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ABSTRACT: Mesopelagic fishes are ubiquitous, ecologically important and a potential protein
resource. However, how mesopelagic fish use their 3D environment and facilitate encounters is
fairly unknown. We tracked the swimming trajectories of juvenile Maurolicus muelleri and adult
M. muelleri and Benthosema glaciale acoustically within 2 distinct vertical layers, measured
swimming speed, and used a self-overlap model to analyse the geometry of the trajectories. Our
aim was to investigate if and how the fishes were optimizing their swimming behaviour, maximiz-
ing prey encounters while minimizing predator encounters simultaneously, and how different
ontogenetic stages move differently in the 2 layers. We found that some of the mesopelagic fishes
were moving actively, displaying a range between ballistic and convoluted movements. Some of
the fishes, especially the adults, had higher degrees of self-overlap, reducing predator encounters.
Juveniles took higher risks, increasing the potential for prey encounters. Individual behaviour
was highly variable and may be in response to differing ontogenetic stages, potential predator
and prey surroundings, and abiotic factors such as light, water turbulence and currents. The pres-
ence of active individual spatial behaviour challenges the assumption of mass action in modelling
species interactions and underlines the importance of accounting for environmental changes
modifying individual-level predator—-prey encounter conditions.
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interactions - Self overlap

Resale or republication not permitted without written consent of the publisher

1. INTRODUCTION

Motion is a key element in the ecology of living or-
ganisms, and it is a critical parameter that both drives
evolution and population ecology (Nathan 2008). For
the individual organism, motion affects interactions
with prey, mates and predators (Nathan 2008, Barra-
quand & Murrell 2013, Martinez-Garcia et al. 2020).
Motion has large effects on encounter rates, regu-
lating encounters with prey, predators and con-
specifics. This impacts on survival and reproductive
success. Behaviours that increase the likelihood for
survival by reducing predator encounters while opti-
mizing foraging opportunities are selected by evolu-
tion over a range of organisms and ecological trophic
levels (Nathan 2008).

*Corresponding author: kjgth@aqua.dtu.dk

Simple models have historically been applied in
describing encounter rates (Holling 1959, 1966, Ger-
ritsen & Strickler 1977, Rothschild & Osborne 1988).
However, the described motion patterns have been
simplified due to lack of observation methods
(Nathan 2008, Martinez-Garcia et al. 2020, O'Dwyer
2020). Observing animal motion, especially in
aquatic environments, has been challenging due to
the lack of target-tracking methodologies. Usually
these methodologies have been reserved for large-
sized animal groups (Hays et al. 2016).

Improved monitoring methods for aquatic organ-
isms, such as split-beam echosounders (Ehrenberg &
Torkelson 1996, Ona 1999, Torgersen & Kaartvedt
2001, Handegard et al. 2005, Klevjer & Kaartvedt
2006, Handegard 2007, Christiansen et al. 2019,
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2021), acoustic cameras (Handegard et al. 2012,
Ashraf et al. 2016, Rieucau et al. 2016, Kandimalla
et al. 2022) and video cameras (Edgington et al. 2006,
Bianco et al. 2014, Tomaru et al. 2016, Qian & Chen
2017, Lucas et al. 2021, Burns et al. 2022, Gong et
al. 2022) have created new opportunities to investi-
gate small-sized marine organisms in their natural
environments.

Mesopelagic fishes likely play an important role in
controlling global carbon sequestering (Hidaka et al.
2001, Davison et al. 2013, Saba et al. 2021). They are
a major potential protein source for human consump-
tion (Alvheim et al. 2020, Grimaldo et al. 2020, Stan-
dal & Grimaldo 2020, Paoletti et al. 2021, van der
Meer et al. 2023). Mesopelagic fishes are known for
choosing specific ambient light levels for efficient
foraging (Clark & Levy 1988, Langbehn et al. 2019).
However, there is still limited knowledge on how
these mesopelagic fishes move within their isolume
to maximize prey encounter rate and reduce pre-
dator encounters (Christiansen et al. 2022). For most
mesopelagic fishes in the northeast Atlantic, all
search for food comes with a risk of predation from
piscivorous, visual predators, such as saithe Polla-
chius virens, blue whiting Micromesistius poutassou
and other gadoids (Giske et al. 1990, Rasmussen &
Giske 1994, Bjelland 1995). Different ontogenetic
stages of the mesopelagic fish species Mueller's
pearlside Maurolicus muelleri have been studied
extensively in fjord systems. During winter, juvenile
and adult pearlside form 2 distinct scattering layers,
where juveniles vertically migrate and forage
throughout the winter (Giske & Aksnes 1992, Staby
et al. 2013, Prihartato et al. 2015), while adults prob-
ably trade off predation risk with lower food levels
due to their higher visibility to piscivorous predators
(Giske & Aksnes 1992). Some types of active preda-
tor-avoidance behaviour by mesopelagic fish have
been observed, including 3-dimensional (3D) step-
wise upwards migration (Kaartvedt et al. 1998, Torg-
ersen & Kaartvedt 2001, Christiansen et al. 2019),
and reduced activity during nighttime (Christiansen
et al. 2021). There have also been some observations
of schooling behaviour (Kaartvedt et al. 1998) and
group formation (Benoit-Bird et al. 2017). However,
in a 3D environment with no physical structures and
natural hiding places, there are likely strong se-
lective pressures on the 3D swimming patterns them-
selves, especially as food search is accompanied by
predation risk. Swimming patterns in planktonic
organisms have been shown in the laboratory to
emerge by the optimization of prey encounters while
reducing predation risks (Bianco et al. 2014). In that

study, the search volume self-overlap was used to
describe optimal swimming patterns in zooplankton
groups, and it showed that different swimming
behaviour can produce large changes in encounter
rates with predators and prey (Visser & Kierboe 2006,
Bianco et al. 2014). Self-overlap is described by
Bianco et al. (2014) as

V(r)
Vinax(T)

where y expresses how much the clearance volume
around the movement trajectory overlaps within
itself. It is a function of the actually scanned volume
(V(r)) and the maximal scanned volume for a given
visual range (Vyax(r)). Values of self-overlap range
between 0 and 1, depending on the tortuosity of the
trajectory. Ideally for a foraging prey individual, a
low degree of self-overlap within its own visual
range and a large degree of self-overlap with regards
to the predators’ visual range would provide rela-
tively higher protection while the search volume is
maximal.

In this study, we recorded individual pearlside and
glacier lanternfish (Benthosema glaciale) abun-
dances and movements in mesopelagic layers in a
Norwegian fjord with 5 split-aperture broadband
echo sounders. Our hypotheses were that (1) the
fishes move strategically to maximize prey and mini-
mize predator encounters, and (2) that the under-
lying movement behaviours differ between ontoge-
netic stages. Using in situ acoustic measurements of
3D swimming behaviour, we investigated if and how
the fishes at different depths and ontogenetic stages
were trading prey encounters off against predation
risk. We compared 2 scattering layers representing 2
different ontogenetic stages of M. muelleri.

Y(r)=1- )

2. MATERIALS AND METHODS

2.1. Hydrographic conditions influencing
acoustic measurements

The study area is in Serfjorden (60.43°N, 5.62°E),
the southern part of Osterfjorden surrounding the is-
land Ostergy, Norway. The fjord is at its maximum
425 m deep and has a physical threshold of 170 m at
the entrance of the fjord (Dale et al. 2019). It is charac-
terized by cold, fresh surface water, which is typical
for Western Norwegian fjords in December (Giske et
al. 1990). Vertical profiles of temperature, salinity and
oxygen were measured from the surface to 210 m
depth with a CTD probe (Fig. S1 in the Supplement at
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www.int-res.com/articles/suppl/m14424_supp.pdf).
Temperature was lowest at the surface (around 5°C),
increasing to 11°C at 20 m depth, with a thermocline
from 20 to 70 m, where the temperature stabilized at
around 8°C down to 210 m. The surface water had low
salinity (18 psu), with a rapid increase in salinity down
to 30 m (33 psu) followed by a moderate increase
down to 210 m (around 35 psu) (Fig. S1).

2.2. Acoustic monitoring and coverage of different
sound scattering layers

Individual swimming trajectories of mesopelagic
fish were collected during an experimental acoustic
survey with the Norwegian RV 'G. O. Sars’. To re-
solve the biological components of the fjord, acoustic
volume scattering strength (Sv, dB re 1 m™) was
measured on 14 and 15 December 2019 with the
ship-mounted echo sounders (18, 38, 70, 120, 200 and
333 kHz) (Simmonds & MacLennan 2007), identify-

ing sound scattering layers from a well-known stock
of pearlside, glacier lanternfish, zooplankton and
pelagic shrimps (Salvanes et al. 1995, Kristoffersen &
Salvanes 1998, Bageien et al. 2001). These sound
scattering layers with mesopelagic fish species are
found above the 200 m boundary between the epi-
and mesopelagic, as the light attenuation in fjordic
water creates an ideal isolume at shallower depth
than in the open ocean (Staby & Aksnes 2011). The
vessel acoustic data identified 2 pronounced sound
scattering layers at 70-100 and 150 m down to the
bottom, respectively.

2.3. Qualitative check of acoustic data and
identifying layers of pearlside

Two scattering layers were identified (hereinafter:
SSL1 and SSL2) at 70-100 m and from 120 m and
down to the bottom, respectively (Figs. 1 & 2), cov-
ering both the meso- and epipelagic layers. To
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Fig. 1. Ship-recorded echogram displaying volume scattering strength (Sv) of 2 scattering layers: SSL1 (a), consisting of juve-
nile pearlside migrating towards the surface between ~13:00 and 15:00 h UTC; and SSL2 (b), a mixture of adult pearlside and
glacier lanternfish, as well as krill and pelagic shrimps (Table 1)
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Fig. 2. Experimental design for collecting trajectories and biological samples. The 2 scattering layers (a, SSL1 and b, SSL2)

were sampled with the krill trawl at 70 m at 10:00 and 16:27 h UTC. While the ship maintained dynamic position (see Section

2.5), the TS-probe was lowered with a hydraulic winch from the hangar of the ship into the scattering layers SSL1 (c) and SSL2

(d), measuring targets at close range to resolve single targets. The first deployment observed SSL1 during nautical twilight (c).

During this period SSL1 had migrated from their daytime depth (70 m) towards the surface to feed and were present at 20—
45 m depth. Later the TS-probe was vertically moved down to SSL2 (dashed lines) (d)

ground truth this acoustic profile of the fjord, 2
trawl hauls were performed on 14 December 2019.
SSL1 at 70-100 m depth and SSL2 at 150 m depth
were towed and covered with a 6 x 6 m 110 pm
mesh size macrozooplankton trawl (krill trawl) (‘a’
and 'b’ on Fig. 2). The trawl was towed at a speed
of 2.5 and 2.2 m s™! respectively for 10 min (09:09-
09:19 and 14:26-14:36 h UTC). The first catch was
small and not subsampled. The catch on the second
haul was subsampled (species, individual length in
mm and mean weight to nearest 0.001 g). The
catch was only used as a qualitative check to verify
the biological components of the acoustic sound
scattering layers.

2.4. Biological components of the fjord system

SSL1 was located at 70-100 m depth during day-
time, with the fish forming schools, and migrated
towards the surface during dusk (‘a’ on Fig. 1). The

catch composition from the biological sampling with
the krill trawl in this layer consisted only of pearl-
side with mean length (+SD) of 22.3 + 3.3 mm (‘a’
on Fig. 1, Table 1). In the daytime, SSL2 extended
from around 120 m depth down to the seabed,
which was generally deeper than 200 m, and only
moved 20 m vertically during the night (‘b’ on
Fig. 1). The fish component of SSL2 consisted of
mainly pearlsides with mean length of 29.9 =+
10.4 mm, and adult glacier lanternfish. Other organ-
isms caught in the krill trawl were krill Meganycti-
phanes norvegica and pelagic shrimps (Sergestes
spp. and Pasiphaea spp.) (Table 1). As described in
previous studies (Giske & Aksnes 1992, Prihartato
et al. 2015) and also observed in current echograms
('b" on Fig. 1), SSL2 does not migrate. Backscatter
from larger fish (target strength [TS] > —-40 dB) as
observed by the ship-mounted transducers in both
SSL1 and SSL2, and with a TS-probe (see Section
2.5) (see 'c’ on Fig. 4), was determined to be due to
gadoids, i.e. saithe Pollachius virens or blue whiting
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Table 1. Catch composition from the 2 trawl hauls of the krill trawl with opening angle of 6 x 6 m and 110 pm mesh size. n/a:

not applicable
Haulno. Time Depth from  Towspeed Species N Individual mean Catch
(h UTC) surface (m) (knots) length + SD (mm) weight (kg)

1 10:00 70 2.5 Maurolicus muelleri 97 22.8 £3.33 0.01

2 16:27 152 2.2 M. muelleri 3509 29.9+10.4 1.3

2 16:27 152 2.2 Benthosema glaciale 1860 34.9 + 16.78 0.152
2 16:27 152 2.2 Pasiphaea spp. 1583 44.9 £ 8.2 0.069
2 16:27 152 2.2 Sergestes spp. 8761 37+59 0.033
2 16:27 152 2.2 Meganyctiphanes norvegica 1455 7.24 £ 1.55 0.450
2 16:27 152 2.2 Mysidae spp. 10 n/a 0.003

Micromesistius poutassou. ldentified in a separate
study using a multi-net, backscatter properties, tar-
get tracking and echocounting, Calanus finmarchi-
cus, i.e. the main food source for pearlside, were
prevalent in both layers, however with higher den-
sity in SSL2 (K. G. Thorvaldsen unpubl. data). SSL1
had fewer recorded tracks of fish compared to SL2
(see 'b" on Fig. 4).

2.5. TS-probe deployment and compiling acoustic
data for target tracking

Acoustic single target tracks were collected on
December 15 as raw data by Simrad EK80 echo-
sounders (Version 1.12.2.0; EK80 scientific wide-
band echo sounder, Kongsberg Maritime 2022) with
transducers mounted on a lowered acoustic split
aperture probe called the TS-probe (Dias Bernardes
et al. 2020).

The TS-probe was equipped with 2 broadband
transducers with 90-170 kHz and 160-260 kHz
acoustic beam field and with an opening angle of 7°.
Real-time data were collected using the attached
fibre optic cable (‘c' and 'd’ on Fig. 2). The use of a
high ping rate (1-4 Hz) enabled sampling of high-
resolution single target tracks. Acoustic data were
recorded from 5 to 25 m from the TS-probe beyond
the transducer near beam field (Medwin & Clay
1998). The TS-probe hung motionless for several
minutes while the vessel was kept in dynamic posi-
tion (using the vessel's computer system to maintain
a fixed position). To assure a low degree of move-
ment of the transducer, pitch and roll were continu-
ously measured simultaneously. The measured tilt
and roll were so low that they represented less varia-
tion than the inaccuracy of the raw tracking data,
with no impact on the final trajectory (Fig. S2). The
study area was within a sheltered fjord, and the
effect of waves was minimal. The raw echograms

were used to confirm that there was no avoidance
behaviour from the TS-probe from the observed tar-
gets.

The TS-probe was calibrated with a 57.2 mm in
diameter tungsten carbide calibration sphere with
6 % cobalt binder to obtain reference targets for the
38 kHz narrowband, the 56-87 kHz broadband, and
the 97-160 kHz broadband transducers, and a 38.1
mm in diameter tungsten calibration sphere for the
160-260 and 280-450 kHz broadband transducers.
The calibrations were performed within Interna-
tional Council for the Exploration of the Sea (ICES)
standards (Demer et al. 2015, Ona et al. 2020) (our
Table S1).

Trajectories from SSL1 were collected with the
160-260 kHz broadband pulses in the epipelagic
from 15:58 to 16:25 h during nautical twilight with
respect to the migration that had taken place prior to
TS-probe deployment (‘c’ on Fig. 2). This was done to
ensure full overlap between the net sampling and the
acoustic data measured by the TS-probe. Trajectories
were collected at SSL2 with 90-170 kHz broad band
pulses at 120 m total depth from 17:17 to 17:46 h UTC
(‘d" on Fig. 2) with transducers pointing downwards.

2.6. Identifying and grouping trajectories

Raw acoustic data were post-processed in LSSS
(Large Scale Survey System version 2.7.0; Kor-
neliussen et al. 2006), a program used for post-pro-
cessing of raw acoustic data for biomass estimation,
TS measurements and target tracking (Korneliussen
& Ona 2002, 2003, Korneliussen et al. 2016). Acoustic
scatterers were identified and grouped to mesopela-
gic fish or smaller plankton groups based on the dif-
ference in TS —55 to -75 (dB re 1 m?) for mesopelagic
fish and TS < —75 dB for zooplankton, and the differ-
ent scattering properties of mesopelagic fish and
zooplankton (Martin et al. 1996, Scoulding et al.
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2015, Sobradillo et al. 2019), and based on the quali-
tative check by the krill trawl (Table 1). Swimming
trajectories were obtained from both SSL1 and SSL2
during dusk and early night (see Figs. 3 & S3). Single
target tracks were initially detected and created in
LSSS by using a target tracking algorithm (Hande-
gard et al. 2005, Handegard 2007, Korneliussen
2006), following the same single target echo for an
extended period with 4 angular position detections
per second.

First, the initial minimum TS (dB) detection thresh-
old for tracked individuals was set to =75 dB to
include all sizes of pearlside, as TS is highly variable
from ping to ping (Torgersen & Kaartvedt 2001), and
TS is usually lower at 200 kHz (Sobradillo et al. 2019)
(our Table S2). This could lead to a bias of misinter-
preting weaker targets as fish. However, by ana-
lysing how TS changes over time for each track dur-
ing post-processing, the targets with the lowest TS
were removed.

The settings made for track initiation were o4 =
2.8° B = 2.8° 1y = 0.44 m, [, = 20 dB. Here, o, and
are the maximum along- and athwartship angles
within the acoustic beam for initiating a new track, r,
is the range difference between last terminated track
and new initiated track, and I; is the minimum differ-
ence in TS (dB) for initiating a new track after a pre-
viously measured track. The track association set-
tings were basically the same as for track initiation,
namely og = 2.8°, Bg = 2.8° 15 = 0.44 (m), I = 20 (dB),
with og and Bg again representing maximum along-
ship and athwartship cutoff angles, rg the accepted
maximum range between the transducer and 2 fol-
lowing track detections, and I is the maximum devi-
ation in TS between 2 subsequent track detections.
Setting the range gates high (Ig, rg) enables the in-
clusion of fast swimming behaviours, as pearlside are
capable of fast bursts of swimming (Christiansen et
al. 2021). However, larger range gates also increase
the risk of erroneous measurements (Fig. S4). A chal-
lenge in choosing long tracks is that it can render a
bias towards slow moving organisms. However, upon
visual inspection of the tracks in the echogram, most
fish tracks were observed to be 60 s or longer
(Figs. S2a & S3a). Minimum track length was set to
20 detections. The maximum number of missing
detections within a track was set to 8, the number of
missing samples was set to 8, and the maximum ratio
of missing detections to the total number of detec-
tions in a track was initially set to 0.8. However, in
the final track dataset, maximum missing detections
ratio was never higher than 0.2, increasing the qual-
ity of the tracks.

2.7. Detection, initiation and processing of tracks
to identify mesopelagic fish trajectories

The aim of this study was to observe mesopelagic
fish trajectories, but traditional single echo detection
filters used in target tracking often fail in aggrega-
tions of fish (Handegard 2007). To increase the num-
ber of initially successful trackings, we allowed a
lower mean TS than usual in the protocols for TS
measurement (Ona 1999). Collecting tracks of multi-
ple fish will lead to errors, and thus tracks were visu-
ally inspected in LSSS to manually correct for errors
made by the target-tracking algorithm, both by
observing the echogram and the anglegram (Fig. S4).
We chose tracks with length t > 60 s, to secure suffi-
ciently long tracking of varying swimming speed and
spatial behaviour. To observe behaviour for as long a
time as possible, fragmented tracks due to split errors
were manually re-attached in LSSS. In this process,
the x (alongship, in m), y (athwartship, in m) and z
(vertical distance from transducer, in m) positions of
the tracks were exported together with time (UTC)
and TS (dB). Erroneous tracks belonging to several
individuals were identified due to differences in TS,
and large changes in one of the angular positions x, y
or z, or radical changes in several of the parameters.
The exported x, y and z data from LSSS were further
post-processed manually as follows: To reduce the
noise in the tracks, erroneous measurements which
suggest movements where the measurement of 1 or 2
pings does not follow the remaining trajectory (devi-
ations + 30 cm per ping), due to an inclusion of
another target for 1 or 2 pings in the tracking algo-
rithm, were deleted after visual inspection. To offset
the measurement errors commonly made by the
phase deviation (Ehrenberg & Torkelson 1996), the
curve for all measured points for each ping was
smoothed for x, y and z individually, before being re-
used as the trajectory of the fish. Smoothing was
done by fitting x, y and zindividually over time ¢ with
a piece-wise polynomial smoothing spline in MatLab
(MathWorks 2020) with smoothing parameter p=0.1.
Since t was unique and equal for x, y and z, predic-
tions for x, y and z at given t could then be merged to
3D trajectories over time. Using these newly com-
puted positions, average and instantaneous swim-
ming speed (W) were calculated by using:

W=\/[(Xt+1 _Xt)2]+[(Yt+1 -Yt)z]“‘[(zm —Zt)z] (2)

where x is the alongship angle, y is the athwartship
angle and z is the depth, between consecutive points
in the trajectories at time tand ¢+ 1. The mean swim-
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ming speed of the whole trajectory is converted into
body length (BL) per second using average BLs of
pearlside (Eq. 2) for each scattering layer.

For the self-overlap measurements, we computed
the scale-dependent self-overlap, y(r) for each tra-
jectory using Eq. (1). The maximum volume is com-
puted as:

Vinax(r) = nr?L + —%nﬁ 3)

which considers the trajectory as a straight line, from
start to end of the path (L).

Generally, we then have V(r) < V(1) and de-
pending on the tortuosity of the path, and on the en-
counter radius, a varying portion of the swept volume
is self-overlapping (see Fig. 6A), providing a scale-
dependent self-overlap function bounded within 0
and 1,1i.e. 0 <wy(r)< 1. In particular, if y(r) = 0, then the
trajectory never intersects itself for that r and the
effective volume is equal to the maximum volume; if
y(r)=1, nonew volume is perceived at that r.

Additionally, we expect that when r a0, then y a0
and the self-overlap will increase for a larger radius
with a maximum at r < L. Indeed, at r > L, V,,,x and
V will both roughly scale as the volume of a sphere
taking similar values and providing the limit r o +°,
v o0.

A Monte Carlo method can be used to determine
the volume of complex or irregularly shaped objects
or regions in situations where analytical solutions are
not readily available or feasible (Khalos & Whitlock
1988). This method is widely used in various scientific
fields, such as physics, engineering and computer
graphics, where accurate volume determination is re-
quired for simulations, modelling or design purposes
(Kroese et al. 2014). In summary, the object of interest
is enclosed within a bounding shape, i.e. in our case a
cube, then random points are uniformly distributed
within the bounding shape. The number of points
falling inside the object is compared to the total num-
ber of points generated for the cube. The ratio of the
volume of the object to the volume of the cube is pro-
portional to the ratio of points falling inside the object
to the total number of points. Thus, by multiplying
this ratio by the volume of the bounding shape, an
estimate of the object's volume can be obtained. The
more points generated, the more accurate the volume
estimation becomes. However, even with a relatively
small number of points, the Monte Carlo method can
provide a reasonable approximation, especially for
complex or irregular geometries that are challenging
to analyse using traditional mathematical approaches
(Binder et al. 1993, Bianco et al. 2014).

The Monte Carlo method was used to calculate V(r)
(Bianco et al. 2014). We first defined the maximum ra-
dius, i.e. the visual range 1., = 100 and then for each
trajectory computed the bounding boX Xuyin — Imax <
Xmax + Imax Where X, Xnax are respectively the mini-
mum and the maximum value of the trajectory along
the x coordinate. Similarly, minimum and maximum
values are used for the other coordinates on y and z,
and finally the volume of the box Vj,, is calculated. We
then drew NP (no. of points) = 2 x 10° random points
uniformly distributed within the bounding box, yield-
ing around 1260 points on the vertical and horizontal
axes of the cube, and at an edge length of 2 m ca. 2 mm
distance between adjacent points. Then we calculated
the histogram of the number of points, i.e. n(r) falling
at a distance less than a given radius rfrom the trajec-
tories with the minimum radius at r,;, = 1 cm, and 1,
< I' < Imax- The distance is measured using the interpo-
lating segment between 2 consecutive points on the
trajectory. Finally, the effective volume is obtained as:

v -20v,, @)
When applying the method to the dataset, we
checked that the trajectories were long enough, so
that the results are stationary and not influenced by
the behaviour at the endpoints.

3. RESULTS

3.1. Classifying individual 3D trajectories and
movement patterns

The trajectories displayed a range of different
behaviours, from ballistic straight lines to convoluted
tracks with high self-overlap (Fig. 3). Some fish were
actively ascending or descending with small bursts
adjusting their vertical positions (Figs. 4 & 5A). There
were also tracks that appeared as long spirals with
low self-overlap for a large range of reactive dis-
tances (Fig. 3A). This behaviour was observed both
in the SSL1 and SSL2 layers. In both layers, there
were trajectories with low TS (<-90 dB) with unique
movement patterns identified to be Calanus fin-
marchicus (K. G. Thorvaldsen unpubl. data). These
targets were ascending and descending with +20 cm
up and down with sharp turns (‘b’ on Fig. 4). In both
samples, traces of larger fish were observed (‘c’ on
Fig. 4). Due to differences in fish density (Fig. S3a),
only 10 tracks with sufficient resolution and length
>60 s were observed within SSL1, compared to 22 in
SSL2. The track lengths ranged from 60 to 490 s.
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Fig. 3. Three examples of tracks of mesopelagic fish, from (A) SSL1 and (B,C) SSL2, showing the trajectories of the fish in 3D.
(D) The measured self-overlap of the 3 tracks where self-overlap (y(r)) is modelled for several visual ranges

3.2. Swimming speed measurements of individual
and groups of accepted fish tracks

The calculated instantaneous swimming speeds
(Eq. 2) ranged between 0.01 and 9 BL s7! in SSL1,
and 0.1 to 6 BL s7'in SSL2 (Fig. 5). The swimming
speeds compared to BL were higher in SSL1
(Fig. 5B). Most swimming speeds were measured to
be less than 2 BL s™! (Fig. 5B); the average swim-
ming speed in SSL1 was 0.984 + 0.55 BL s~!, while
in SSL2 it was 0.73 + 0.42 BL s™'. The instantaneous
swimming speeds observed along the tracks were
more variable, with some individuals moving with
a roughly constant speed while others showed vari-
ations in swimming speeds (Fig. 5A). In some
cases, the fishes generated bursts of high speed fol-
lowed by subsequent slower movements (Fig. 3B).
In both cases, the average speed (Fig. 5B), as well

as the irregularity of some the individual move-
ments (Fig. 5A), suggest active swimming, as both
swimming speeds are too fast and patterns too
complex to represent passive drifting.

3.3. Analysis of seli-overlap measurements for all
accepted trajectories

The self-overlap (y) measured for the 32 tracks
showed values between y = 0 and y = 0.6 along the
range of perception distances from r =1 cm to r =
100 cm. This range of r is used here to describe
typical encounter radiuses for preys and predators.
All the tracks show a low degree of self-overlap at the
small encounter radius scale (r= 1 cm) and increasing
values at higher distances. Hence, tracked individ-
uals had mainly ballistic encounters with their prey,
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SSL1 (200 kHz)

Vertical distance from transducer (m)

(-w | a1 gpAS

16:15-16:25

Fig. 4. Echogram of SSL1 volume scattering strength (Sv) recorded with TS-probe between 16:15 and 16:25 h UTC, where sin-
gle target tracks are visible (a, b and c). Traces from mesopelagic fish (a), zooplankton identified to be Calanus finmarchicus
(b), and larger predatory fish (c) are present

with values of y between 0 and 0.3 for encounter ra-
dius between 1 and 5 cm, respectively. In some cases,
ballistic encounters were present at both small and
large distances. For example, for a few tracks, values
of self-overlap never exceeded y = 0.1 (Fig. 6A),
hence indicating swimming behaviours maximizing
volume scanning at all scales. On the other hand,
more convoluted trajectories had values close to y =
0.6 at r= 100 cm (Fig. 6A), indicating a substantial re-
duction of volume scanning at larger scales. When
grouped together, pronounced differences in self-
overlap were evident between the 2 different sound
scattering layers (SSL1 and SSL2) (Fig. 6). The aver-
age (£SD) self-overlap in SSL1 was lower, with y =
0.005 £ 0.02, y =0.13 £ 0.08 and y = 0.19 = 0.09 at 1,
10 and 100 cm, respectively (Fig. 6B). In SSL2, the
self-overlap had a mean value of y = 0.008 £ 0.03, y =
0.17 £ 0.14 and y = 0.27 £ 0.19 at 0.01, 0.1 and 1 cm
(Fig. 6B), and had a higher average and higher SD
than the SSL1. At visual ranges for prey and
predators used in this self-overlap model, no individ-
uals performed full self-overlap (y = 1).

4. DISCUSSION

We observed a large spectrum of active swimming
behaviours for pearlside individuals, and identified
differences between juveniles and adults (Fig. 6B).
All tracks recorded showed very low values of self-
overlap at characteristic scales for prey encounters
for small mesopelagic fish (<5 cm). A couple of indi-
vidual tracks in SSL1 had larger values of self-over-
lap in the visual range of piscivorous fish, allowing
them to reduce encounters with predators in the
absence of natural hideouts in the mesopelagic envi-
ronment. However, these self-overlap values were
never higher than 0.3 (Fig. 6B). These tracks gener-
ally had a more convoluted movement behaviour,
ensuring that the fish can forage new volumes within
its own visual range, while the movement appears to
be convoluted within the visual range of a larger pis-
civorous predator (e.g. saithe, blue whiting and had-
dock) (Giske et al. 1990). The degree of self-overlap
in SSL2 was higher. This coincides with results from
a neighbouring fjord, where feeding rate was 25
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Fig. 5. (A) The short-term swimming speed variability of 1 pearlside from SSL1 for a period of 160 s. (B) Histogram of the
frequency of the measured swimming speeds per ping; shown are all measured swimming speeds from SSL1, and from all
accepted trajectories for SSL2
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Fig. 6. (A) Illustrative figure for the concept of self-overlap on the perceptive scale of potential predators. On the perceptive
scale of mesopelagic fish, the clearance volume (green) is not self-overlapping, i.e. no place is visited twice, and cleared vol-
ume per scanned distance is maximal. On the (larger) perceptive scale of a potential predator, potential encounter volume
(grey, transparent) where the predator would perceive the mesopelagic fish is highly self-overlapping—hence, the space
where the mesopelagic fish might be subject to predation is limited. The trade-off for the mesopelagic fish is, dependent on
the spatial distribution of its prey, to minimize self-overlap of its clearance volume while at the same time maximizing self-
overlap of the potential encounter volume with predators. (B) The average self-overlap with confidence limits for the trajecto-
ries found in the layers SSL1 (red) and SSL2 (blue) with their respective error boundaries as the shaded coloured areas

times lower in this layer compared to SSL1 and mor- oceanic animal groups also living in 3D environments

tality was lower (Staby et al. 2013). without natural hiding places (Bianco et al. 2014).
Differences in swimming and turning behaviour at The different degrees of self-overlap found in the

dusk have been reported previously (Christiansen et 32 trajectories most probably reflect a mix of onto-

al. 2022). This behaviour can also be found in other geny, different internal states, different ambient light



Thorvaldsen et al.: Predator avoidance behaviour in Maurolicus muelleri 11

conditions influencing visual ranges, micro turbu-
lence and currents, potential mixing with lanternfish
as well as different prey and predator densities in
vicinity of the observed individuals. There is a preda-
tion risk in both SSL1 and SSL2 for pearlside due to
the presence of larger fish. However, it is probably
heavily reduced in SSL2 due to low ambient light
(Staby et al. 2013). The ballistic trajectories observed
in SSL1 might represent a bold behaviour, as the
search volume is maximal, while self-overlap and
hence protection from predation is at a minimum.
However, in the more turbid surface water, small
juveniles have an advantage compared to piscivo-
rous predators, as the visual range needed to detect
copepods is low (Aksnes & Utne 1997, Staby et al.
2013). This will theoretically lead to more encounters
with prey, especially if prey are located in patches,
which is typical for zooplankton (Folt & Burns 1999),
and encounters with predators might be reduced.
This behaviour implies that juvenile pearlside are
taking higher risks to efficiently ensure somatic
growth throughout the winter, as previously reported
in Giske & Aksnes (1992). However, juvenile pearl-
side have lower contrast with the background and
can hence afford to migrate higher into the water col-
umn where light levels are higher (Giske et al. 1990,
Aksnes & Utne 1997, Utne-Palm 2002). Pearlside
have previously been described to show different
behaviours, where some fishes leave the preferred,
safer isolume to forage (Christiansen et al. 2021).

In SSL2, individual behaviours differed more than
in SSL1. Low feeding rates and lower natural mor-
tality are prevalent in the deeper layers (Staby et al.
2013), and might explain the higher degree of self-
overlap seen in some of the tracks in SSL2, as
avoiding predation appears to be the main behaviour
of adult pearlside during winter (Giske & Aksnes
1992). Additionally, some of the variability in SSL2 is
likely due to a mixing between pearlside and glacier
lanternfish. Hence, some of the tracks could belong to
lanternfish and can explain the higher variation in the
deeper layer, as acoustic and movement pattern dis-
crimination between the 2 species is not easy (Gjo-
saeter & Kawaguchi 1980, Gjeseeter 1981, Dypvik et
al. 2012, Staby et al. 2013, Scoulding et al. 2015). Fi-
nally, internal states would likely play a large role in
different behaviours, as the internal state of each tra-
jectory individual is unknown. Hence, it was not to be
expected that all measured individuals would show
the same behaviour in our study. All trajectories were
near Calanus finmarchicus individuals based on TS
and unique movement patterns and catch data (K. G.
Thorvaldsen unpubl. data), which suggests feeding

opportunities within visual range. However, even
with a lower total amount of zooplankton, the higher
light level will result in more encounters between fish
and zooplankton in SSL1, which explains why they
still vertically migrate (Staby et al. 2013). Many trajec-
tories were showing complex patterns, changing di-
rection frequently within both horizontal and vertical
axes or in both directions. During these directional
changes, swimming speeds changed. For these cases,
we conclude that the fishes are performing active in-
dividual search or avoidance behaviour.

The lack of vertical migration of individuals from
SSL2 observed by the ship-mounted transducers and
catch of only juvenile pearlside in the upper layer
indicate that there is limited or no vertical migration
by adult pearlside, and supports that the upper layers
actually consist of feeding juvenile pearlside. This is
supported by previous quantitative and qualitative
studies (Giske & Aksnes 1992, Staby et al. 2013, Pri-
hartato et al. 2015). There was also no evidence of
vertical migration of the lanternfish below 200 m,
even if sporadic migrations have earlier been indi-
cated by trawl catches (Kaartvedt et al. 1988, Ras-
mussen & Giske 1994, Dypvik et al. 2012).

In this study, a narrow acoustic beam was applied
at short range. This was needed to resolve single
mesopelagic fishes. However, there is a trade-off be-
tween separating single targets and beam width
(Ona 1999, Handegard et al. 2005). Targets will even-
tually move out of the acoustic beam, as the volume of
the acoustic beam capable of tracking is usually
around 1 m3, and we acknowledge that behavioural
patterns might be shown to vary if we had observed
individuals for longer periods. By selecting only high-
quality tracks in this study, the number of measure-
ments, especially in SSL.1, are low. However, by ac-
cepting shorter tracks of lower quality, individual
variability would no longer be separable from noise.

With good signal-to-noise ratio and a low density of
targets, we believe that the target tracking algorithm
is working efficiently. Observing similar and consis-
tent tilt-and-roll angles in SSL1 and SSL2 (Fig. S2),
but with different behaviours of fish in the 2 layers,
supports our conclusions.

The observed self-overlaps were generally lower
than those seen for zooplankton in laboratory studies
(Bianco et al. 2014). Tidal currents and/or turbulence
might influence the observed movements, especially
of zooplankton (Makhlouf Belkahia et al. 2021).
However, in our case, most fish trajectories were
moving in different horizontal directions across the
acoustic beam, and most trajectory shapes were
observed to have several directional changes within
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the horizontal and vertical planes, as well as signifi-
cant changes in swimming speed, making it highly
unlikely that the observed behaviours are passive
and current-driven alone. On the spatio-temporal
scales where we observed movements, we assume
that predator and prey are dislocated equally by
water movements and that hence the relative dis-
placement due to currents is negligible. In future
investigations, current speed in the vicinity of
tracked individuals could be measured using
acoustic-Doppler current profiling, separating swim-
ming behaviour from turbulence and currents.

There are several factors that impact the visual
range for both mesopelagic fish and their pis-
civourous predators, contributing to the individual
variations in observed swimming behaviour. The am-
bient light level was not constant during this study.
The TS-probe deployments were conducted during
dusk and early night in SSL1, and during night in
SSL2, which provides very different ambient light
conditions, and thus the perceptive range, i.e. the
distance predators are able to detect prey, would
vary to a great extent. Pearlsides require mesopic
light conditions for successful visual foraging (de
Busserolles et al. 2017), which explains why the juve-
niles migrate to the surface. This is a crucial factor for
individual feeding in fish (Aksnes & Utne 1997,
Aksnes et al. 2004, Langbehn et al. 2019), which in-
fluences both feeding and predation rates and could
influence individual movement behaviour accord-
ingly. We assume that the main prey-sensing per-
formed by pearlsides is visual, as tactile predators
are dominating in fjords with lower visibility, exem-
plified in the neighbouring fjord Lurefjorden (Eiane
et al. 1999). The visual ranges of the predators, both
pearlside and piscivorous fish, rely on the ability to
distinguish the silhouette of the prey from the back-
ground. Turbidity also has a large impact on visual
range of fish (Aksnes & Utne 1997). Small, almost
transparent fish and zooplankton can largely in-
crease the reaction distance of a visual predator
(Aksnes & Utne 1997), and can thus allow a different
isolume than the adult fish (Staby et al. 2013). Fishes
in the Sternoptychidae family such as pearlside are
known for their counter-illumination photophores,
which in theory can make the fish almost invisible if
the intensity produced by the photophores matches
the ambient light levels (Young & Roper 1976,
Mensinger & Case 1990).

The observed behaviours, though highly variable,
deviate from random movements. Mesopelagic fish
apply spatial strategies that modify encounter rates
with their prey and predators. Hence, each individ-

ual of either predator or prey populations modifies its
expectations of random encounters. Predator-prey
dynamics consequently do not follow the principle of
mass action, as still assumed by many mathematical
models for encounter rates (Gerritsen & Strickler
1977, Rothschild & Osborne 1988, Aksnes & Utne
1997, Huse & Fiksen 2010), functional response
(Holling 1959, 1966, Gentleman et al. 2003) and pop-
ulation dynamics (Lotka 1920, Volterra 1926, Turchin
2003).

The application of lowered echosounders and
acoustic tracking of several biological trophic levels
simultaneously in situ in 3D provides a means to
study animal ecology, encounters and interactions of
undisturbed individuals in their natural environment
in the sea. Working with trajectories allows for a
more precise measurement of in situ clearance vol-
umes as well as natural individual behaviour deviat-
ing from randomness and probably increasing evolu-
tionary fitness. On this small scale, behaviour is not
uniform, but highly depends on several factors that
need to be measured in situ and understood at the
same small spatial and temporal scales to understand
their effects on encounters and their scaling to het-
erogeneous population dynamics mechanistically.
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