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An autonomous underwater vehicle (AUV) carrying 614 kHz RDI acoustic doppler current profilers (ADCPs) was deployed at four locations
over the West Spitsbergen outer shelf in July 2010. The backscatter signal recorded by the ADCPs was extracted and analysed to investigate
the vertical distribution and patchiness of pelagic organisms during midnight sun. At the northernmost locations (Norskebanken and
Woodfjorden), fresher and colder water prevailed in the surface layer (0-20 m) and scatterers (interpreted as zooplankton and micronekton)
were mainly distributed below the pycnocline. In contrast, more saline and warmer Atlantic Water dominated the surface layer at
Kongsfjordbanken and Isfjordbanken and scatterers were concentrated in the top 20 m, above the pycnocline. Pelagic scatterers formed
patchy aggregations at all locations, but patchiness generally increased with the density of organisms and decreased at depths >80 m. This
study contributes to our understanding of the vertical distribution of pelagic organisms in the Arctic, and the spatial coverage of the AUV
has extended early acoustic studies limited to Arctic fjords from 1D observations to a broader offshore coverage. Neither synchronized nor
unsynchronized vertical migrations were detected, but autonomous vehicles with limited autonomy (<1 day) may not be as effective as long-
term mooring deployments or long-range AUVs to study vertical migrations. Short-term AUV-based acoustic surveys of the pelagic communi-
ties are nonetheless highly complementary to Eulerian studies, in particular by providing spatial measurements of patchiness. Compared with
ship-based or moored acoustic instruments, the 3D trajectory of AUVs also allows using acoustic instruments with higher frequencies and
better size resolution, as well as the detection of organisms closer to the surface.
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Introduction

Fundamental aspects of the abundance, lifecycle, vertical distribu-
tion, and migratory behaviour of zooplankton and nekton in the
Arctic have been studied using traditional net techniques (e.g.
Falk-Petersen et al.,, 2007; Eisner et al., 2013; Darnis and Fortier,
2014) and through the use of acoustics (e.g. La et al, 2015;
Geoffroy et al, 2016). For instance, Acoustic Doppler Current

Profilers (ADCPs) have been used to document the variations in
behaviour of pelagic scatterers with temporal resolution ranging
from minutes to seasons (Wallace et al., 2010; Last et al., 2016).
The community composition of assemblages detected by acoustics
has been estimated from net samples or sediment trap content
(e.g. Cottier et al, 2006; Wallace et al., 2010; Berge et al., 2014).
ADCPs are primarily deployed to measure current velocity, but
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Figure 1. Map of the study area indicating bathymetry and the limits of the AUV deployments (black boxes) at NB, WF, KF, and IF.

their backscatter data can reveal detailed information about the pe-
lagic ecosystem when multi-frequency scientific echosounders are
not available (Brierley et al, 2006; Valle-Levinson et al, 2014).
However, most ADCP studies on the vertical distribution of pelagic
scatterers in the Arctic have been based on Eulerian sampling and
lack spatial resolution (e.g. Cottier et al., 2006; Berge et al., 2014;
Last et al, 2016). Spatial patchiness remains particularly difficult to
measure using data from nets or moored instruments.

Autonomous underwater vehicles (AUVs) represent an alter-
native to Eulerian platforms and allow spatial surveys of the water
column (Fernandes et al., 2003; Schofield et al., 2010; Berge et al.,
2012). AUVs have a longer operational range and are less vulnera-
ble to bad weather than remotely operated vehicles. They access
areas too shallow for scientific vessels (An ef al.,, 2001), and can
survey under an ice cover (Brierley et al, 2002). Acoustic devices
mounted on AUVs can survey closer to the surface (Boyd et al.,
2010) or seabed compared with moored or ship-mounted instru-
ments, thus reducing the surface blind zone and bottom dead
zone (i.e. blind areas respectively created by the near-field and the
conical shape of the acoustic beam; Scalabrin et al., 2009). In ad-
dition, a 3D trajectory allows AUVs to approach targets close
enough to use higher frequency acoustic instruments with better
size resolution (Fernandes et al., 2003).

In July 2010, an AUV fitted with turbulence sensors, ADCPs,
and a conductivity-temperature-depth sensor (CTD) was de-
ployed at four locations to study the physical oceanographic envi-
ronment over the West Spitsbergen outer shelf (Steele et al,
2012). Here, we analyse data from the downward- and upward-
looking ADCPs to investigate vertical distributions and patchi-
ness of pelagic scatterers over a larger geographical area than pre-
vious studies limited to an Arctic fjord (Cottier et al., 2006; Berge
et al., 2014). Specifically, we aim to test the hypotheses that (i)
vertical migrations are limited to unsynchronized behaviour dur-
ing midnight sun (Cottier et al., 2006); and (ii) hydrography de-
termines the depth of pelagic organisms when they are not
migrating (Berge et al, 2014). Advantages and limitations of

Table 1. Details of the AUV deployments

Location Date Time (local) Bottom depth (m)
NB 18 July 2010 06:12-12:35 ~500

WF 16]u|y 2010 13:41-19:11 134

IF 20 July 2010 20:04-02:04 225

KF 6 July 2010 13:44-17:27 ~550

KF 12 July 2010 09:51-16:45 ~550

using AUV-mounted ADCPs for biological studies are further
discussed.

Material and methods

Study design and area

A Kongsberg Hydroid REMUS AUV, depth rated to 600 m, was
deployed in the NW sector of Spitsbergen at four locations on
five different occasions (Figure 1) between 6 and 20 July 2010
(Table 1). The oceanographic conditions in this region are domi-
nated by the presence of relatively warm and saline Atlantic
Water (AW: T > 3.0°C, S > 34.65), carried northward along the
slope by the West Spitsbergen Current (Saloranta and Haugan,
2001; Cottier et al., 2005). On the shelf, and forming a front with
the AW, is a seasonally varying presence of cooler and fresher
Arctic Water (ArW: —1.5°C < T < 1.0°C, 34.30 < S < 34.80)
(Svendsen et al., 2002; Cottier and Venables, 2007).

For each deployment, AUV-based sampling consisted of four
to seven horizontal transects, each of 5-10 km and conducted at
depths ranging from 10 to 170 m (Figure 2a—e). The AUV sur-
faced at the completion of each transect to acquire a GPS posi-
tion and to communicate with the AUV operators by WiFi or
Iridium. In total, the survey covered an area of ~24 km? over the
outer shelf (Figure 2a—e; right column). The sun remained above
the horizon throughout the study giving continuous (though not
constant) illumination. Deployments at Norskebanken (NB),
Woodfjorden (WF), and Kongsfjordbanken (KF) were con-
ducted in the middle of the day, when the sun elevation was
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Figure 2. Left column: Continuous volume backscattering strength (S, in dB re 1 m™') at (a) NB on 18 July, (b) WF on 16 July, (c) KF on 6
July, (d) KF on 12 July, and (e) IF on 20 July. Local time of deployments and retrievals are indicated on the x-axis. The solid black line
represents the trajectory of the AUV and the dashed black lines demarcate the SL, the IL, and the DL. Right column: Position (lat/long) and
depth along the trajectory of each deployment.
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between 22 and 35°. The deployment at Isfjordbanken (IF) was
conducted around midnight, when the sun elevation was be-
tween 13 and 15° (http://www.sunearthtools.com; accessed on
17 April 2016).

Acoustic and environmental data collection

The AUV recorded acoustic data, temperature, and salinity along
transects (see Steele et al, 2012 for further details). Two RDI
614kHz ADCPs mounted on the AUV, one looking upward and
another downward, recorded the raw acoustic backscatter to
about 42 m both above and below the vehicle. The AUV cruised
at three to four knots and the ping rate of the ADCPs varied from
1 ping each 6 to 7.7 s, resulting in a horizontal resolution between
9and 16 m.

A CTD mounted on the AUV recorded temperature-salinity
profiles to calculate (i) speed of sound; (ii) the coefficient of ab-
sorption; and (iii) density gradient profiles used to determine the
depth and water density at the pycnocline. In the analysis of back-
scatter data, we followed Cottier et al. (2006) and partitioned
the water column into three layers: (i) the Surface Layer (SL;
0-20 m), an Intermediate Layer (IL; 20-80 m), and a Deeper
Layer (DL; >80 m).

Backscatter data
The acoustic volume backscattering strength (S, in dB re 1 m )
is an indication of the density of scatterers in a given volume.
Because the 614kHz ADCP signal can detect single targets as
small as ~2.4mm (i.e. wavelength at ¢ = 1500 m-s~ '), most of
the backscatter measured here can likely be attributed to meso-
and macrozooplankton (Lorke et al., 2004). Although fish are bet-
ter detected at higher frequencies, micronekton also likely con-
tributed to a portion of the backscatter (e.g. Benoit-Bird, 2009).
Sy was calculated from raw data using the SONAR equation
adapted for ADCPs (Deines, 1999). The coefficient of absorption
(o) used to calculate the Time-Varied-Gain (TVG = 40 logR +
20iR, where R is the range from the transducer) was estimated
from mean temperature and salinity values recorded with the
AUV-mounted CTD. The inclusion of a maximum S, threshold
of —45dB discarded potential stronger echoes from large targets

and noise. A time-varied-threshold (TVT = 20 logR + 2aR —
142), selected with an iteration process on echoes typical of noise,
was added to offset noise amplification at depth by the TVG (e.g.
Benoit et al., 2008; Geoffroy et al., 2016). Data from the upward
looking ADCP in KF on 6 July were polluted by noise and re-
moved from the analysis. For each ping, S, values were calculated
over 4 m vertical bins to be consistent with previous ADCP-based
studies (Cottier et al., 2006; Wallace et al, 2010; Berge et al,
2014). For each deployment, linear s, values from all bins of the
same depth were averaged and associated with mean temperature
and salinity at each depth.

Vertical velocity anomalies

To verify the occurrence of unsynchronized vertical migration,
vertical velocity anomalies (w’) were calculated for each bin by
subtracting the average vertical speed for the entire deployment
from the vertical speed within that bin (Cottier et al, 2006). A
positive mean w’ for a given bin corresponds to an overall up-
ward migration, while negative values indicate downward migra-
tion. To limit biases from the vertical movement of the AUV,
only vertical speed measurements collected at fixed depths were
used for these calculations and aberrant values (>15mm-s~" or
>4-fold mean speed) were discarded.

Estimation of density and calculation of the patchiness
index

To calculate patchiness indices, we derived an estimate of the
density of scatterers (p, in ind-m ) within each bin (1 ping hori-
zontally x 4 m vertically):

Sy

Py =— (1)
Obs

s, is the linear volume scattering strength (m*-m ) and oy, the
cross-sectional area of the average scatterer (Parker-Stetter et al.,
2009).

No net samples were collected in the vicinity of the AUV de-
ployments, but as the 614 kHz signal is likely dominated by zoo-
plankton we estimated an average target strength (TS) of
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Figure 3. Indicative profiles of salinity (a) and temperature (b) reconstructed from the five AUV deployments. The vertical resolution of the

profiles is 10 m.
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Figure 4. Left column: temperature-salinity diagrams for each
deployment where the data points are the mean T-S value within a
4 m depth range corresponding to the ADCP bins. An isopycnal line
(in kg-m™3) demarcating the 4 m bins with backscatter values
higher (orange asterisks) and lower (black dots) than average is
drawn. Right column: Vertical profiles of density gradient with a 4 m
vertical resolution. The grey line is the depth of the isopycnal line in
the left panel. Hatched orange lines indicate sections of the profiles
with backscatter values higher than average. Note that the scale of
the x-axis is one order of magnitude lower in (d) and (e).
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—89.94dB re 1 m” based on the average zooplankton scatterer
captured by Cottier et al. (2006) and using the randomly oriented
fluid bent-cylinder model (Stanton et al., 1994). The correspond-
ing G, was 1 x 10~ m* (Equation 2):

Ops = IO(Ts/lo) (2)
For each deployment, the Lloyd’s patchiness index P (Lloyd,

1967) within the SL, IL, and DL was then calculated using
Equation (3):

o [ lE) -] »

where p, represents the mean density of individuals within a
given layer and s* is the sample variance. P depends on the spatial
distribution of scatterers and describes how many other individ-
uals are in the sample relative to a random distribution. P < 1 in-
dicates a uniform distribution, P = 1 corresponds to a random
(i.e. Poisson) distribution, and P > 1 indicates an aggregating be-
haviour. The index increases with increased patchiness. For in-
stance, P = 2 if individuals are twice as crowded compared with a
random distribution (Lloyd, 1967; Houde and Lovdal, 1985; De
Robertis, 2002). The spatial scale of patchiness measurements
corresponds to the sampling scale, in our case 9-16 m horizon-
tally (i.e. one ping) by 4 m vertically.

Results

Water masses and vertical distribution of pelagic
scatterers

At the northern sites (NB and WF), salinity and temperature in
the SL were lower (S < 34.58, T < 5.07°C; Figure 3a and b) than
at the southernmost locations (KF and IF), indicating less influ-
ence of AW. Backscatter values higher than the mean s, for the
entire deployment were concentrated within the first 4 m and be-
low the 1027.84 and 1027.63kg-m > isopycnal lines, respectively
(Figure 4a and b; left column). These water densities coincide
with a stabilization in the density gradient profiles, and thus
roughly correspond to the base of the pycnocline (BOP; Figure 4a
and b; right column). In contrast, surface water (0-20 m) at KF
and IF was more saline and warmer (S < 35.20, T < 6.60°C;
Figure 3a and b) than at the northernmost locations, and back-
scatter values higher than average were concentrated above the
1027.7 and 1027.8kg-m > isopycnal lines (Figure 4c—e; left
column), which also roughly correspond to the BOP (Figure 4c—
e; right column).

No isolated dense echoes typical of fish schools were detected,
supporting the idea that the pelagic scattering layers were mainly
composed of zooplankton. The backscatter at NB remained low
(<85dB) from the surface to the maximum sampling depth of
150 m (Figure 5a), indicating low densities of scatterers. At WF,
the backscatter reached maximal values at the surface, decreased
down to 40 m, increased until 70 m, and decreased at greater depths
(Figure 5b). At the southernmost locations (KF and IF), S, values
were significantly higher in the SL than in the IL and DL (Tuckey
HSD; p < 0.001) (Figure 5c—e). Maximal backscatter occurred near
the surface and decreased linearly with depth until 80 m (S, = —0.2
x Depth-78.3; # =0.73; p<1x 10715 n = 60) (Figure 5f).
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Figure 5. Profiles of volume backscattering strength (S, in dB re 1 m™") averaged over 4 m vertical bins. The dashed grey lines demarcate the
SL, the IL, and the DL. Data from KF and IF are pooled in panel f, where a regression line was added for the SL and IL (dashed black line).

The vertical distribution of the backscatter was similar at both
southernmost locations, despite the fact that data were collected
during midday at KF and around midnight at IF. Mean linear
backscatter did not differ significantly within the SL (Kruskal-
Wallis; p = 0.54) or the DL (Kruskal-Wallis; p = 0.63), although
the median was slightly higher in the SL at midnight (Figure 6a
and ¢). In the IL, mean backscatter was similar between the first
deployment at KF (6 July) and the deployment at IF, but was sig-
nificantly higher at KF on 12 July (Kruskal-Wallis; p = 0.007;
Figure 6b). However, the backscatter variance was high for all de-
ployments (Figure 6a—c).

Positive and negative vertical velocity anomaly values (w’)
were measured at all depths and all locations (Figure7a—e; left col-
umn). Upward movement (positive w’ values) of scatterers was
mainly measured above 80 m at NB, 40 m at WF, and 90 m at IF,
while downward migration (negative w’ values) was measured
deeper (Figure 7a, b, e; right column). The direction was inverted
at KF, with downward migration above 80 m (6 July) or 40 m (12
July) and upward movement at greater depths (Figure 7c, d; right
column). Although time-averaged w’ measured within each 4 m
changed between the surface layers and at depth, suggesting dif-
ferent migration directions, variance was high (typically = 2 mm
s') and average W values were low (typically much
< *1mm-s") at all locations (Figure 7; right column).

Density and patchiness

The estimated mean density of scatterers at the northernmost lo-
cations was more uniform with depth compared with the south-
ernmost sites (Figure 8; left column). The estimated density
remained between 0.9 and 1.0 ind-m > at NB (Figure 8a; left
column), and between 2.4 and 4.0 ind-m > at WF (Figure 8b; left
column). At KF and IF, the estimated density varied from 9.1 to

13.6 ind-m 2 in the SL, from 2.2 to 6.3 ind-m > in the IL, and
from 0.6 to 0.8 ind-m > at greater depths (Figure 8c—e; left
column). Lloyd’s index of patchiness (P) was > 1 in the SL at all
locations, indicating patchy distributions near the surface (Figure
8a—e; right column). Distributions were generally less patchy in
the IL, and at NB the distribution was uniform in the IL (P < 1:
Figure 8a; right column). In contrast, at KF the patchiness in-
creased in the IL compared with the SL (Figure 8c—d; right col-
umn). When compared with the SL, patchiness in the DL
decreased at all locations with uniform distributions at NB and IF
(Figure 8a and e; right column). The patchiness index was over
one order of magnitude higher in the SL at NB and WF than any-
where else, indicating ten times patchier distributions (Figure 8a
and b; right column). Apart from these two observations, patchi-
ness was significantly correlated with the density of scatterers
(Spearman rank correlation; p = 0.56; p = 0.016) (Figure 9).

Discussion

The 3D trajectory of the AUV allowed documenting the 614 kHz
backscatter from <1.5 m below the surface to vertical ranges up
to 200 m (Figure 2). In comparison, the surface blind zone of
ship-based surveys reaches ~15 m (Scalabrin et al., 2009), and if
a similar ADCP had been installed on a mooring at depth the ver-
tical range would not have been greater than 40 m. The extended
vertical and spatial ranges conferred by the 3D trajectory of the
AUV allowed obtaining valuable insights into synchronized and
unsynchronized vertical migrations during midnight sun, docu-
menting the vertical distribution of pelagic scatterers in relation
to hydrography, and demonstrating that their patchiness in-
creased with the density of organisms.
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Figure 6. Box plots comparing the average backscatter in linear
form (m”-m ™) for deployments around midday (KF) and midnight
(IF) in the (a) SL, (b) IL, and (c) DL. The black line is the median,
bottom and top of the rectangle are lower and upper quartiles,
bottom and top whiskers are minimum and maximum values
(excluding the outliers). Empty dots are outliers (more than 1.5
times the upper quartile).

Synchronized and unsynchronized vertical migrations
during midnight sun

The vertical distributions of backscatter during midday and
around midnight at the two southernmost locations were statisti-
cally similar (Figure 6) and interpreted as an absence of
synchronized Diel Vertical Migration (DVM), as generally

M. Geoffroy et al.

reported during periods of continuous illumination in the Arctic
(Fischer and Visbeck, 1993; Blachowiak-Samolyk et al, 2006;
Cottier et al, 2006). Although synchronized DVM does not gen-
erally occur during continuous illumination at high latitudes, an
alternate behaviour of unsynchronized vertical migration, with
animals migrating independently of each other in response to
their individual needs, has been reported from May to July in
Arctic fjord environments (Cottier et al., 2006; Wallace et al.,
2010). This migration occurs continuously during a 24-h period
and do not modify the total abundance of scatterers within each
layer. However, unsynchronized migration can be identified in
ADCP records when the mean direction of migration in the SL is
downward (indicated by negative w’ values) and the mean direc-
tion of migration in the IL and DL is upward (indicated by posi-
tive w’ values; details in Cottier ef al., 2006). In this study, mean
values of w’ were positive (upward) in the SL and negative
(downward) in the DL at most locations, except for KF where the
opposite occurred. Even at KF, variance was high and w’ mea-
surements were low compared with previous studies that have
documented unsynchronized migration (e.g. —8 to 8§ mm-s ;
Cottier et al, 2006). In contrast to previous observations in
Arctic fjords, our data thus suggest that pelagic scatterers do not
perform clear unsynchronized migration over the outer shelf dur-
ing midnight sun. Accordingly, their contribution to the biologi-
cal pump is likely reduced at that time of the year (Tarling and
Johnson, 2006; Wallace et al., 2013).

It is important to note that the period of averaging w’ during
this study (<7h) was <5% that of Cottier et al. (2006) and
Wallace et al. (2013) (7 days). Given the high variance in w’, the
detection of unsynchronized migratory behaviours of planktonic
organisms may require longer duration surveys. Furthermore, as
most AUVs cannot cover 24-h cycles, the detection of DVM in
the Arctic using this technique is limited to comparisons between
midday and midnight surveys. Hence, even though our results
suggest an absence of unsynchronized and synchronized vertical
migrations in the outer shelf environment during midnight sun,
such migrations could possibly occur. Long-range AUVs (e.g.
Hobson et al., 2012) were recently developed and they could
overcome this issue by combining the benefits of AUVs to that of
multi-day deployments on Eulerian platforms.

Vertical distribution of pelagic scatterers in relation to
hydrography
Although the vertical distributions of pelagic organisms, in par-
ticular zooplankton, are mainly related to changes in light inten-
sity, Berge et al. (2014) suggested that hydrographic structures
can determine resting depth of zooplankton between migration
events. As no vertical migrations were detected during this study,
it is likely that other factors, including hydrography, influenced
the vertical distribution of scatterers.

With the exception of a few patchy aggregations in the top
4 m, scatterers at the northernmost locations were distributed be-
low the pycnocline, as previously documented for Arctic fjords
(Berge et al., 2014) and during laboratory experiments (Lougee
et al., 2002). These small pelagic organisms likely avoided colder
and fresher surface waters to remain in denser and deeper water
masses, where higher viscosities require less energy to hold posi-
tion (Harder, 1968) and temperatures are closer to thermal pref-
erences (Berge et al., 2014). In contrast, density and temperature
were higher at the southernmost locations so scatterers remained
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Figure 9. The Lloyd’s patchiness index (P) against the mean
estimated density of pelagic scatterers (ind-m ) for each layer of
each deployment.

within and above the pycnocline. We surmise that discrepancies
in vertical distributions of the pelagic scattering layers between
the northernmost and southernmost locations derived in part
from different hydrographic regimes, in addition to other factors
such as variations in the zooplankton assemblages and in primary
production (Blachowiak-Samolyk et al., 2008). Furthermore, this
study supports the idea that the pycnocline acts as a physical bar-
rier limiting vertical migrations of small pelagic organisms and
contributing to their retention in either the SL or at depth
(Lougee et al., 2002). Therefore, in addition to continuous solar
irradiance, the strong density gradient prevailing during Arctic
summer may contribute to the absence of vertical migrations be-
tween different water masses.

Increased patchiness with density

Due to increased spatial range, AUV-mounted ADCPs provide
better spatial resolution of patchiness than moored ADCPs (e.g.
Brierley et al., 2006) or multi-net samplers (e.g. Vogedes et al,
2014). Our results are nonetheless consistent with previous obser-
vations of an aggregating behaviour for Calanus spp. in Isfjorden
in July (Vogedes et al., 2014). However, our mean density esti-
mates remained below 14 ind-m >, while previous plankton net-
based studies conducted in fjords reported zooplankton densities
from 76 to >200 ind-m ™ in the first 100 m of the water column
(Kwasniewski et al., 2003; Cottier et al., 2006; Berge et al., 2014).
These results suggest considerably lower abundances of pelagic
scatterers over the outer shelf than within fjords, supporting pre-
vious work by Daase and Eiane (2007) in northern Spitsbergen. If
patchiness increases with density (Figure 9), then patchy aggrega-
tions are expected to be more abundant in fjords compared with
outer shelf locations.
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Lloyd (1967) developed the patchiness index P (Equation 3) to
study the “mean crowding” of animals or plants. In the marine
environment, the index proved useful to document the patchiness
of fish eggs and ichthyoplankton (e.g. McQuinn et al, 1983;
Houde and Lovdal, 1985; Maynou et al., 2006) and zooplankton
(e.g. George, 1981; De Robertis, 2002; Greer et al, 2013). Bez
(2000) indicated that the Lloyd’s patchiness index is biased when
calculated from densities rather than counts, as in this study.
Nonetheless, by comparing the index calculated from zooplank-
ton backscatter data (density) with P computed from the total
number of targets in a simulated acoustic image (counts), De
Robertis (2002) demonstrated that, despite sampling biases re-
sulting in conservative values, P can efficiently be used as a mea-
sure of aggregation at low target densities, such as those observed
here. Biases could also originate from the average cross section of
scatterers used for calculations, which was based on the average
copepod cross section at Kongsfjorden (Cottier ef al, 2006). The
mean cross section (ops) of scatterers could have been different
offshore, which would have biased density and patchiness calcula-
tions. The patchiness index calculated here nonetheless provides a
relative measure between vertical layers (SL, IL, and DL) and acts
as a baseline indicator for the patchiness of pelagic organisms in
the Arctic.

The scatterers exhibited a strong aggregating behaviour, most
likely to dilute predation risk by visual predators, maximize food
capture, and optimize energy expenditure (Folt and Burns, 1999;
Ritz, 2000). The very high patchiness indices in the SL at NB and
WEF resulted from a generally low density with few dense and
small aggregations just below the surface (Figure 2a and b; left
column), although patchiness generally increased with scatterer
density. Patchiness may also partly explain the significantly higher
backscatter in the IL at KF on 12 July compared with 6 July
(Figure 6b), as a non-uniform distribution is likely to result in
variations among deployments. Another possible explanation for
variations in density and patchiness in the IL between deploy-
ments at KF might be the paucity of samples at certain depths on
06 July. Some sections of the water column were then only sur-
veyed during ascent or descent of the AUV and patches of zoo-
plankton or micronekton could have been missed (Figure 2¢ and
d). At small scales (metres), physical turbulence can also deter-
mine the spatial distribution of pelagic organisms and facilitates
the formation of aggregations (Mackas et al., 1997; De Robertis,
2002). During the survey, turbulence was higher in the SL and de-
creased with depth (Steele et al., 2012). Because patchiness fol-
lowed a similar trend, it is possible that it was correlated with
turbulence, in addition to the density of scatterers.

Conclusions

The use of an AUV allowed investigating key aspects of the distri-
bution and behaviour of Arctic pelagic organisms over larger spa-
tial scales than previously reported. The AUV also enabled
measurements of additional spatial variables, such as patchiness
indices. This study supports the hypothesis that, in the absence of
vertical migrations, hydrographic structures influence vertical dis-
tributions of pelagic organisms on a regional scale. In particular,
the pycnocline could represent a physical barrier that retains or-
ganisms in either the surface layer or below the strongest density
gradient. Scatterers consistently formed patchy aggregations in
the top 20 m, which stresses both the ecological importance of
this layer for predators and the need for prudent interpretations
when calculating abundances from stationary net deployments.

AUV-based acoustic surveys of the pelagic communities are com-
plementary to Eulerian studies, for instance by providing spatial
measurements of patchiness. The 3D trajectory of AUVs allows
approaching targets sufficiently close to use high frequency acous-
tic instruments with high size resolution and, by reducing the
surface blind zone to <1.5 m, enables detection of aggregations
close to the surface. However, future surveys of vertical migra-
tions by planktonic organisms would benefit from the deploy-
ment of long-range AUVSs to cover several daily cycles.
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