levels (Fig. 6; n ¼ 58;
r2 ¼ 0:43; po1� 10�7). Observed backscattering
was generally greater than predicted backscatter-
ing, particularly at high levels. The average
deviation from a one-to-one relationship was
6.8 dB.These analyses excluded the winter mid-
shelf 1 and 2 stations, the two locations where net
tows and acoustic data collection were separated
in time by approximately a month. Interestingly,
however, the predicted backscattering levels for
the mid-shelf 1 station fell very close to the 1:1 line.
Furthermore, while the predicted backscattering
levels for the mid-shelf 2 station were generally
lower than observed levels, they were certainly not
the most extreme outliers.

The ratios of predicted backscattering for each
of the various taxa to total predicted backscatter-
ing provide some insight into the possible biolo-
gical sources of backscattering in the vicinity of
each MOCNESS tow. The full set of backscatter-
ing predictions for each taxon in each net and tow
can be found in Fig. 7; here, only the more
noteworthy features will be highlighted.

3.6.1. Fall sources of backscattering

Based on fall net catches and taxon-specific
acoustic scattering models, large euphausiids were
the predicted source of the majority of predicted
backscattering at only a few locations and depths:
in the mid-water at the mid-shelf 1 and 2 stations
(at 22–240m, and 149–344m, respectively), at
depths where large and diffuse patches were
present (Fig. 2A), as well as in the very high
scattering and patchy 50–198m depth range in
Marguerite Bay (Fig. 7A). Elsewhere, large eu-
phausiids were either absent or constituted only a
minor component of predicted backscattering.
Small euphausiids were estimated to make their
most important contributions at shallow depths
(25–100m).

Aside from euphausiids, the remainder of the
fall predicted backscattering stemmed from a
mixture of taxa (Fig. 7A). Large copepods were
an important predicted constituent at many
stations, particularly below 100m. Despite never
contributing more than 11% of net-sampled
biomass (Ashjian et al., 2004), pteropods were
occasionally responsible for the majority of pre-
dicted backscattering (up to 69%). This is due to
the hard shell and associated strong scattering
intensity of pteropods in comparison to the more
weakly-scattering taxa like euphausiids or cope-
pods (Stanton et al., 1994). Similarly, at certain
depths and locations, pneumatophore-bearing
siphonophores explained the majority of back-
scattering. For instance, in the 99–145m depth
stratum at mid-shelf station 3, 66% of back-
scattering was estimated to result from siphono-
phores, even though catch biomass in this layer
was still dominated by copepods (47%) and the
contribution of siphonophores to biomass was
negligible (�1%). The pneumatophore structure
of siphonophores is a gas-filled sac that scatters a
great deal of sound (Warren et al., 2001), evidently
overwhelming the contribution to observed back-
scattering of the biomass-dominating copepods.



ARTICLE IN PRESS

Mid-Shelf 2

D
ep

th
 In

te
rv

al
 (

m
)

344-491

244-344

149-241

98-149

71-97

47-71

25-48

Marguerite
Bay

Percent of Backscattering

0 20 40 60 80 100

0 20 40 60 80 100

0

0

0

0 20 40 60 80 100

D
ep

th
 In

te
rv

al
 (

m
)

397-599

298-397

199-297

99-198

75-99

50-75

25-50

Mid-Shelf 1

D
ep

th
 In

te
rv

al
 (

m
)

240-306

199-240

145-199

104-145

76-104

49-76

22-49

Mid-Shelf 3

D
ep

th
 In

te
rv

al
 (

m
)

237-350

193-237

145-193

99-145

74-99

49-74

24-49

Mid-Shelf 4

D
ep

th
 In

te
rv

al
 (

m
)

296-340

249-296

199-248

146-199

100-146

50-101

25-51

Off-Shelf

D
ep

th
 In

te
rv

al
 (

m
)

793-1000

593-793

397-593

197-397

101-196

49-101

20-49

FALL(A)

Large copepods
Large krill 
Small krill 
Siphonophores
Pteropods
Fish
Chaetognaths
Amphipods
Other

20 40 60 80 100

20 40 60 80 100

20 40 60 80 100

Fig. 7. Predictions of the sources of backscattering based on MOCNESS catches during (A) fall and (B) winter. The percent of total

predicted backscattering accounted for by each taxon is shown relative to the depth interval sampled by each net of each tow. The

‘pteropod’ category refers only to thecosomes (Limacina spp.). The ‘other’ category includes small (o2.5mm) copepods, medusae,

polychaetes, ostracods, eggs, salps, crustacean larvae, radiolarians, mysids, and gymnosome pteropods.

G.L. Lawson et al. / Deep-Sea Research II 51 (2004) 2041–2072 2059



ARTICLE IN PRESS

WINTER

Mid-Shelf 1

D
ep

th
 In

te
rv

al
 (

m
)

197-305

147-195

125-145

101-125

76-101

46-75

25-45

Large copepods
Large krill
Small krill
Siphonophores
Pteropods
Fish
Chaetognaths
Amphipods
Other

Mid-Shelf 2

D
ep

th
 In

te
rv

al
 (

m
)

301-400

200-301

148-200

100-148

74-100

47-74

21-47

Mid-Shelf 3

D
ep

th
 In

te
rv

al
 (

m
)

201-230

145-201

124-145

100-124

74-100

50-74

24-50

Off-Shelf

D
ep

th
 In

te
rv

al
 (

m
)

796-988

579-796

403-579

203-403

100-203

51-100

25-51

Marguerite
Bay

Percent of Backscattering

D
ep

th
 In

te
rv

al
 (

m
)

346-488

200-344

151-200

100-151

74-99

48-74

24-48

0 20 40 60 80 100

0 20 40 60 80 100

0 20 40 60 80 100

0 20 40 60 80 100

0 20 40 60 80 100

(B)

Fig. 7. (Continued)

G.L. Lawson et al. / Deep-Sea Research II 51 (2004) 2041–20722060
Small copepods frequently dominated catches (up
to 72% of biomass), but this taxon never explained
more than 19% of predicted backscattering, due to
their small size and concomitant weak target
strength at 120 kHz.

3.6.2. Winter sources of backscattering

In winter, the sources of backscattering pre-
dicted from net samples differed from fall
(Fig. 7B). The dominant feature observed acous-
tically in winter was the deep scattering layer
found close to the bottom over much of the
continental shelf. Unfortunately, difficulties asso-
ciated with towing the MOCNESS through the
pack ice led to problems in sampling this layer. At
the mid-shelf 1 station, the deepest net sampled to
within 40m of the bottom. Acoustic data were
collected in this region 30 days prior to the net
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tow, and at that time, a deep scattering layer was
present extending 20–100m above the bottom.
Predictions from the catch composition in this net
suggested that large copepods and radiolarians
(included in the ‘other category’ of Fig. 7B) were
the dominant contributors to expected backscat-
tering levels in the layer, with smaller contribu-
tions from amphipods and large euphausiids. At
the mid-shelf 2 station, a scattering layer was
present extending 100–150m off the bottom.
Predictions from the deepest net in a tow made
24 days later to within 90m of the bottom
indicated that expected backscattering in the layer
was accounted for primarily by pteropods and
large copepods. At the mid-shelf 3 station, the
deepest net only sampled to within 95m of the
bottom, and therefore passed 25m above the deep
scattering layer observed acoustically. Backscat-
tering in this sampled region immediately above
the deep scattering layer was predicted to stem
predominantly from copepods and chaetognaths.

Catches from shallower sampled strata sug-
gested that the low backscattering observed out-
side the deep scattering layer stemmed from a
highly complex mixture of taxa (Fig. 7B). Where
they were present, siphonophores and pteropods
often accounted for most of the predicted back-
scattering levels. In Marguerite Bay, amphipods
were the dominant scatterer in two of the sampled
depth intervals, while large euphausiids dominated
predicted backscattering in the acoustically intense
151–200m depth range and in the less intense
74–151m layer.
4. Discussion

Distinct spatial and seasonal patterns were
evident in backscattering levels across the Mar-
guerite Bay continental shelf study area. Clear
associations also were observed between back-
scattering and particular water masses and dy-
namic topography, which is an indicator of flow.
Together with the information derived from net
samples on the taxonomic composition of the
zooplankton and micronekton responsible for the
backscattering, these observations permit impor-
tant inferences concerning the seasonal distribu-
tion, transport, and retention of zooplankton and
micronekton biomass in the region.

4.1. Potential limitations of the acoustic technique

The relationship between backscattering at a
single frequency and zooplankton biomass is
highly complex, and in order to draw any
conclusions about biomass on the basis of our
acoustic measurements, a number of potentially
confounding factors first must be taken into
account. Backscattering depends on a number of
factors, including the abundance or biomass,
taxonomic composition, size, and orientation of
scatterers (Stanton and Chu, 2000). In linear echo-
integration theory, the echoes from individual
animals within the acoustic beam are assumed to
sum incoherently, such that echo-integrated back-
scattering increases with animal abundance. This
assumption is valid provided that animal densities
are not so high as to cause acoustic attenuation or
multiple scattering, and targets can be assumed to
be distributed randomly within the beam (Ma-
cLennan and Simmonds, 1992); this is likely to be
the case here. Inasmuch as biomass increases with
abundance, backscattering therefore will also
increase with biomass.

Different anatomical classes of zooplankton
scatter sound with very different efficiencies, and
the taxonomic composition of scatterers has a
substantial impact on backscattering. The echo
energy scattered per unit biomass of a pteropod,
for example, can be 70 times greater than that
from a decapod or pneumatophore-bearing sipho-
nophore (Stanton et al., 1994). An observed
increase in backscattering therefore could result
either from an increase in the biomass of a given
taxon of zooplankton, or from a shift in taxo-
nomic composition towards stronger scatterers
like pteropods; such a shift even could be
accompanied by a decrease in biomass. In the
present study, predictions based on net catches of
the likely relative contributions of different taxa to
observed backscattering levels suggest a highly
heterogeneous composition of animals (Fig. 7;
note that Section 4.3.1 acknowledges certain
limitations of these predictions). There is little
evidence that changes in taxonomic composition
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might confound our interpretation that the major
observed seasonal and spatial differences in back-
scattering are related to concomitant changes in
biomass. The strong-scattering pteropods were
predicted to account for more of the backscatter-
ing in winter than in fall, suggesting that the
decrease in backscattering between the two sea-
sons may be due to an even-larger decrease in
biomass than if the taxonomic composition had
remained the same. During fall, there was evidence
of greater contributions of pneumatophore-bear-
ing siphonophores to backscattering at depths
below 100m in the southern reaches of the survey
area and in Marguerite Bay, and an increased
importance of euphausiids towards the north.
Although backscattering was lower in the north,
echo energy per unit biomass is comparable for
siphonophores and euphausiids (Stanton et al.,
1994), and so this backscattering decrease is more
likely related to a difference in biomass than to
spatial patterns in community composition.

For the most part, backscattering increases with
animal size. Since biomass also increases with size,
backscattering should increase with biomass irre-
spective of whether biomass increases are related
to size or abundance. There do exist, however, size
ranges for which backscattering and size are
negatively related, such that slightly larger (higher
biomass) animals have lower backscattering than
smaller ones (Stanton and Chu, 2000). For single
pings and individual animals, such ‘dips’ in the
scattering vs. size relationship can be quite
pronounced, and have the potential to confound
the relationship between backscattering and bio-
mass. In this study, however, we integrate back-
scattering over large depth ranges and horizontal
intervals, and thereby average over a very large
number of animals. When scattering is averaged
over a distribution of animal lengths, the dips in
backscattering at particular size ranges are sub-
stantially reduced in magnitude, to 5 dB or less
(Stanton et al., 1998; Stanton and Chu, 2000).
What’s more, the sizes of animals encountered in
this study mostly avoid the problem of animal size
confounding the relationship between backscatter-
ing and biomass: the lengths of most of the net-
sampled taxa (e.g., copepods, pteropods, siphono-
phores, and small euphausiids) were much smaller
than the length at which the first dip in the
backscattering vs. size relationship occurs. Large
euphausiids are the only taxon sampled by the nets
whose sizes might have been expected to fall within
this first dip, but examining the length distribu-
tions of this group in net catches suggests that
most animals fell on either side of the requisite
range of lengths (Ashjian et al., 2004).

Similarly, animal orientation can have a sub-
stantial impact on backscattering for individual
animals and single realizations, but this effect is
much reduced when scattering is averaged over a
distribution of aspects. It also seems unlikely that
the observed spatial and seasonal patterns in
backscattering can be explained simply by varia-
bility in the orientation of animals, as this would
require complicated spatial and seasonal changes
in orientation that are less plausible than differ-
ences in biomass.

Animal taxonomic composition, size, and or-
ientation certainly introduce imprecision into the
relationship between backscattering and zooplank-
ton and micronekton biomass, and it therefore is
not possible to relate backscattering uniquely to
biomass. Nonetheless, the present analyses have
revealed large spatial and temporal differences in
backscattering (greater than 5 dB), which should
exceed any imprecision introduced by these con-
founding factors, allowing us to attribute coarsely
these differences to changes in biomass.

There also exists the possibility that some of the
observed backscattering stemmed from sources
other than zooplankton or micronekton, such as
nekton or non-biological sources. It is unlikely
that any animals larger than micronekton (e.g.,
large fishes) contributed substantially to back-
scattering measurements. Larger animals would be
expected to appear in the acoustic record as
distinct and recognizable targets, associated with
very high backscattering levels. Very few such
targets were evident, however, and backscattering
levels seldom exceeded �50 dB. Aside from the
artifactual backscattering excised from the up-
looking transducer’s acoustic record described
above, we have little information on the possibility
of scattering from non-biological sources. Work in
the Gulf of Maine has demonstrated that small-
scale variations in the temperature and salinity
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structure of the water column (i.e. microstructure)
may at times scatter sound at levels comparable to
backscattering from zooplankton (Warren et al.,
2003). Preliminary examinations of acoustic data
collected concurrent to casts with a microstructure
probe during a later cruise suggest that thin and
low-intensity backscattering layers may be asso-
ciated at times with regions of high microstructure,
but such weak scattering is unlikely to contribute
substantially to the averages of backscattering
under examination in the present study.

Finally, diel vertical migrations by the animals
responsible for observed backscattering may in-
troduce uncertainty into our interpretations of
distribution. Comparisons of mean backscattering
within the different depth strata between day and
night do not support this notion, other than
perhaps in the shallow layer during winter. Even
in this depth range, since the position of the ship in
relation to time of day was effectively random, any
diel changes in vertical position should simply
introduce random error into the acoustic measure-
ments. Diel vertical migration of some component
of the zooplankton community undoubtedly does
occur (e.g. Zhou and Dorland, 2004 observed
distinct diel vertical migrations by individual
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zooplankton biomass, and correspondingly, a
decrease in zooplankton biomass between the
two seasons also was observed by other instru-
ments. Biomass sampled in the MOCNESS tows
described above decreased from fall to winter by
approximately 60% (Ashjian et al., 2004). Ana-
lyses of optical plankton counter-derived zoo-
plankton size spectra likewise suggested that
particle abundance between 0.25 and 14mm in
equivalent spherical diameter decreased between
fall and winter of 2002 by 82% (Zhou et al., 2004).

Similar seasonal reductions in the biomass of
zooplankton have been observed in studies of
other regions of the antarctic continental shelf (e.g.
copepods; Schnack-Schiel et al., 1998), and for
Antarctic krill in particular (Heywood et al., 1985;
Siegel, 1988, 1989; Lascara et al., 1999; and see
review in Siegel, 2000). A seasonal decrease in
Antarctic krill biomass may not be a consistent
feature across all regions, however, as South
Georgia typically supports a strong krill fishery
during winter (e.g. Murphy et al., 1997). In repeat
surveys that overlapped during fall and summer
with the northern end of the SO GLOBEC study
area, and that in winter and spring covered the
continental shelf farther north, Lascara et al.
(1999) observed an order of magnitude decrease
from spring and summer Antarctic krill biomass
levels (32 and 95 gm�2, respectively) to fall and
winter (12 and 8 gm�2, respectively). In the latter
survey, mean biomass was driven primarily by one
high-biomass station; biomass was zero at most
other stations. These authors calculated biomass
by assuming that all backscattering at 120 kHz in
excess of �81 dB and above 189m in depth was
Antarctic krill. Although we do not make this
scaling from backscattering to biomass, winter
backscattering in the present study frequently
exceeded �81 dB, and so would have resulted in
non-zero biomass estimates by the Lascara et al.
(1999) method. However, backscattering levels
higher than �81 dB typically were found below
189m, possibly explaining the many zero winter
biomass estimates made in this earlier study.

A number of factors may explain the decrease in
zooplankton backscattering from fall to winter.
These include vertical and horizontal movements,
mortality, and advection of the zooplankton and
micronekton in question. It also must be noted in
considering these explanations that we are dealing
with backscattering as a whole, and that different
factors may explain changes in the biomass and
distribution of individual taxa.
4.2.1. Vertical movements

Downwards seasonal migrations may have
contributed to the decrease in overall backscatter-
ing levels. Certain taxa, including the large
copepods C. acutus and R. gigas, are known to
undergo ontogenetic migrations to deeper waters
during winter (Ross et al., 1996). Migration below
the depth ranges normally sampled by nets and
acoustics has been hypothesized to be a possible
cause of apparent seasonal changes in the biomass
of Antarctic krill in the present study area
(Lascara et al., 1999). Euphausiid biomass at
depths below 400m has typically been found to
be low in all seasons (Marin et al., 1991; Ross et
al., 1996; Ashjian et al., 2004). There is some
evidence, however, that Antarctic krill on occasion
may be associated with the bottom, from a
bottom-mounted light trap in a shallow water
region under fast ice (Kawaguchi et al., 1986),
acoustic observations in conjunction with trawl
catches (Heywood et al., 1985), and two observa-
tions made by a remote-operated vehicle (ROV)
within 1m of the bottom (Gutt and Siegel, 1994).

In the present study, due to the use of a chirp
pulse (Ehrenberg and Torkelson, 2000) and to the
ability of the BIOMAPER-II to be towed at
depths up to 300m, we were consistently able to
sample acoustically to 500m, occasionally reach-
ing as deep as 550m. Depending on bathymetry,
this allowed us to sample all the way to the bottom
over much of the continental shelf. In certain
portions of the study area, backscattering in the
deepest portions of the water column increased
from fall to winter, suggestive of a downwards
movement of zooplankton. Overall, however, even
including backscattering at the deepest depths
surveyed, winter backscattering in the surveyed
water column accounted for only 32.5% of
observed fall levels. Downwards vertical move-
ments alone therefore may not account for the
seasonal decrease in backscattering.
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Upwards migration of the zooplankton respon-
sible for backscattering above the minimum
sampled range of the acoustic system (25m) also
does not explain the fall to winter decrease.
Analyses of MOCNESS catches do not indicate
that total zooplankton biomass increased in the
0–25m depth stratum (Ashjian et al., 2004).
Concurrent ROV surveys did observe high abun-
dances of larval euphausiids immediately under
the pack ice in many locations during winter,
suggesting that larval euphausiids may have
migrated to the underside of the ice (Gallager et
al., 2002). Since the present analyses indicate that
small euphausiids are minor contributors to over-
all backscattering, such a migration is unlikely to
have affected observed backscattering levels.

4.2.2. Horizontal migrations

Horizontal migrations to preferred over-winter-
ing habitats by zooplankton or micronekton may
explain some of the winter decrease in back-
scattering. Adult Antarctic krill are capable of
sustained swimming at speeds of 10–15 cm s�1

(Kils, 1981), and so in the eight weeks between
the fall and winter surveys, could have migrated as
far as 725 km. Siegel (1988) hypothesized that
adult Antarctic krill migrate offshore in spring,
returning to coastal areas for the winter perhaps
following a food gradient, and an association of
zooplankton with coastal waters during winter has
been observed in other shelf regions (Siegel, 1988,
1989; Zhou et al., 1994; Lascara et al., 1999). In
the present study, we penetrated through the ice
close to shore during winter on only limited
occasions. On one of those instances, in Laubeuf
Fjord at the northern end of Marguerite Bay, high
backscattering was observed, and according to our
net-based predictions, much of this backscattering
came from large euphausiids. It thus seems
possible that large euphausiids may have migrated
out of the surveyed area between fall and winter,
into the many un-surveyed coastal fjords of
Marguerite Bay and its surrounding islands. It
appears unlikely, however, that a preference for a
particular water mass and a change in the
distribution of that water mass would be involved
in such a horizontal movement. Temperature-
salinity diagrams indicated that backscattering in
fall was highest in modified CDW, and similar
diagrams from winter data indicate that abundant
modified CDW was still present on the shelf.

4.2.3. Mortality

Large zooplanktivorous predators are common
in the Marguerite Bay region, and include whales
(Thiele et al., 2004), seals (Burns et al., 2004), and
birds (Chapman et al., 2004). Such predators may
have been responsible for high levels of mortality.
Until we gain a detailed understanding of the
sources of backscattering and the population
dynamics of the various zooplankton taxa, the
contribution of mortality to the decrease in back-
scattering remains unclear.

4.2.4. Transport and retention of zooplankton and

micronekton

Advection may have transported zooplankton
and micronekton out of the study area, accounting
for some of the observed decrease in backscatter-
ing between the two seasons. In fall, contours of
dynamic height indicated the presence of a large
gyre situated over the northern portion of the
continental shelf study area; previous studies of
the area and analyses of historical datasets suggest
that this is a persistent feature of the region
(Hofmann et al., 1996; Smith et al., 1999). The
southern end of this gyre contained elevated
backscattering, suggesting that zooplankton were
being transported in an off-shelf direction. Current
speeds in the gyre were on the order of 3–15 cm s�1

(from ADCP and dynamic height calculations,
respectively; Klinck et al., 2004), and in the eight
weeks between the two cruises, could have
transported the zooplankton between 145 and
725 km in a straight-line direction. Where the
southern end of the gyre reached the shelf break
and turned towards the north, zooplankton may
either have been entrained into the fast-flowing (up
to 30 cm s�1, Klinck et al., 2004) Antarctic
Circumpolar Current (ACC) and transported to
regions farther north, or retained within the gyre
structure.

Dynamic height estimates, ADCP measure-
ments, and drifter tracks indicated the presence
during fall of a strong coastal current moving
towards the southwest along Adelaide and
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Alexander Islands (Beardsley et al., 2004; Klinck
et al., 2004). High zooplankton backscattering was
associated with this physical feature. Although the
coastal current passes through areas of complex
bathymetry where zooplankton could potentially
find refuge, it still likely transported much of the
zooplankton found during fall in the southern shelf
region towards the southwest and out of the study
area. At ADCP-measured speeds of 10–25 cm s�1

(Klinck et al., 2004), this current could have
transported plankton between 480 and 1210 km.

On-shelf flow also may account for some of the
seasonal decrease. Hydrographic observations and
modeling exercises indicate that warm oceanic
CDW is pumped up onto the continental shelf
primarily at points where the deep troughs bisect-
ing the shelf meet the shelf break and where the
shelf break is strongly curved (Klinck et al., 2004;
Dinniman and Klinck, 2004). Maps of interpolated
backscattering relative to bathymetry, low levels of
backscattering observed in the off-shelf block,
analyses of the association between backscattering
and water masses, as well as low net-sampled
biomass at the off-shelf station (Ashjian et al.,
2004), suggest that the oceanic waters being
pumped onto the shelf were relatively low in
zooplankton. The waters replacing those lost from
the study area through other advective features
thus may have contributed to the overall decrease
in zooplankton and micronekton biomass.

Retentive processes may partially explain why
water column backscattering in Marguerite Bay
increased from fall to winter: ADCP measure-
ments made by other SO GLOBEC investigators
(Zhou et al., 2004; Klinck et al., 2004) suggest the
possible existence of a small gyre in the northern
end of Marguerite Bay, a notion that is supported
by the dynamic height contours presented here.
Such a gyre could serve to retain zooplankton in
this region, keeping backscattering levels high in
both fall and winter.

4.3. Sources of acoustic backscattering

4.3.1. Accuracy of forward calculations

Any inferences about the sources of acoustic
backscattering rely on the accuracy of our forward
calculations. Forward predictions of backscatter-
ing based on net samples were generally lower than
observed backscattering levels, particularly at high
intensities. A number of factors may have con-
tributed to this discrepancy. First, MOCNESS
tows and acoustic samples could not be made at
exactly the same times and locations. High spatial
and temporal variability in the abundance and
composition of zooplankton may have resulted in
the two systems sampling different communities.
This is particularly true for sparsely or patchily
distributed organisms like euphausiids, which may
have contributed to the acoustic measurements but
been missed by the nets. It is pertinent that in
temperate waters typified by generally higher
zooplankton densities and where net and acoustic
sampling were co-located, forward calculations
have yielded more favorable comparisons than
seen here (Wiebe et al., 1996; Bucklin et al., 2002).
Furthermore, net studies have led to the sugges-
tion that although the absolute biomass of a
particular taxon may vary dramatically in space or
time, its proportional contribution to total zoo-
plankton biomass is generally much less variable
(Wiebe et al., 1992). While spatial and temporal
variability thus might contribute to the discre-
pancy in magnitude between predicted and ob-
served backscattering, the predicted relative
contributions of individual taxa may be less
subject to such error.

Second, biological characteristics such as length
distribution can vary dramatically between even
closely spaced Antarctic krill swarms, and a single
tow may not provide an unbiased estimate of the
length distribution of krill in a given region
(Watkins et al., 1986, 1990). Some degree of
uncertainty thus will certainly be propagated into
our predictions of the sources of backscattering
due to error in the net catch data themselves.
During the surveys, it generally was not possible to
conduct replicate tows in order to quantitatively
constrain this error. At the Marguerite Bay station
in fall, however, three separate tows were made
through a series of dense euphausiids swarms over
the course of 18 h and over a spatial area of
16� 4.5 km2 (Wiebe et al., 2004). Analysis of the
catches indicated a marginally non-significant
(p ¼ 0:065) difference between tows in euphausiid
length.
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Third, some of the animals present may have
avoided the oncoming net. Larger taxa in parti-
cular might have been capable of avoidance,
despite our use of a strobe light to reduce such
an effect. Larger animals also would produce
higher observed backscattering levels, and the
greater offset between observed and predicted
backscattering at higher scattering levels may
support the notion that avoidance partially ex-
plains the difference between the two. Similar to
the present results, Zhou et al. (1994) found that
backscattering levels predicted from net catches of
euphausiids became increasingly smaller than
levels observed with an ADCP for higher observed
values, which they attributed to avoidance on the
part of the euphausiids.

Finally, some of the models and parameters
used in making forward predictions may not have
been appropriate in all instances. For most of the
dominant taxa, the models of acoustic scattering
used here have been experimentally validated
through comparisons of model predictions to
measured target strengths of actual individual
organisms (Stanton et al., 1998; Table 1). Model
parameter values (e.g., animal orientation), how-
ever, were occasionally chosen on the basis of very
little information (see Table 1). Sensitivity analyses
suggest that changing parameter values, while still
keeping them within biologically plausible ranges,
could increase predicted backscattering by only
one to five decibels. Model parameter values alone
therefore do not appear to explain fully the
difference between predicted and observed back-
scattering.
4.3.2. Taxonomic composition of zooplankton and

micronekton

Given the preceding discussion, and since only
five or six tows were available per cruise to
describe such a large study area, any conclusions
concerning the sources of observed backscattering
must be approached with caution. Performing the
forward calculations furthermore only provides an
indication of the relative contribution of each
zooplankton and micronekton taxon to total
backscattering in a given region, and does not
allow the conclusion that these relative contribu-
tions have been uniquely determined. Nonetheless,
these analyses do allow certain broad inferences.

Backscattering in the study area was found in
two general forms: dense patches of elevated
backscattering intensity, and more elongated and
homogenous layers. In fall, dense and discrete
patches were observed primarily in Marguerite
Bay, contributing to the high mean backscattering
levels and enhanced coefficients of variation in
backscattering observed in this region. Forward
predictions suggest that these patches were com-
posed of large euphausiids. Large but more diffuse
patches also were observed at depth over the
northern shelf. The composition of these deep
patches is less certain, as we can not be certain that
the fall mid-shelf 1 MOCNESS tow actually
passed through one of these patches. The catch
data do suggest the presence of euphausiids, but
myctophid fishes are also known to inhabit these
areas. Dense patches were less evident in Marguer-
ite Bay in winter, but the MOCNESS tow
suggested that large euphausiids and amphipods
made up the majority of the intense scattering
layer present below 150m in this area. Outside of
these very distinct patches, the analysis of net
samples indicated that the sources of backscatter-
ing likely included a complex and variable mixture
of taxa.

The dominant backscattering feature in winter
was the dense bottom scattering layer. Copepods
were predicted to be the dominant scatterer in this
layer, although two of the three MOCNESS tows
that sampled this layer were the two instances
where net tows were separated in time from
acoustic data collection by as much as 30 days.
It is also possible that some taxa were under-
sampled to a greater extent by the nets than
others, leading to an apparent dominance of
these other taxa (e.g., copepods in this instance).
This may particularly be the case since predicted
backscattering levels were low in comparison to
measured levels in the bottom scattering
layer, suggesting that some component of the
animals scattering sound may have been under-
sampled. There is, however, little evidence
from the current analyses to support the notion
that large euphausiids migrated to depth during
winter.
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4.3.3. Implications to acoustic surveys

An important finding of the present study is that
euphausiids accounted for the majority of pre-
dicted backscattering only at certain depths and
locations within the survey area. Backscattering
more typically was predicted to be dominated
by copepods, pneumatophore-bearing siphono-
phores, pteropods, or a complex mixture of taxa.
Where they were present, the relatively rare and
low-biomass but strongly scattering pteropods and
siphonophores appeared to overwhelm the con-
tributions to backscattering of more weakly
scattering taxa (similar to observations in the Gulf
of Maine and on Georges Bank; Wiebe et al., 1996;
Benfield et al., 2003). At 120 kHz, small fluid-like
animals like copepods scatter near the transition
between the Rayleigh and geometric scattering
regions, and so in our predictions from net
catches, copepod contributions to overall back-
scattering never exceeded �80 dB.Although cope-
pod backscattering thus can be filtered out via
thresholding if larger animals like euphausiids are
of sole interest, such levels are certainly measur-
able and of consequence in generally low-scatter-
ing regions such as the present study site.
Furthermore, copepods frequently dominate the
zooplankton community in terms of abundance
and biomass (Ashjian et al., 2004), and it is
noteworthy that acoustic data potentially can
provide information on their distribution.

Acoustic surveys in the Antarctic have employed
a number of techniques to discriminate euphausiid
backscattering from that arising from other
scatterers. Often it has been assumed that all
measured zooplankton backscattering above some
minimum threshold (generally ca. �80 dB)
stemmed from Antarctic krill (e.g., Macaulay et
al., 1984; Lascara et al., 1999; Nicol et al., 2000).
This assumption would lead to over-estimates of
Antarctic krill biomass in the present study area, at
least. In other instances, visual scrutiny and/or
some degree of trawling has been employed to
distinguish Antarctic krill patches from other
sources of backscattering such as myctophid fishes
(Sahrhage, 1989; Sprong and Schalk, 1992; Murray
et al., 1995; Pauly et al., 2000), but this approach
discards a great deal of potential information on
the abundance of taxa other than krill.
Differences in backscattering at two or more
discrete frequencies have been used with a great
deal of success to identify euphausiid backscatter-
ing and filter out returns from other taxa. The
range of differences in scattering attributable to
particular euphausiid species has been based either
on analyses of patches known from net samples to
be predominantly mono-specific (Madureira et al.,
1993; Brierley et al., 1998; Watkins and Brierley,
2002), in one instance in conjunction with analyses
of swarm energetic and shape characteristics
(Woodd-Walker et al., 2003), or on theoretical
predictions from target strength models (e.g.,
Hewitt et al., 2003). Such multi-frequency analyses
are very promising, and perhaps could be ex-
panded to account for rare, but strongly scattering
taxa like pteropods and gas-bearing siphono-
phores, where they are present.
5. Summary

Distinct spatial and seasonal patterns were
evident in zooplankton backscattering across the
Marguerite Bay continental shelf study area.
During fall, backscattering was highest in the
southern reaches of the survey area and inside
Marguerite Bay, regions also associated with high
abundances of whales, seals, and birds (Thiele
et al., 2004; Burns et al., 2004; Chapman et al.,
2004, respectively). In winter, the dominant
scattering feature was a bottom scattering
layer covering much of the continental shelf.
Downwards vertical migrations of zooplankton
into this bottom layer may have contributed to
the observed decrease in backscattering levels from
fall to winter in the mid-water, but may not
account fully for the decrease in backscattering for
the water column as a whole. The latter was
probably due to vertical migrations plus a
combination of advection out of the survey area,
mortality, and horizontal movements. Advection
could have occurred either via zooplankton in the
northern shelf gyre becoming entrained into
the ACC or via the southwest-flowing coastal
current. Although the results from the present
study concerning the advection of zooplankton are
equivocal, the possibility that zooplankton from
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the Marguerite Bay region become entrained
into the ACC and transported to regions farther
north is tantalizing, and would support the
hypothesis that Marguerite Bay helps to sustain
the large downstream euphausiid populations in
the Bransfield Strait and South Georgia regions
(Atkinson et al., 2001; Fach et al., 2002). Predic-
tions based on net catches of the sources of
observed backscattering levels suggest that eu-
phausiids were the dominant scatterer only at very
particular locations and depths. Antarctic acoustic
surveys should take care to account for other
scatterers, including the abundant, but weakly
scattering copepods, and the relatively rare, but
strongly scattering pteropods and gas-bearing
siphonophores.
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