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Abstract The deep scattering layers of the North
Atlantic, including the Irminger Sea, contain many
predators of the key copepod species Calanus finmar-
chicus. Previous seasonally restricted studies have de-
scribed the deep acoustic scattering layers of the
Irminger Sea as ‘ubiquitous’. They have shown that the
intensity of the acoustic backscatter varies across the
region, and so, by implication, the potential predation
pressure on C. finmarchicus also varies spatially. This
paper reports observations of the distribution of epi-
pelagic (0–200 m) and meso-pelagic (200�1,000 m)
acoustic backscatter in the Irminger Sea, made using a
scientific echosounder operating at 38 kHz during four
seasonal (winter, spring and summer) cruises. Our study
demonstrates that the intensity of the backscatter varies
seasonally in regionally distinct ways across the Irminger
Sea. The mean acoustic backscatter, both in the upper
800 m and upper 200 m of the water column, varied
significantly between the northern, central and southern
areas of the central basin (‘open ocean’), and within each
area between the Greenland shelf slope, open ocean and
Mid-Atlantic Ridge subregions. Different patterns of
seasonal change in the acoustic backscatter between the
upper 800 m and upper 200 m were also seen, indicating
both persistent differences in the underlying amount of
backscatter in each area, and varying patterns of sea-
sonal increase in the near surface backscatter in the
different areas and subregions. These observations could
be related to the different oceanographic regimes
encountered in each location, and are discussed in terms

of their implications for potential predation pressure on
C. finmarchicus.

Introduction

The Irminger Sea lies in the western sub-Arctic North
Atlantic (Fig. 1). It is bounded to the west and north by
the continental shelves of Greenland and Iceland, and to
the east by the Mid-Atlantic Ridge. The primary current
flow is counter-clockwise around its margin (Lavender
et al. 2000; Bower et al. 2002). The Irminger Sea can be
divided into at least three distinct regions based on the
properties of the upper water column (Holliday et al.,
unpublished data): the region to the west of the crest of
the Mid-Atlantic Ridge dominated by the northwards
flow of the Irminger Current; the central basin, which
contains an oligotrophic, weakly cyclonic gyre; and the
region over the Greenland shelf slope dominated by the
intense southerly flow of the East Greenland Current
(Lavender et al. 2000). The Irminger Current carries
relatively warm, saline water derived from the North
Atlantic Current, and retroflects at the northern end of
the basin to feed the portion of the East Greenland
Current that flows over the shelf slope (Holliday et al.,
unpublished data). This water mass becomes progres-
sively cooler and fresher towards the south as it interacts
with colder, fresher water both of polar origin, which
flows over the shelf as the inner branch of the East
Greenland Current, and from the oceanic waters of the
central basin.

Until recently, most biological research in the Irm-
inger Sea has focussed on the commercially important
redfish Sebastes spp., for which regular combined
acoustic and trawl surveys are conducted (e.g. Sigurds-
son et al. 1999). Arising from these studies, it has been
observed that meso-pelagic (in the depth zone 200–
1,000 m) acoustic deep scattering layers (DSLs) are
‘ubiquitous’ throughout the Irminger Sea and that they
show spatial variability in their density (Magnusson
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1996). However, few attempts have been made to
quantify this spatial variability, and data have not been
available to consider the influence of seasonal variability
on the distribution of DSLs in any detail (Sigurdsson
et al. 2002). In particular, due to the remote location and
the adverse weather conditions that may be experienced,
nothing is known about the distribution of the DSLs
outside of the spring and summer.

Recent interest in the possible impacts of climate
change on global circulation (e.g. Dickson et al. 2002),
and the consequences for the ecology of the North
Atlantic (e.g. Beaugrand 2003; Greene et al. 2003), have
brought attention to bear on the Irminger Sea. This re-
gion has the potential to be of major importance for the
copepod species Calanus finmarchicus (Greene and Per-
shing 2000), but has not received the attention given to
other parts of the North Atlantic (e.g. during the Trans-
Atlantic Study of C. finmarchicus (TASC) project;
Tande and Miller 2000). C. finmarchicus is central to the
food web of the sub-Arctic North Atlantic, where it
performs a key role transferring primary production to
higher trophic levels (Parsons and Lalli 1988). Its life-
cycle is characterised by an overwintering diapause
phase where the animals are found at depths greater
than 500 m (Heath et al. 2000). Quantifying mortality
during diapause, including that from predation, is con-
sidered key to understanding the regional population
dynamics of C. finmarchicus.

In an effort to expand the geographic extent of
observations of C. finmarchicus, the Marine Productivity
programme, funded by the UK Natural Environment
Research Council, was designed to provide a spring,
summer and winter examination of C. finmarchicus and
its environment in the Irminger Sea. As part of this
programme, a combination of active acoustic- and net-
sampling was used to describe the distribution and
abundance of potential predators of C. finmarchicus
across the region.

Active underway-acoustic sampling, using scientific
echosounders, provides a powerful technique for broad-

scale surveys, enabling large areas to be surveyed in
short periods of time. It can provide quantitative
observations throughout the depth strata where the pe-
lagic biomass is greatest (e.g. up to 1,000 m range at
38 kHz), and the use of a range of frequencies enables
both the detection of organisms of different sizes
(Holliday and Pieper 1995) and the multi-frequency
discrimination of targets (e.g. Brierley et al. 1998). Un-
like most net surveys, which produce point data,
underway acoustic surveys provide continuous records
such that boundaries between different ecological re-
gions can be identified precisely. Acoustic sampling is
appropriate for investigating the distribution of a wide
range of potential predators of C. finmarchicus, as larger
predators (e.g. euphausiids and myctophid fish) are
major components of the DSLs throughout the North
Atlantic including the Irminger Sea region (Magnusson
1996).

This paper reports data from four active acoustic
surveys of the Irminger Sea, and provides the first
description of seasonal variation in the regional distri-
bution of acoustic backscatter. Backscattering intensity
was measured using an echosounder operating at
38 kHz, and so provides a proxy for the distribution of
potential macroplanktonic/micronektonic predators of
C. finmarchicus. The results are considered in light of
other aspects of the Marine Productivity programme,
and the implications of the potential predation pressure
for the population of C. finmarchicus in the Irminger Sea
are discussed.

Materials and methods

Data collection

Acoustic data were collected during four multi-disci-
plinary research cruises aboard R.R.S. ‘‘Discovery’’ to
the Irminger Sea and adjacent waters in the western
North Atlantic (Fig. 1). The cruises took place during
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early winter 2001 (D258, 1 November–18 December),
spring 2002 (D262, 18 April–27 May), summer 2002
(D264, 25 July–28 August) and early winter 2002 (D267,
6 November–18 December). Sampling focussed on three
transects running across the basin (approximately
southeast-northwest) that were repeated to varying de-
grees between cruises (Fig. 1). During both winter
cruises, and in particular during the second winter
(D267), the collection of data was restricted due to the
adverse conditions experienced.

Data were collected using a scientific echosounder
(Simrad EK500) operating at 38 kHz, 120 kHz and
200 kHz, although only the 38 kHz data are reported
here. The echosounder was calibrated at the start of each
cruise using standard-target techniques (Foote et al.
1987). The transducers were housed in a towed body,
which was deployed at approximately 6 m depth when-
ever the vessel was underway and conditions allowed.
The acoustic data were recorded using Echolog 500 (v.
2.25 SonarData, 1996). Good quality data were col-
lected when the ship was steaming at speeds greater than
7 knots. This paper focuses solely on the 38 kHz data, as
this frequency has the greatest range (data collected to
1,000 m depth) and so provides observations overlap-
ping with the upper part of the overwintering depth
range of C. finmarchicus (generally 500–1,500 m in the
open ocean; Heath et al. 2000). Data on the physical
properties of the water column (including temperature
and salinity) were also collected throughout the cruises
using a CTD (see Pollard et al. (2002) for details).

Data processing

Acoustic data were processed using Echoview analysis
software (v. 3.00 SonarData, 2003). They were divided
into sets representing continuous periods of usable data,
within which areas of bad data (e.g. false bottom echoes)
were masked out. The cruise-specific calibration values
were applied to each dataset, along with appropriate
sound speed and absorption parameters calculated from
the depth-weighted average oceanographic conditions
experienced during that cruise (see Demer et al. 2004 for
method). The echosounder calibrated gain values de-
rived for each cruise suggest that the equipment re-
mained stable throughout the study, with a maximum
range in the calculated Sv gain for the 38 kHz transducer
of 0.24 dB (mean±SD 26.67±0.11 dB).

Time-varied gain (TVG)-amplified background noise
was removed from each data set following Watkins and
Brierley (1996). A second specially developed algorithm
was implemented to reduce the impact of stochastic
noise spikes that were intermittently apparent in the
data, and which were more prevalent with increasing
depth down the echograms. The exact cause of the
spikes remains unknown, but they appeared related to
an interaction of ship-generated noise and sea condi-
tions. To remove the spikes, each sample (1 ping
horizontally by 1.43 m vertically) of the calibrated

TVG-noise corrected data was compared in turn to the
equivalent sample of the preceding and following pings.
Where the ping-to-ping difference was greater than
10 dB (on average in the upper 5% of all difference
values) the cell was marked as bad data and was ex-
cluded from further analysis. Visual inspection of the
echograms before and after spike removal suggested the
10 dB threshold was most appropriate, as it consistently
removed a substantial proportion of the noise features
whilst preserving the biological features of interest.
Without the implementation of the algorithm the lower
boundary of the deep scattering layers could not be
clearly determined, particularly in data from the winter
cruises where the spikes were more prominent. Mean
volume backscattering values (Sv) from the cleaned data
were integrated over 250 m horizontally by 5 m depth.
The integrated values were then used to construct sec-
tions along each transect, which were used for visual
interpretation (e.g. Fig. 2).

Data analysis

The mean nautical area scattering coefficient (NASC
in m2n mi�2), a linear measure by square nautical mile
of water surface sampled of the total acoustic back-
scatter per unit volume (MacLennan et al. 2002), was
calculated for each 5 km section of cruise track over
the full usable depth of the data (‘surface’ to 800 m)
and over the upper 200 m of the water column alone.
Data > 800 m depth were excluded from the analyses
due to the persistence of unacceptable levels of sto-
chastic noise in many cases, even after the application
of the spike removal algorithm. The exclusion of data
from the 800–1,000 m depth stratum was justified, gi-
ven that previous observations of DSLs in the region
found them almost exclusively at <800 m depth
(Magnusson 1996).

The integrated data were categorised using the fol-
lowing parameters: cruise (a proxy for season), transect,
region along transect, and daylight state (see Table 1 for
exact definitions). The region along transect was defined
using the 2,000 m isobath as a simple consistent feature
that provided an approximation of the boundaries be-
tween the three major oceanographic regimes encoun-
tered across the basin (Holliday et al., unpublished
data). For daylight state, the definition of twilight used
(based on the time of nautical twilight; Table 1) was
chosen to explicitly encompass the maximum period of
the diel vertical migrations seen (e.g. Fig. 2). This means
that although some brief periods where the organisms
were exhibiting ‘day’ or ‘night’ behaviours were included
in the twilight category, only genuinely day and night
behaviours were included in their respective categories.
However, under this definition no night occurred along
the northern-most transect (B) during either the spring
or summer cruises as the sun never descended far enough
below the horizon at that latitude during the period of
the cruises.
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Given that most of the data were not normally dis-
tributed, and to allow for the highly variable sampling
effort present for each combination of factors, the effects
of only one factor were tested at a time and the factors
not under examination were kept constant in each
analysis. Due to the significant differences in backscatter
observed between night and day (see Results), and to the
greater availability of data collected during the day,

most statistical tests were carried out on day data only.
The twilight data were excluded from all analyses due to
the uncertainties caused by the diel vertical migrations
occurring during that period. For similar reasons,
including the small sample sizes from the Mid-Atlantic
Ridge and Greenland slope regions (a function of their
limited geographic extent), the tests of the effects of
transect and cruise were only carried out on day data

Fig. 2 Examples of the sections
along each transect of mean
volume backscatter (Sv, dB re
1 m�1): data from the central
transect (DD) for the first
winter (D258), spring (D262)
and summer (D264) cruises.
The daylight state in which the
data were collected, and the
position of the 2,000-m isobath
(separating the Greenland
slope, open ocean and Mid-
Atlantic Ridge regions), are
also indicated

Table 1 The factors used in classifying the acoustic data, with the definitions of each category used

Factor Categories

Cruise Winter 1D258,
November–December
2001

SpringD262,
April–May 2002

SummerD264, July–August 2002 Winter 2 D267,
November–December
2002

Transect Northernline B Centralline DD Southernline D
Region
(See Fig. 1)

Greenland slopewest
of 2,000 m isobath

Open ocean>2,000 m
depth

Mid-Atlantic Ridgeeast of 2,000 m
isobath to crest of ridge

Daylight state Daysunrise +1 h
to sunset

Nightnautical dusk end
to nautical dusk start

Twilightsunset to nautical dusk end
and nautical dusk start to sunrise +1 h
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from the open ocean region. To further mitigate the
effects of the often small sample sizes, exact significance
values were calculated where possible (for the post hoc
Mann-Whitney U tests of the effect of location within
transect), and Monte Carlo analyses were used to verify
the significance levels of the unadjusted significance
values calculated for all other tests (SPSS v11.0 SPSS,
1989–2001).

Results

General description

Our observations are consistent with reports from pre-
vious, seasonally restricted, surveys that suggested that
deep scattering layers (DSLs) were ubiquitous in the
Irminger Sea. Inspection of the individual echograms
and along-transect sections showed that layers (Sv

threshold �80 dB) extended across all parts of the re-
gion, regardless of location or season, wherever the
water depth was greater than 500 m (e.g. Fig. 2).

The basic structuring of both the epi- and meso-pe-
lagic (deep) scattering layers was also consistent. A
distinct, and generally single, layer (typically 20–80 m in
vertical extent) was found in the upper 200 m of the
water column. This epi-pelagic upper layer occurred
between 100 m and 200 m depth in winter, in both D258
and D267, and between the surface and 100 m depth in
spring (D262) and in summer (D264, e.g. Fig. 2). During
the spring/summer period, the layer was found pre-
dominantly in the upper 50 m of the water column and
frequently extended to the surface. The top of the upper
layer generally only coincided with the surface at night,
but this behaviour was observed during both day and
night in the Greenland slope region during the summer
cruise (e.g. Fig. 2).

In the Mid-Atlantic Ridge region of each transect, an
additional upper layer was frequently seen in the top
200 m, and was particularly distinct along the central
transect (DD). Whilst the main upper layer generally
consisted of a diffuse band of relatively low intensity
backscatter with higher intensity areas embedded in it
(in the order of 5–10 dB difference), the feature confined
to the Mid-Atlantic Ridge region was made up of small
discrete higher intensity structures arranged into a hor-
izontal layer.

Below 300 m depth a more complex region of DSLs
was consistently seen. This depth stratum normally
contained at least two bands of higher intensity back-
scatter, which generally formed distinct layers or struc-
tures within a more diffuse broad layer. The vertical
extent of the broad layer was generally 250–400 m, with
a difference in intensity between the weaker and stronger
components in the order of 5 dB. Along the northern
transect (B), a third distinct intermediate layer (50–80 m
vertical extent) was seen consistently in the 200–300 m
depth stratum between the upper layer and the band of
deep layers, which were still only found below 300 m.

Obvious diel vertical migrations were seen consis-
tently between the deep and upper layers, with an up-
wards movement of part of the deep layer after sunset,
followed by a return near dawn (e.g. Fig. 2). During the
winter, this upward migration did not appear to proceed
beyond the main upper layer, even though this layer was
located at greater than 100 m depth. During the spring
and summer, the upward migration was accompanied by
a decrease in the minimum depth of the upper layer,
which sometimes included the layer extending to the
surface.

For the southern-most transect (D), which was only
surveyed during the summer (cruise D264), the upper
layer in the middle of the basin was predominantly
found below 50 m depth during the day. It appeared
more similar in form to that seen during the winter than
during the summer along the central transect (DD).
However, the lack of data collected during the night
along the southern-most transect prevented the deter-
mination of the upper extent of the diel vertical migra-
tion.

Maps of the distribution of mean NASC to 800 m
(Fig. 3) and to 200 m (Fig. 4) show regional, diel and
seasonal differences in the distribution of 38 kHz back-
scatter, and reveal that the variation in the backscatter
in the upper layer is different to that of the backscatter
of the water column as a whole at any given location.
Two features are particularly striking in the maps of
mean NASC to 200 m (Fig. 4). Firstly, the extremely
low levels of backscatter along the central transect (DD)
compared to the northern (B) and southern (D) transects
during the spring and summer cruises (D262 and D264).
Secondly, the seasonal increase in backscatter between
the spring and summer cruises in the Mid-Atlantic Ridge
region at the end of the northern transect (B) and along
the Greenland slope for the central and southern tran-
sects (DD and D).

Day versus night

Analysis of overall mean NASC from the surface (i.e.
depth of the transducer) to 800 m for all combinations
of cruise-transect-region where both day and night data
were available (Table 2a) showed there was significantly
less detectable backscatter at night than during the day
(Paired t-test, all observations, t=2.657, df=7,
P=0.033). The day–night difference was also significant
for the open ocean values considered alone (Paired t-test
t=3.663, df=3, P=0.035), but not for the Mid-Atlantic
Ridge values where a single high nighttime observation
(transect DD cruise D264) reversed the trend. When the
same test was applied to the mean NASC in the upper
200 m of the water column (the location of the upper
layer, Table 2b) the opposite pattern was seen, with
significantly higher backscatter detected at night than
during the day (Paired t-test, all observations,
t=�3.440, df=7, P=0.011). This reversed pattern was
consistent across all observations, but was only mar-
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ginally significant when the values from each region were
considered separately (Paired t-tests: open ocean
t=�2.576, df=3, P=0.082; Mid-Atlantic Ridge
t=�3.148, df=3, P=0.051).

Effects of transect within each cruise (season)

For the data from the open ocean region collected within
a single cruise, significant differences were found in the
mean NASC in the upper 800 m of the water column

between each transect (Fig. 3, Table 2a). For the spring
cruise (D262), the mean NASC was significantly lower
along the northern-most (B) transect than the central
(DD) transect (Mann-Whitney U test: U=1644.0,
P=0.013). For the summer cruise (D264), significant
differences in the mean NASC were found between the
northern (B), central (DD) and southern (D) transects
(Kruskal-Wallis test: v2=29.886, df=2, P<0.001). Post
hoc Mann-Whitney U tests found significant differences
between each pair of transects (Mann-Whitney U: B vs
DD U=209.0 P=0.011, DD vs D U=936.0, P<0.001,

D258

D262

D264

Legend
NASC

1 m2 n.mi.–2 

10 m2 n.mi.–2

100 m2 n.mi.–2

500 m isobaths

2000 m depth

Fig. 4 Mean NASC

(m2 n mi�2) integrated over the
top 200 m of the water column
(for each 5-km section of cruise
track) from the first winter
(D258), spring (D262) and
summer (D264) cruises. Only
data collected during the day
are shown, and no data from
the second winter cruise are
given as very little was collected
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Fig. 3 Mean nautical area
scattering coefficient (NASC,
m2 n mi�2) integrated over the
top 800 m of the water column
(for each 5-km section of cruise
track) from the first winter
(D258), spring (D262) and
summer (D264) cruises. Only
data collected during the day
are shown, and no data from
the second winter cruise are
given as very little was collected
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B vs D U=213.0 P< 0.001), with the southern (D)
transect showing the highest mean NASC value followed
by the central (DD) and then northern (B) transects.

For the tests of mean NASC in the upper 200 m of
the water column (Fig. 4, Table 2b), the same patterns
of significance were found as for the 0- to 800-m anal-
ysis, but the trends underlying them were slightly dif-
ferent. In contrast to the results for mean NASC in the
upper 800 m, during the spring cruise (D262) the mean
NASC in the upper 200 m was significantly higher along
the northern-most (B) transect than on the central (DD)
transect (Mann-Whitney U test: U=792.0 P<0.001).
The comparison between the three transects for the
summer cruise (D262) was again significant both overall
(Kruskal-Wallis test: v2=50.110 df=2 P<0.001) and
between each pair of transects (Mann-Whitney U: B vs
DD U=91.0, P<0.001; DD vs D U=392.0, P<0.001;
B vs D U=502.0, P=0.045), with the highest overall
mean NASC value seen for the southern-most transect
(D). However, the rank position of the northern (B) and
central (DD) transects was reversed, with the northern
transect showing the higher overall mean NASC.

Effects of cruise (season) within each transect

For the data from the open ocean region collected from
a single transect, significant differences were found in the
mean NASC in the upper 800 m of the water column
between some, but not all, cruises (Table 2a). For the
northern-most (B) transect, no significant difference in
the mean NASC was found between the spring cruise
(D262) and summer cruise (D264) (Mann-Whitney U
test). For the central transect (DD), significant differ-
ences in the mean NASC were found between the first
winter (D258), spring (D262) and summer (D264) crui-
ses (Kruskal-Wallis test: v2=18.631, df=2, P<0.001).
Post hoc Mann-Whitney U tests revealed significant
differences between the winter cruise and each of the

spring and summer cruises, but not between the spring
and summer cruises themselves (Mann-Whitney U:
D258 vs D262 U=467.0, P<0.001; D258 vs D264
U=226.0, P=0.001). The first winter cruise (D258)
showed a higher overall mean NASC values than either
the spring (D262) or summer (D264) cruises.

For the tests of mean NASC in the upper 200 m of
the water column (Table 2b), subtly different patterns of
significance were found. As with the 800-m data, no
significant differences were found between the spring
cruise (D262) and summer cruise (D264) along the
northern (B) transect (Mann-Whitney U test). For the
central transect (DD), significant differences in the mean
NASC were again found between the first winter (D258),
spring (D262) and summer (D264) cruises (Kruskal-
Wallis test: v2=43.554, df=2, P<0.001). However, the
post hoc Mann-Whitney U tests revealed significant
differences between all three combinations of cruises
(Mann-Whitney U: D258 vs D262 U=233.0, P<0.001;
D258 vs D264 U=158.0, P<0.001; D262 vs D264
U=1037.0, P<0.001). The highest mean NASC value
was found for the first winter cruise (D258), followed by
the summer (D264), and then spring (D262) cruises.

Region along transect

The effects of region along a transect were investigated
using Kruskal-Wallis tests on the mean NASC to
800 m depth (Fig. 3) and to 200 m depth (Fig. 4) for all
the available combinations of cruise and transect with
daytime data from all three regions (see Table 3 for
values and Table 4 for test results). Post hoc Mann-
Whitney U tests were used to further investigate the
significant results of the initial tests (Table 5). In all
instances where significant differences were detected, it
was the values from the Mid-Atlantic Ridge region that
appeared to drive these differences (Table 5). For the
tests of NASC to 800 m depth where a significant

Table 2 Mean nautical area scattering coefficient (NASC) values
(m2n mi�2) for available day and night data integrated within
transect, cruise and region along transect for A the upper 800 m

and B the upper 200 m of the water column. The minimum and
maximum individual mean NASC values integrated over 5-km
sections of cruise track and the same depth ranges are also given

Transect Cruise Region along transect

Open ocean Mid-Atlantic Ridge

Day Night Day Night

A
Central (DD) Winter 1 (D258) 1844.9 (153.5–2963.3) 1107.8 (173.6–1919.3) 1858.2 (313.2 - 2885.2) –

Spring (D262) 1117.6 (53.9–2677.2) 531.4 (121.1–942.2) 1858.2 (313.2 - 2885.2) 565.7 (224.7–862.3)
Summer (D264) 1222.2 (69.9–2352.4) 825.6 (118.3–1298.6) 792.7 (162.0–1354.1) 1257.2 (41.3–2147.6)
Winter 2 (D267) – – 597.2 (372.8–909.4) 366.0 (264.8–458.6)

Southern (D) Summer (D264) 1688.4 (55.2–3228.5) 319.3 (74.7–595.7) 1978.3 (44.5–3096.9) 1664.3 (701.5–2082.8)

B
Central (DD) Winter 1 (D258) 24.9 (1.4–69.7) 74.1 (8.1–136.2) – –

Spring (D262) 5.3 (0.1–43.4) 42.0 (9.8–62.1) 9.4 (1.6–21.3) 66.6 (29.6–89.6)
Summer (D264) 7.7 (0.2–21.5) 96.0 (11.4–186.3) 5.9 (1.9–10.4) 146.2 (5.5–288.9)
Winter 2 (D267) – – 33.2 (17.0–51.0) 93.9 (62.1–150.9)

Southern (D) Summer (D264) 61.9 (0.7–248.7) 66.3 (24.6–114.9) 20.4 (0.6–33.5) 235.8 (98.6–378.5)
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difference was found between the regions, the Mid-
Atlantic Ridge values were significantly higher than
either the Greenland slope or the open ocean values
during both the spring (D262, along the central tran-
sect) and summer (D264, along the northern transect)

cruises. During the winter cruise, the Mid-Atlantic
Ridge values were significantly lower than the open
ocean values along the central transect (DD).

For the tests of NASC to 200 m depth where a
significant difference was found between the regions,

Table 4 Summary of the results of the Kruskal-Wallis tests of
mean NASC by region (Greenland slope, open ocean and Mid-
Atlantic Ridge) within each available transect-cruise combination.

Mean NASC was calculated for both the upper 800 m and upper
200 m of the water column using day data only (�P>0.10, *
0.05<P<0.10, ** 0.01<P<0.05, *** P< 0.01)

Mean NASC to 800 m depth Mean NASC to 200 m depth

Winter 1 (D258) Spring (D262) Summer (D264) Winter 1 (D258) Spring (D262) Summer (D264)

Northern (B) – *** *** –
Central (DD) ** *** – ** *** ***
Southern (D) * **

Test results to 800 m depth B D262 v2=0.157,df=2, P=0.924B
D264 v2=10.592,df=2, P=0.005DD D258 v2=8.122,df=2,
P=0.017DD D262 v2=11.271,df=2, P=0.004DD D264
v2=3.571,df=2, P=0.168D D264 v2=4.914,df=2, P=0.086Test

results to 200 m depthB D262 v2=18.834,df=2, P<0.001B D264
v2=1.462,df=2, P=0.481DD D258 v2=9.109,df=2, P=0.011DD
D262 v2=10.272,df=2, P=0.006DD D264 v2=22.609,df=2,
P<0.001D D264 v2=6.420,df= 2, P=0.040

Table 3 Mean NASC values (m2n mi�2) for available day data
integrated within cruise, transect and region along transect for A
the upper 800 m and B the upper 200 m of the water column. The

minimum and maximum individual mean NASC values integrated
over 5 km sections of cruise track and the same depth ranges are
also given

Table 5 Summary of the significant results of the post-hoc Mann-
Whitney U tests of A mean NASC to 800 m and B mean NASC to
200 m, used to further investigate the significant results of the
Kruskal-Wallis tests exploring the effects of region within cruise-

transect shown in Table 4. Exact probabilities are given where
calculated (OO=open ocean, GS=Greenland slope, M-AR=Mid-
Atlantic Ridge; ** 0.01<P<0.05, *** P<0.01)

Winter 1 (D258) Spring (D262) Summer (D264)

Aa

Northern (B) OO <M-AR ***
Central (DD) OO >M-AR *** GS <M-AR **, OO <M-AR ***
Southern (D)

Bb

Northern (B) GS <M-AR ***, OO <M-AR ***
Central (DD) GS <OO **, GS <M-AR **, OO <M-AR ** OO <M-AR *** GS >OO***, GS >M-AR ***
Southern (D) GS <M-AR **

a Significant test results:B D264 OO vs M-AR U=83.00, Exact
P=0.004DD D258 OO vs M-AR U=38.00, Exact P=0.005DD
D262 GS vs M-AR U=5.00, Exact P=0.026; OO vs M-AR
U=219.00, Exact P=0.003b Significant test results:B D262 GS vs
M-AR U=9.00, Exact P=0.001; OO vs M-AR U=294.00, Exact

P<0.001DD D258 GS vs OO U=3.00, Exact P=0.040 ;GS vs M-
AR U=0.00, Exact P=0.036; OO v M-AR U=50.00, Exact
P=0.024DD D262 OO vs M-AR U=215.00, Exact P=0.002DD
D264 GS vs OO U=0.00, Exact P<0.001; GS vs M-AR U=0.00,
Exact P< 0.001D D264 GS vs M-AR U=0.0,0 Exact P=0.016

Cruise Transect Region along transect

Greenland slope Open ocean Mid-Atlantic Ridge

A
Winter 1 (D258) Central (DD) 938.3 (119.6–2292.9) 1844.9 (153.5–2963.3) 1081.9 (246.8–1626.1)
Spring (D262) Northern (B) 847.7 (138.5–1288.4) 911.8 (241.8–1711.7) 952.2 (75.7–1556.6)

Central (DD) 811.0 (607.8–1035.6) 1117.6 (53.9–2677.2) 1858.2 (313.2–2885.2)
Summer (D264) Northern (B) 678.9 (325.7–1005.7) 939.2 (307.2–1292.6) 1281.7 (83.4–2219.7)

Central (DD) 1243.3 (497.5–2015.6) 1222.2 (69.9–2352.4) 792.7 (162.0–1354.1)
Southern (D) 1126.7 (756.2–1935.6) 1688.4 (55.2–3228.5) 1978.3 (44.5–3096.9)

B
Winter 1 (D258) Central (DD) 2.9 (1.9–3.9) 24.9 (1.4–69.7) 40.7 (17.4–67.4)
Spring (D262) Northern (B) 21.8 (7.4–47.0) 38.2 (0.2–157.8) 5.8 (0.4–14.7)

Central (DD) 4.9 (1.2–7.9) 5.3 (0.1–43.4) 9.4 (1.6–21.3)
Summer (D264) Northern (B) 34.7 (24.6–41.4) 36.8 (6.8–142.2) 91.6 (1.8–349.9)

Central (DD) 178.3 (36.3–515.0) 7.7 (0.16–21.5) 5.9 (1.9–10.4)
Southern (D) 187.4 (44.2–481.3) 61.9 (0.68–248.7) 20.4 (0.58–33.5)
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the results are slightly more complex. The Mid-Atlantic
Ridge values were significantly higher than either the
Greenland slope or the open ocean values during both
the winter (D258, along the central transect) and spring
(D262, along the central and northern transects) crui-
ses. The open ocean values were also significantly
higher than the Greenland slope values during the
winter cruise (D258, along the central transect). How-
ever, during the summer cruise (D264), the Greenland
slope values were significantly higher than both the
open ocean and Mid-Atlantic Ridge values along the
central transect (DD). The order was reversed along the
southern transect (D), where the Mid-Atlantic Ridge
values were again significantly higher than the Green-
land slope values.

Discussion

This study was undertaken to provide insight into pos-
sible spatial and seasonal variation in the potential
predation pressure on C. finmarchicus from macrozoo-
plankton and micronekton. As only a single frequency
(38 kHz) of echosounder data was used, and no net data
were incorporated into the analysis, it was not possible
to partition the observed backscatter into classes of
backscattering organisms. However, the concentration
of known predators of C. finmarchicus, including myc-
tophid fish (Sameoto 1989) and euphausiids (Båmstedt
and Karlson 1998), in the deep scattering layers across
the North Atlantic including the Irminger Sea has pre-
viously been demonstrated (Magnusson 1996), and their
presence confirmed through the use of net sampling
during the Marine Productivity cruises (R. Saunders,
personal communication). Therefore, the backscatter at
38 kHz, and in particular the location of the acoustic
scattering layers, provides a useful proxy for under-
standing the broadscale distribution of potential preda-
tors of C. finmarchicus, and this approach has been used
in previous, less comprehensive, studies of other parts of
the Atlantic (e.g. Dale et al. 1999). Future multi-fre-
quency analysis of data from the upper water column
(depth restricted by the limited penetration of higher
frequencies), and incorporation of species composition
data from net samples, will provide a more detailed
analysis of the distribution of specific predators. It will
then be possible to make distinctions between increases
or differences in backscatter due to the relative abun-
dance of low biomass organisms such as shelled ptero-
pods which are not significant predators of C.
finmarchicus, and those due to the relative abundance of
more significant species to this analysis such as eup-
hausiids.

The results of this study are in agreement with the
limited observations of Magnusson (1996), and are
broadly similar to the brief description given by Sig-
urdsson et al. (2002), which provide the only previously
published descriptions of the acoustic backscatter in the
region. As it is not clear to what depth the backscatter

was integrated in these previous studies, and given that
Sigurdsson et al. (2002) show only ‘non-redfish’ back-
scatter, exact comparisons are not possible. However,
the results presented here do enable a quantification of
some of the patterns previously suggested by these au-
thors, such as regional variability in the intensity of the
backscatter and the possibility of some degree of sea-
sonal variability.

In the analysis of day versus night data for NASC
to 800 m depth, it would be expected that during the
night either more backscatter would be detected due to
animals migrating upwards into the vertical range of
the transducers, or approximately the same amount of
backscatter would be detected if the whole of the
migrating biomass was already within range (i.e. above
800 m depth) during the day. However, significantly
less backscatter was detected at night in most cases, in
contrast to the analysis of NASC to 200 m depth
where the expected night-time increase was observed.
This reduction in observed backscatter to 800 m at
night may be due to a combination of factors. A
substantial proportion of the backscattering biomass
may have migrated above the depth of the transducers
(approximately 6 m) and so been lost from the anal-
ysis. Alternatively, changes in the behaviour of the
animals may have significantly decreased their indi-
vidual target strengths and so reduced the overall
backscatter detected. Both of these factors have been
found to apply in acoustic surveys of Antarctic krill
Euphausia superba. In one study, a 49.5% average
underestimation of biomass present was attributed to
migration above the depth of the transducers at night
(Demer and Hewitt 1995). In another, it was noted
that a 10� change in the tilt angle of an animal, pos-
sibly caused by diving to avoid a survey vessel in close
proximity, could produce a 13.8 dB reduction in
individual target strength (Brierley et al. 2003 citing
McGehee et al. 1998). A third factor that should be
considered is the effects of the reduction in pressure
with decreasing depth on individual target strength
due to changes in shape and/or relative density of gas-
filled organs such as swim bladders or gas vesicles (e.g.
Gorska and Ona 2003).

Even given the factors considered above, the lack of
an increase in mean NASC to 800 m at night, or even
maintenance of the same value as during the day, sug-
gests it is unlikely that a substantial amount of back-
scattering biomass is migrating up into the range of the
transducers at night (except possibly in the Mid-Atlantic
Ridge region). This confirms the initial impression from
visual inspection of the echograms that the deep scat-
tering layers are nearly always found at less than 800 m
depth, as suggested by Magnusson (1996), and definitely
above 1,000 m depth. Inspection of echograms from an
equivalent lowered echosounder system deployed to
500 m depth at a number of stations during the cruise
programme (unpublished data) confirmed that no fur-
ther acoustic scattering layers existed, in the range of 500
to 1,500 m depth, below those seen from the surface.
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This has significant implications for the predation
pressure on C. finmarchicus during the winter when the
majority of its population is found between approxi-
mately 500 m and 2,000 m depth in the northern Irm-
inger Basin (Heath et al. 2004). That the overlap with the
deep scattering layers is limited suggests that a large
proportion of the C. finmarchicus population is in a
depth refuge from the intense predation likely to be
found in the scattering layers, and that the majority of
CVI stage females, which are found below approxi-
mately 800 m depth, may be almost entirely free of this
predation pressure during the winter. These observa-
tions provide partial support to the hypothesis that
avoidance of planktiverous predators is a primary evo-
lutionary pressure in the selection of different depth
habitats by overwintering C. finmarchicus in different
regions (Dale et al. 1999). However, the incomplete
depth separation of the acoustic scattering layers and the
region containing a high density of copepods suggest
that other factors are also important. Irigoien (2004)
suggests that a suite of factors may determine overwin-
tering depth in C. finmarchicus. These include require-
ments both to be below the convective mixed layer depth
at the onset of winter, and for females to contain ade-
quate lipid reserves (which control the depth of neutral
buoyancy in any given water mass) to allow production
of eggs before the onset of the spring bloom. The pre-
ferred winter depth of the organisms that make up the
DSLs will also be influenced by further factors than
simply the availability of C. finmarchicus.

Inspection of the echograms suggested that there was
almost no backscatter near the surface during the winter
cruises, implying an absence of concentrations of pre-
dators of C. finmarchicus in the upper 50 m of the water
column. This has implications for the predation on C.
finmarchicus when they ascend at the end of diapause. It
has been established that although coincidence with the
spring phytoplankton bloom is not necessary for egg
production in this species, it is required for recruitment
of nauplii to the copepodite stages (Irigoien et al. 2003).
This may lead to evolutionary pressure on C. finmar-
chicus to conserve resources by remaining in diapause
until later in the season. However, if near-surface pre-
dation can be avoided by an earlier ascent this may
produce an opposing evolutionary pressure leading to
the range of ascent times seen. A similar mechanism,
based on the avoidance of the spring arrival of migra-
tory fish by the early termination of diapause, has been
proposed for C. finmarchicus in the Norwegian Sea
(Kaartvedt 2000).

For the analyses of mean NASC to 800 m and to
200 m the effects of cruise (season) and transect are
subtly different. The results from the analyses of mean
NASC to 800 m primarily indicate persistent intrinsic
differences in the underlying amount of backscatter, and
therefore likely biomass, in the open ocean regions of the
north, central and southern basin (as suggested by
Magnusson 1996), whilst the results from the analyses of
mean NASC to 200 m appear to indicate a spatially

variable seasonal build-up of near-surface biomass
overlaid on these intrinsic differences. No comparison of
the seasonal differences is possible with the previous
authors as the data they present are too seasonally
limited.

The effects of region within each transect on the
observed backscatter are complex, and again vary be-
tween the mean NASC to 800 m and that to 200 m.
The significant relationships found in the mean NASC
to 800 m depth appear to be driven by the amount of
backscatter in the Mid-Atlantic Ridge region. In the
winter this is significantly lower than the adjacent open
ocean backscatter (DD line), whilst in spring (DD line)
and summer (D line) it is significantly higher. This
observation is in agreement with the high non-redfish
acoustic backscatter found to the west of the Mid-
Atlantic Ridge by Sigurdsson et al. (2002) during
summer and attributed to the deep-scattering layers.
Overall, these observations suggest that while there is
little seasonal difference in the underlying amount of
backscatter in the open ocean regions of each section of
the basin, the Mid-Atlantic Ridge regions show both
seasonal and spatial variability.

The results of the analysis of the effects of region on
the mean NASC to 200 m show a slightly different
pattern, with both the Mid-Atlantic Ridge and Green-
land slope regions influencing the results. On the
central transect (DD), there is a transition from the
Mid-Atlantic Ridge region having the highest back-
scatter in the winter, to it having equivalent backscatter
to the Greenland slope in the spring (still significantly
higher than the open ocean region), to the Greenland
slope region having the highest backscatter of all three
regions in the summer. This implies a spatially variable
seasonal build-up in near-surface biomass. The high
winter values in the Mid-Atlantic Ridge region may be
partially explained by the presence of an extra layer in
the upper 200 m of the water column in this area,
whilst the spring and summer relationships appear to
be driven by the accumulation of biomass over the
Greenland shelf slope.

These observations can be related to the biophysical
zones found across the region. Three major oceano-
graphic regimes have been defined for the upper 500 m
of the water column: the central Irminger Basin; the
northward flowing Irminger Current to the west of the
Mid-Atlantic Ridge; and the outer portion of the East
Greenland Current flowing south over the Greenland
shelf slope (Holliday et al., unpublished data). Both the
Irminger and East Greenland Currents are further sub-
divided into northern and southern sections. The central
Irminger Basin corresponds to the open ocean region,
and is typified by relatively low summer levels of chlo-
rophyll-a (0.5 mg m�3) in the upper 50 m, which may
explain the low levels of near-surface backscatter seen in
this region in spring and summer. The southern Irminger
Current corresponds approximately to the Mid-Atlantic
Ridge regions of the central (DD) and southern (D)
transects, whilst the northern Irminger Current flows
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along the line of the northern transect (B). The latter
region is typified by much higher levels of chlorophyll-a
(up to 2.0 mg m�3) in spring than the more southerly
portions of the current, and this is reflected both in the
near surface and ‘full-depth’ backscatter observed. The
East Greenland Current water considered here primarily
originates in the northern Irminger Current, but shows
only moderate levels of chlorophyll-a in spring and
summer. Finally, distinct Reykjanes Ridge mode water
was found at the eastern ends of the central and north-
ern transects approximately within the 1,500 m isobath.
This may be associated with the distinctive extra upper
backscattering layer (comprised of small discrete high
intensity structures) seen at the eastern end of these
transects.

Two further investigations carried out as part of the
Marine Productivity programme provide supplementary
data in support of the interpretation of the acoustic re-
sults made here. Analysis of nutrient draw down and
calculations of new production values in the northern
and central basin found that higher levels of nitrate draw
down, associated with increased export production, are
found on the Greenland Shelf, along the northern
transect and at the eastern (Mid-Atlantic Ridge) end of
the central transect (Sanders et al. 2004). The authors
suggest that production begins at the margins of the
gyre, reflecting the patterns of the increase in backscat-
tering biomass in the upper levels of water column
detected in the acoustic data.

Length frequency analysis of three common
euphausiid species collected at stations across the study
region suggests that population-dynamic processes vary
spatially (R. Saunders, personal communication). Pre-
liminary results indicate that populations reach a more
advanced state earlier in the year in the northern basin
(equivalent to transect B) as opposed to the central basin
(transect DD). This is in agreement with the idea that
the populations of organisms that constitute the back-
scattering biomass are increasing first in the northern
part of the basin.

Overall, it can be seen that while the deep acoustic
scattering layers of the Irminger Sea are ubiquitous
(Magnusson 1996), the distribution of acoustic back-
scatter throughout the water column shows a complex
pattern of seasonal and spatial variability. This has
significant implications for the potential predation
pressure on C. finmarchicus across the region. Any more
detailed studies of aspects of the acoustic characteristics
of the region, including investigations of the distribution
and abundance of specific organisms, must account for
this underlying variability.
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