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Nighttime Swimming Behavior of a
Mesopelagic Fish

Svenja Christiansen*, Josefin Titelman and Stein Kaartvedt

Department of Biosciences, University of Oslo, Oslo, Norway

Nocturnal migration of mesopelagic fish into surface waters is well-documented. Yet,
although there is increasing evidence of individual-based deviations from average
population migrations and of the importance of small-scale individual behavior for
predator-prey interactions and energetic cycling, little is known about what mesopelagic
animals do when in upper waters. Using high-resolution data from an upward-
facing, moored, split-beam echosounder we analyzed the night-time individual vertical
swimming behavior of pearlsides (Maurolicus muelleri) over one winter. The population
behavior is characterized by migration to the surface after sunset, “midnight-sinking”
and another migration to the surface in the morning, followed by return to the daytime
habitat. Focusing on individuals unveiled diverse behavioral patterns during different
phases of the migration. After ascending to upper layers at dusk, M. muelleri leaves
the surface waters, not by sinking, but by actively swimming in a step-wise pattern
characterized by relocations alternated by pauses. Following the descent, vertical
swimming is sustained at lower levels. Around midnight, the vertical swimming direction
changes from predominantly downward to upward. Several hours before dawn, the
fish start ascending toward the surface in a step-wise pattern. During population
ascent in the afternoon and descent in the morning, some individuals at the fringes
of schools migrate without intermittent pauses. This study documents the feasibility
of using submerged, stationary echosounders in unveiling the individual behavior of
mesopelagic fish.

Keywords: individual behavior, nocturnal, target tracking, diel vertical migration, Maurolicus muelleri

INTRODUCTION

Large scale phenomena, such as diel vertical migration, are normally studied at the population
and community level, and in situ studies of individual behavior are still scarce among plankton
and micronekton (Pearre, 2003). Yet, populations consist of individuals of different states doing
different things, many of which may or may not deviate from the average (Torgersen, 2001; Solberg
and Kaartvedt, 2017). Understanding the behavior of individuals may improve our understanding
of metabolic demands (Treberg et al., 2016), predator-prey interactions (O’Brien et al., 1990), and
ultimately carbon flux (Pearre, 2003).

Animals engage in a range of behaviors related to foraging, mating, migrations, or resting.
To date, especially the night time behavior of marine animals, such as fish, remains largely
elusive, mostly due to methodological restrictions (Hammerschlag et al., 2017). Mesopelagic fish
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and other diel vertical migrants are usually expected to feed near
the surface at night. How the organisms actually spend the night,
though, varies between species (Simard et al., 1985; Giske et al.,
1990; Balino and Aksnes, 1993; Pearre, 2003), seasons (Staby
and Aksnes, 2011; Prihartato et al., 2015), and states (Simard
et al., 1985; Pearre, 2003; Staby et al., 2012). Despite studies
indicating this variability among mesopelagic fish (Torgersen,
2001; Kaartvedt et al., 2008; Olivar et al., 2017; Solberg and
Kaartvedt, 2017), quantitative data of their individual behavior
is largely lacking. We know next to nothing about what these
fish do at night.

Twilight migrations, where animals ascend to the ocean
surface around dusk and dawn, but return to intermediate depths
during night (midnight sinking) are common among pelagic
taxa and repeatedly documented for acoustic scattering layers
(Tarling et al., 2002; Staby et al, 2011; Valle-Levinson et al,
2014). Potential reasons for such behavior are manifold, but
include reduced activity after satiation (Cushing, 1951; Rudjakov,
1970), temperature selection for energy optimization (Giske and
Aksnes, 1992), prey distribution (Torgersen et al., 1997; Valle-
Levinson et al., 2014) and predator avoidance (Torgersen et al.,
1997; Staby, 2010; Staby and Aksnes, 2011; Prihartato et al.,
2015). Still, we know very little about the individual behavior
and activities resulting in such commonly observed population
distribution patterns.

One mesopelagic fish that is known for its twilight
migrations is the small (<6 cm standard length; (Rasmussen
and Giske, 1994; Goodson et al, 1995) Mueller’s pearlside
(Maurolicus muelleri, Sternoptychidae). It forms the shallow-
most mesopelagic scattering layers in Norwegian fjords (e.g.,
Giske et al.,, 1990; Staby and Aksnes, 2011). In winter, adult
M. muelleri reside in a scattering layer at around 150-200 m
depth throughout the diel cycle (Staby et al, 2011). The
adult fish may rely on lipids built up over the summer and
autumn (Falk-Petersen et al., 1986), but may also forage on
overwintering Calanus during daytime (Bagoien et al., 2001).
Juveniles (<1 year) instead maximize growth by feeding on
plankton in shallower waters during twilight (Giske et al., 1990;
Bagoien et al., 2001). The juveniles form a shallow scattering
layer with a strong diel migration pattern with ascent to the
surface in the afternoon, subsequent midnight-sinking during a
non-feeding period at night (Giske and Aksnes, 1992; Bagoien
et al,, 2001) and a dawn ascent in the morning before returning
to daytime depth (Staby and Aksnes, 2011; Prihartato et al.,
2015). Juveniles are a main prey for e.g., blue whiting and saithe
(Giske et al., 1990).

Here we explore the night-time behavior of juvenile Mueller’s
pearlside throughout the winter (December 2010-March 2011)
in a well-studied fjord system (e.g., Kaartvedt et al, 1988;
Giske et al., 1990; Staby et al., 2011). We applied an upward-
looking echosounder floating in an anchored rig enabling studies
of individuals with a temporal resolution of 2 records s~!
throughout the study period. Based on their population averages
(e.g., Staby et al., 2012; Prihartato et al., 2015), we hypothesized
that activity of juveniles changes during the night, yet with
higher variability in individual behavior than that predicted from
average diel vertical migration patterns.

MATERIALS AND METHODS

Location and Target Species

Masfjorden is a 20 km long fjord at the west coast of Norway
(~60°50° N, ~005°30’ E). It has a maximum depth of 494 m
and a sill depth of 75 m bordering to Fensfjorden, which is
connected to the coastal ocean (details in Kaartvedt et al., 1988).
In Masfjorden, scattering layers shallower than 200 m are almost
entirely formed by M. muelleri with juvenile fish in a shallow
scattering layer (<100 m at night and ~100 m during the day)
and the adults in a deeper scattering layer (around 200 m)
during autumn and winter (Giske et al,, 1990; Staby et al,
2011). The two layers merge in spring (Staby et al., 2011). The
glacier lanternfish Benthosema glaciale prevails below ~200 m,
with limited diel vertical migration in winter (Giske et al., 1990;
Kaartvedt et al., 2009).

Dataset

Three upward facing stationary split-beam echosounders (EK60,
Simrad) were deployed in Masfjorden between October 5-7,
2010 and recovered on August 17, 2011. Echosounders were
moored at ~370 m (38 kHz), ~250 m (120 kHz), and ~90 m
depth (200 kHz) to enable high resolution of acoustic signals
throughout the water column. The deepest echosounder was
located at the bottom, the two shallower mounted in floating,
anchored rigs in the same part of the fjord. The echosounders
were cabled to shore and, with the exception of short periods of
power failures, continuous recordings are available from all three
frequencies for the entire study period. For further details about
the setup of the echosounders see Prihartato et al. (2015). Here,
we use data from the 200 kHz echosounder for the analysis of
scattering layer depth and individual behavior. In addition, we
consulted data from the deeper located 120 kHz echosounder for
an overall assessment of the population behavior. This allowed
to monitor the full diel migrating cycle including when juveniles
migrated to below the 200 kHz echosounder (Figure 1), and also
the largely non-migrating adults.

We analyzed data from December 2010 to March 2011,
which enabled detailed analysis of individual swimming behavior
of juvenile M. muelleri without the inclusion of deeper-living
targets that only to a limited degree migrated vertically during
this period (see e.g., Prihartato et al, 2015). Echosounder
data with a temporal resolution of ~2 s~! were available
from 98 days. Surface light levels (2 m above water) were
measured continuously after the end of December 2010, yet the
sensitivity of the light meter was too low for winter night-time
measurements (see Prihartato et al., 2015).

For information on approximate nocturnal light levels during
the study period, we obtained cloud cover and precipitation
data from the nearby (~20 km) weather station Takle from
https://seklima.met.no/observations/ (download on November
12, 2019) and moon phases from https://www.timeanddate.com/
moon/phases/ (accessed on November 12, 2019). Night time
cloud cover and precipitation were calculated by averaging data
collected within 0.3 days around midnight on each day. Time of
sunrise and sunset were calculated for each day using the function
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FIGURE 1 | Monthly median echograms for December 2010-March 2011 from an upward-looking, stationary 120 kHz echosounder in Masfjorden, Norway,
showing scattering layer movements in the upper 300 m. The shallow scattering layer (<150 m depth) consists mainly of juvenile Maurolicus muelleri, the targets of
this study, while the deeper scattering layer (>150 m depth) is mainly composed of adult M. muelleri. The dashed horizontal line indicates the depth of the 200 kHz
echosounder that was used for the tracking analysis.

sunRiseSet'. All dates and times are presented in UTC (local
time -1 h; maximum deviation from apparent solar time about
33 min on December 1, 2010).

Population Analysis

One aim of the study was to relate individual behavior to that of
the M. muelleri population. Therefore, the location and migration
velocity of the scattering layer formed by juvenile M. muelleri
were determined. The raw EK60 data were reorganized into
a three-dimensional grid, with a daytime (resolution of 90 s),
depth (resolution of 0.3 m) and date dimension, in order to
improve computation times and data accessibility. Each grid cell
contained the average (calculated in the linear domain) volume
backscattering strength (S,, dB re 1 m~! (MacLennan, 2002), in
the following referred to as backscatter), calculated from the raw
data of the given depth and time interval. The gridded backscatter
data were used in all of the following population analyses. We
calculated monthly median backscatter from the 120 kHz data by
computing the median backscatter for each depth and daytime
interval over all dates in the respective month.

Properties of Scattering Layers

The depth of the scattering layer was determined for each day
of the study period using night time data (between sunset and
sunrise) between 2 and 84 m depth. Data closer to the transducer
could not be used due to noise (ping interference) at about
86 m depth. Between 0.1 day (144 min) after sunset and before
sunrise, all values with depths < 19 m were excluded to reduce
the inclusion of night time surface signals (Supplementary

'https://se.mathworks.com/matlabcentral/fileexchange/62180-sunriseset-lat-Ing-
utcoff-date- plot; downloaded on January 15, 2019.

Figure S1). Backscatter values > —53 dB re 1 m~! usually
occurred due to extended surface signals or strong individual
targets (potentially larger fish). These high backscatter values
were thus not representative for the M. muelleri population
and therefore excluded from the analysis. The thresholds for
these data exclusions were determined empirically from the
echograms. The remaining backscatter data were linearized to
sy (m~1), the volume backscattering coefficient (MacLennan,
2002). For each time point, the cumulative s, over depth was
calculated and the depth where the cumulative s, reached 50% of
its maximum value was defined as the midpoint of the scattering
layer. In some cases, the M. muelleri scattering layer could not be
clearly identified due to low fish densities, which we defined as a
cumulative s, < 5 x 107% m~!. Periods where the cumulative s,
fell below this threshold were excluded from the scattering layer
analysis. We calculated the vertical velocity of the scattering layer
by applying a moving slope approach® with a time window of 0.05
decimal days (72 min) on the scattering layer depth.

Delineating Dusk Descent and Dawn
Ascent

Individual targets could not be resolved when in surface waters
at dusk and dawn, and we here focus on the nocturnal behavior
in-between these timepoints. The midnight sinking period was
marked by the population starting to descend from the surface
to deeper layers in the evening (from now on referred to as dusk
descent) and the ascent to the surface in the morning (from now
on dawn ascent). We used the location of the scattering layer to
determine the start of the dusk descent and the end of the dawn

Zhttps://se.mathworks.com/matlabcentral/fileexchange/16997- movingslope;
downloaded on April 5, 2018.
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ascent of the population (Figure 2). We chose the first time-point
when the center of the scattering layer was at its shallowest depth
in the afternoon and morning, respectively, as criteria. We also
calculated the time spent in near-surface waters < 20 m depth at
dusk and dawn for each day.

Identification of Maurolicus muelleri and

Description of Swimming Behavior

The proximity of the M. muelleri scattering layer to the 200 kHz
transducer at night enabled the identification of night-time
individual swimming behavior. Densities of fish in the core of
the scattering layer were too high for separating individuals
during some parts of the night and at long distance from the
transducer (i.e., shallow depth), while individuals outside the
core and during periods of lower density could be distinguished
successfully. Types of swimming patterns were first visually
identified from echograms in the Sonar5-Pro software (Balk and
Lindem, 2017) on separate days and thereafter quantified using
target tracking.

Target Tracking

Successive echoes of individual targets can be combined and
thus the path of individuals over depth, time and in along and
athwart direction can be followed (target tracking; Brede et al.,
1990). We used target tracking to assess the individual vertical
swimming of M. muelleri over the entire study period. Target
tracking was performed in the software Sonar5-Pro (Version
6.0.4, Balk and Lindem, 2000, 2017). Prior to the tracking,
the files were pre-processed by cross-filter detection (Balk and
Lindem, 2001, 2017), a procedure which improves the detection
of individual tracks in single echo detection mode. Default
settings were selected for the cross-filter detection. The thus
modified single echo detection echograms were then analyzed by

00:00
Time (HH:MM)

12:00

FIGURE 2 | Example echogram from January 22, 2011 as recorded by a
200 kHz echosounder deployed at around 92 m depth in Masfjorden with
annotations showing the results of the scattering layer description. The solid
line indicates the depth of the middle of the scattering layer. Dashed lines
indicate the start of the dusk descent (beginning of midnight sinking) and the
end of the dawn ascent (end of midnight sinking). Interrupted lines show the
time of sunset and sunrise on that day. The line at around 84 m depth is
noise. Data in the hatched box in the lowest part of the echogram were not
included in the scattering layer description due to that noise, but were
included during target tracking.

automatic target tracking. We optimized the parameters for the
target tracking (Table 1) beforehand by comparing manual and
automatic tracking at different time points of the study period.
We adjusted the tracking parameters depending on distance
from the transducer (range), which reduces the uncertainties
at longer ranges compared to when using a single set of
parameters. Individuals were tracked between 5 and 85 m range
(i.e., ~9-89 m depth). The use of cross-filter detection introduces
uncertainties. While enabling tracking at increased ranges and at
higher densities (Balk and Lindem, 2002), it also increases the
risk of multiple detections, increases ping gaps and introduces
noise into the target strength (MacLennan, 2002) of tracks. Yet,
we decided to accept these uncertainties to be able to analyze
individual movements throughout most of the water column
and with longer track durations that enabled the differentiation
between behaviors. Only few individuals (~3%) were tracked
at ranges > 60 m (shallower than 34 m depth; Supplementary
Figure S2). While these few individuals have limited influence on
the overall results, they contribute information about processes
and behavior in the upper water column.

High population densities hamper individual tracking
detection (Handegard, 2007). Correspondingly, individuals
close to the transducer are tracked more effectively due to the
higher resolution of targets. Differences in population densities
over time, e.g., lower densities during the dusk descent, and
distances to the transducer, e.g., shorter distances in the morning
when many individuals already started descending, thus led to
a higher number of descending tracks. Nevertheless, a visual
comparison of the tracks and echograms indicated that the
tracks’ position information and thus behavior of the individuals
were represented well. This also makes us confident that we are
not assessing the behavior of outliers with deviating behavior and
that the large-scale picture of the behavioral repertoire observed
here is representative.

Quantification of Tracks and Behavior
The workflow during track processing and filter criteria as
outlined below are summarized in the Supplementary Figure S3.
The data were processed and analyzed in Matlab (Mathworks;
R2017b). We first applied a filter to exclude potential other targets
than M. muelleri. This identity filter included a threshold in
mean TS (Figure 3) and excluded daytime tracks from after
sunrise and before sunset. We determined the TS thresholds
by manually tracking M. muelleri individuals on one randomly
selected day of each of the 4 months (about 800 tracks per day)
and then identifying the TS range that included about 90% of
the tracked individuals on these 4 days. Tracks with a mean TS
outside the defined range were excluded from further analysis.
This procedure allowed identification of M. muelleri with a
reduced influence of tilt angles (Miyashita et al., 1996) as fish
in all different angles were included during the manual tracking.
A minimum track duration of 30 s was used. The first time-
point of each track determined whether the tracks were within
the defined night-time hours.

After applying the identity filter, 613003 tracks remained and
were further processed. Depth outliers of each individual track
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TABLE 1 | Settings used in the automatic target tracking analysis in Sonar5-Pro (Balk and Lindem, 2017).

Range (m)
Track properties 10 20 30 40 50 60 70 80 90
Minimum track length (Nr. of echoes) 10 20 20 30 40 30 30 30 30
Maximum ping gap (Nr. of echoes) 3 5 5 5 10 10 5 5 0
Gating Ping Range (m) Ath (°) Alo (°)
Initial size 1 0.1 5 5
Increase with missing ping 0.01 0.1 0.1
Association Ping Range (m) Ath (°) Alo (°) TS (dB)
Distance weights 50 10 1 1 1
Prediction A B
Alpha Beta 0.5 0.5

Note that names in the table reflect those in the program. Range (m) represents distance from the transducer, where a range of 10 m is at about 84 m depth and a range of
90 m is at ~4 m depth. Gating describes the process where the location of the next echo of a track is estimated. The association unit evaluates different track predictions
based on user-defined weights. Gating and weights for association are defined for ping distance, range (m), along (Alo (°)), and athwart (Ath (°)) angles. Association also

includes a weight on TS (target strength, dB). Alpha Beta is a prediction method. See Balk and Lindem (2017) for further information.

N
)]

N
o

-
&)]

-
o

Percentage of tracks

&)]

0

Compensated mean target strength (dB)

FIGURE 3 | Comparison of target strengths of manually (blue bars) and
automatically (orange bars) tracked individuals on four randomly selected
dates (one from each month; December 10, 2010, January 8, 2011, February
24,2011, and March 1, 2011). The red vertical line indicates the median
target strength and the black lines the limits of the 90% distribution of target
strengths which were used to filter automatically tracked M. muelleri tracks.

were removed by first calculating a running median as well
as a running median absolute deviation (MAD) (each with a
window of 10 echoes) of the track’s depths and then replacing
depth values that deviated from the running median by more
than the MAD x 10 by the running median. In the next
step, a running mean (window size of 10 echoes) was applied
to the depth values of each such treated track. We calculated
net vertical displacement (m), track duration (s) and vertical
velocity (vertical displacement divided by track duration; cm
s~1) of each track. Each track was also examined for patterns
of alternations between segments of active vertical ascent or
descent, and pauses in which fish maintained a constant depth,

although they might have been active in the horizontal plane
(Supplementary Figure S4). We determined and subsequently
counted the pauses in each track using thresholds. We defined
parts of the tracks with depth changes < 0.01 m between at
least four subsequent echoes, as pauses and those with larger
depth changes as active phases. Single values of pauses or active
phases were filled by the surrounding values. For example, when
in the vector x = [0,0,0,1,0,0,1,1,1,1,0,0], the digit 1 stands for
“pause” and 0 for “active phase,” then the resulting index vector
of which echoes should be regarded as pause would look like this:
y =1[0,0,0,0,0,0,1,1,1,1,0,0]. The first and last segments (i.e., the
first and last ascent, descent or pause) of each accepted track with
more than two pauses were excluded in order to reduce errors
from the target tracking, stemming from potentially overlapping
tracks. Tracks with < 60 echoes were considered fragments and
were therefore excluded from further analysis. The remaining
272290 tracks were used for behavioral analysis.

Based on net vertical displacement, number of pauses and
track duration, the tracks were assigned to either of three main
swimming patterns (Supplementary Figure S3):

1. Step-wise swimming: targets change depth by alternating
active upward/downward swimming and pauses
(Supplementary Figure S4).

2. Stationary: targets maintain a
throughout the track.

3. Direct swimming: targets change depth without pauses.

constant  depth

We then calculated the average active swimming speed
(swimming speed, cm s~ 1), i.e., the vertical velocity during active
segments of each step-wise track. In stationary and direct tracks,
the swimming speed equals the vertical velocity. Furthermore,
we determined the proportion of the three different swimming
patterns in relation to time from the start of the dusk descent
and time to the end of the dawn ascent, in order to account for
seasonal changes. We also calculated the proportion of ascending
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and descending step-wise tracks, as well as their average vertical
velocities in relation to daytime and depth using data binned
by depth (3 m intervals) and time (72 min). The proportion of
ascending tracks for each bin was determined when more than
five tracks were found in the respective bin.

RESULTS

Population Migration

The vertical distribution of the scattering layer ascribed to
juvenile M. muelleri differed distinctly between day and night
and was characterized by short-term migrations to the surface
at dusk and dawn (Figure 1). After the dusk ascent, the
population returned to intermediate depths, deepening from
an average of 60 m in December to 70 to 75 m in February
and March. From mid-January, the vertical distribution changed
continuously throughout the night, with the scattering layer
moving deeper before midnight and reversing direction after
midnight (Figure 4). The daytime distribution was generally
deeper and below 100 m. The deeper scattering layer ascribed to
the adults mostly stayed below 120 m depth throughout the diel
cycle, but a small proportion of this adult population sometimes
migrated to shallower depths at night (Figure 1).

The timing of the dusk descent and dawn ascent of the
juveniles changed over the study period in accordance with
seasonal changes in sunrise and sunset (Figure 4A). The dusk
descent from near-surface waters started about 20-70 min after
sunset after the fish had spent around 20-40 min in waters
shallower than 20 m. The dawn ascent ended around 40-70 min
before sunrise on most days and the fish stayed in near-surface
waters (<20 m) for about 40-60 min. The duration between these
migrations and sunset/sunrise shortened over the study period
(Figure 4A). On darker, foul weather days (e.g., March 20-25,
2011; Figure 4A), dusk descent started earlier and dawn ascent
ended later. We did not find a clear relationship of population
movement with moon phases (see Supplementary Figure S5
for a combination of Figure 4 with cloud cover and moon
phase data). Interrupted upward migrations in the afternoon,

where the majority of the population started descending again
before reaching the surface, were observed on 39 out of 98
analyzed diel echograms.

Population descent velocities were highest ~30 min after the
start of the dusk descent, while ascent velocities were highest
30-40 min before reaching the surface layers in the morning
(Figure 4B). The maximum velocity of the scattering layer during
the dusk descent increased from ~0.5 cm s~! in December to
~0.8 cm s~ ! in March. The maximum velocity during the dawn
ascent increased from ~1 cm s~! in December to ~1.5 cm s~ !
in March. On most days, the dawn ascent was faster than
the dusk descent.

Individual Swimming Behavior

Of the 272290 tracks, 142547 were classified as step-wise
swimming, with 56744 tracks ascending and 85803 descending
(Table 2). In total 127221 tracks displayed no or little vertical
movement and were classified as stationary. An additional
2522 tracks were directly ascending/descending without steps.
Duration and net vertical displacement of individuals depended
on the respective swimming pattern (Table 2 and Figure 5).

Step-wise swimming was especially prominent during the
dusk and dawn migrations (Figures 6, 7). Around 75% of the fish
swam step-wise around the start of the dusk descent. Although
descending step-wise tracks dominated throughout this period
of population descent, some ascending individuals were also
recorded. During the latter part of the night, the proportion
of step-wise swimming behavior increased (Figure 7), reaching
a maximum of 87% at the end of the dawn ascent, but then
also with a high proportion (>25%) of step-wise descending
individuals. The net vertical relocation speed was ~0.9 cm s~ 1,
while the actual swimming speed during the vertical steps was
~2-3 cm s~ (Table 2).

Vertically stationary tracks dominated (>50%) the nocturnal
records throughout most of the night. These tracks usually lasted
for > 1 min, with the track duration being restricted by the
number of co-occurring tracks (Figure 6C). In most of the cases
where M. muelleri relocated vertically, they moved step-wise
(Figures 6, 7). Additional vertical displacement was caused by
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TABLE 2 | Major track parameters obtained by automatic target tracking for the whole study period from December 1, 2010 to March 31, 2011 (92 days with

tracking data).

Number Duration (s) Net vertical displacement (m) Vertical velocity (cm s~ 1) Swimming speed (cm s~ 1)
Step-wise 142547 150 + 220 0.91+£05 0.89 £0.7 254 +1.6
Ascending 56744 145 £ 237 0.94 £+ 0.56 0.94 £0.8 293 +1.7
Descending 85803 152 + 208 0.9 £0.46 0.86 £ 0.7 228 +1.4
Stationary 127221 79 + 46 0.1+ 0.09 0.14 £ 01 0.14 £ 0.1
Direct 2522 149 + 103 1.1+ 0.93 1657 +£20 1.68 £ 2.1
Ascending 770 162 + 95 0.88 +£ 0.7 1.03+ 1.6 1.04+1.6
Descending 1752 143 £ 106 122 +1 1.81+£22 1.81+22
Total 272290 117 £ 166 0.54 £ 0.56 0.55+0.7 14117
Data are mean + standard deviation. Vertical velocity is the net vertical displacement over time, including pauses, while swimming speed is the average velocity
during active phases.
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FIGURE 5 | Boxplot showing the vertical swimming characteristics [net vertical displacement (A), vertical velocity (B), and swimming speed (C)] of step-wise,
stationary and direct tracks when ascending (red boxes) or descending (blue boxes). Vertical velocity is the net vertical displacement over time, including pauses,
while swimming speed is the average velocity during active phases. Boxes indicate the interquartile range, horizontal lines the median, vertical lines the first and
fourth quartile. Outliers are not shown. For number of tracks with the respective swimming pattern see Table 2.

apparent internal waves. In a subsample of randomly selected
days, internal wave amplitudes were around 0.7 m (range 0-
1.8 m) and periods about 10 min (range 0-30 min). Internal
waves led to vertical transitions of up to 0.6 cm s, but usually
around 0.2 cm s~ 1, in otherwise stationary animals.

Even though there were main migration periods at dusk
and dawn and dominance of stationary tracks at night, there
was a clear pattern of the majority of step-wise relocating
individuals descending before midnight and ascending after
midnight (Figure 8). This pattern was accentuated toward
the end of the study period (Figure 8A). The proportion of
descending and ascending tracks depended on depth (Figure 8B).
During the first half of the night, descending tracks dominated
at all depths, nevertheless we observed the highest proportion
of descending tracks in shallow layers of 20-40 m depth. In
layers between 70 and 80 m, there always was a strong majority
of ascending tracks subsequent to midnight. Correspondingly,
the average displacement was downward before midnight and
upward after midnight. Individual velocities reached > 1 cm
s~! during the dusk and dawn migrations, while velocities in
the middle of the night were mostly lower. Maximum velocities
increased over winter.

The individual behavior during the overall population’s
upward migration in the afternoon and descent in the morning,
differed from that observed at night. During these main
migration periods, most pearlsides schooled and individuals
could not be resolved. However, individuals could occasionally
be detected close to these schools. The pause duration in these
individuals was short and some of these individuals refrained
from pausing altogether and either ascended or descended
directly (Figure 8). The highest vertical velocities were achieved
in such direct tracks, with means of 1.0 and 1.8 cm s~ ! in
ascending and descending tracks, respectively (Table 2).

DISCUSSION

Our approach allowed for unique observations of the individual
behavior of a mesopelagic fish. The long-term records, combined
with high temporal resolution generated representative data
for a whole winter period. We are confident in allocating
the observed behavior to juvenile M. muelleri due to their
well established and distinct vertical distribution pattern in
this location (Giske et al, 1990; Staby and Aksnes, 2011;
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nocturnal behavior: the dusk descent (B), the middle of the night (C), the dawn ascent (D), and the dawn descent (E). Tracks representing different types of
behaviors are depicted in colored lines with blue lines indicating step-wise swimming, yellow lines stationary behavior and purple lines direct ascents/descents.

07:40

05:40 07:50

Staby et al., 2012; Prihartato et al., 2015) that was also confirmed
by trawling at the initiation and termination of our campaign
(own unpublished results). Figure 9 summarizes the typical
population movement and the dominant individual swimming
patterns of the juvenile M. muelleri population in Masfjorden
during the winter of 2010/2011.

Also earlier short-term acoustic studies have revealed step-
wise swimming in individual mesopelagic fish and preliminarily
assigned the behavior to M. muelleri and B. glaciale (Torgersen,
2001; Kaartvedt et al, 2008). Our study using hundreds of
thousands of tracks from a period of 4 months shows that
M. muelleri juveniles consistently swim step-wise when changing
depth at night. The dominance of step-wise swimming during the
dusk descent — roughly mirroring the dawn ascent - indicates
that midnight sinking is not “sinking,” but rather encompasses
active behavior in M. muelleri. The fishes may have been slightly
negatively buoyant during the descent as secretion of gas into
the swim bladder takes time (Strand et al., 2005), and juveniles
often seemed to slowly sink during pauses of their step-wise
descent (average 0.25 cm s~ !; preliminary results). Nevertheless,
swimming speeds during active relocation were almost 10-
fold higher.

To what extent midnight sinking represents sinking or an
active behavior is often unknown (Pearre, 2003). The consistent
active choice of deeper night-time distribution by M. muelleri
underscores the biological significance of such behavior. Some
visual predators are capable of nocturnal feeding also in low
light levels (Ryer and Olla, 1999; Kaartvedt et al., 2019). This
includes gadoids, which are main predators of M. muelleri in
Masfjorden (Giske et al., 1990; Staby, 2010), and which indeed
migrate to surface waters during winter nights (Staby, 2010).

>

B 100

100

80 80
60 60
40 40

20 20

Proportion of track types (%)

0 0

0 2 4 -4 -2 0
Hours after start of dusk descent Hours before end of dawn ascent

FIGURE 7 | Proportion of different swimming patterns in relation to the start of
the dusk descent (beginning of midnight sinking; A) and the end of the dawn
ascent (end of midnight sinking; B). Blue (descending) and blue hatched
(ascending) bars indicate staircasing behavior, yellow bars stationary
swimming and purple bars direct ascent/descent behavior.

The predator distribution indicates that deeper would be safer.
It also suggests that descending in a step-wise pattern may
reflect some anti-predatory behavior (see below). Although
the increase of the population’s night-time depth over winter
could agree with a deepening of the temperature maximum in
Masfjorden (c.f. Prihartato et al., 2015), the continuous relocation
of individuals throughout the night indicates no particular
temperature preference. This suggests that other factors than
growth optimization in warmer temperatures (Wurtsbaugh and
Neverman, 1988; Giske and Aksnes, 1992; Staby et al., 2011;
Prihartato et al., 2015), play a role for nocturnal descent
in M. muelleri.
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After the dusk descent and through most of the night, the
majority of the fish appeared to be neutrally buoyant, remaining
relatively stationary, with short vertical relocations intermitted
by long pauses. Such behavior may both save energy (Videler
and Weihs, 1982; Torgersen, 2001) and reduce conspicuousness
(O’Brien et al., 1990). Nevertheless, there was a small percentage
of relocating individuals at all times, which is also reflected in
the scattering layer not reaching a constant depth at night. It
is intriguing that the shift from predominantly downward to
upward swimming on most days took place many hours before
dawn during the long winter nights (cf. Figures 4, 8; Staby et al.,
2011). This suggests that internal processes, e.g., an internal clock
determine the start of the ascent (Cohen and Forward, 2005;
Sloman et al., 2005; Tosches et al., 2014; Héfker et al., 2017),
while only the speed of the ascent is regulated by the change in
light hours later.

The dawn ascent was usually faster than the dusk descent,
both on population and individual levels. Although reflecting
apparently similar behavior, dusk descent and dawn ascent occur
under vitally different environmental conditions. During the
dusk descent, the fish swim into darkening water after light levels
at the surface have become too low for foraging (de Busserolles
et al., 2017), so that the fish merely retreat to more favorable
conditions to spend the hours of darkness. In contrast, the

step-wise swimming toward increasing light during the dawn
ascent initiates a foraging period.

The step-wise behavior observed for both situations, i.e.,
with and without foraging, contrasts suggestions that stepwise
relocation in mesopelagic fish represents saltatory search for prey
(Kaartvedt et al., 2008). The similar behavior at descent and
ascent is probably also unrelated to swim-bladder adjustment
(Mehner, 2006; Fujino et al., 2009), as filling the swim-bladder
during descent is a considerably slower process than emptying it
during ascent (ascent; Strand et al., 2005). Also, some individuals
at the fringes of the schools swam without stepping, i.e., without
apparent need for swim-bladder adjustment. Being relatively
safe in the vicinity of a school of conspecifics may elicit a
different swimming behavior than when swimming solitary, in
concordance with a hypothesis of predator-avoidance by step-
wise swimming (O’Brien et al., 1990).

Motility represents a balance between maximizing encounter
with prey and mates and minimizing encounter with predators.
The probability of detection by a predator is higher when moving
(O’Brien et al., 1990), and the pauses during step-wise swimming
can reduce detection by both visual (De Robertis, 2003; Kaartvedt
et al,, 2008) and tactile predators (Sernes and Aksnes, 2004).
Moreover, for M. muelleri, the intermittent stepping behavior
may minimize periods of reduced protection associated with
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change in tilt. The pearlside is particularly well equipped with
ventral photophores for counter illumination (Cavallaro et al.,
2004), which are less effective at tilted angles, i.e., when moving
vertically (Janssen and Harbison, 1986).

Individual behavior generally, but not always, concurred
with the behavior of the scattering layer. For example, at
times of fast, continuous scattering layer movements, we also
recorded a high proportion of step-wise swimming. Similarly,
mostly stationary fish made up the very slow population
movements in the middle of the night. On the other hand, we
demonstrate that actual swimming speeds during relocations
cannot be inferred from the average population movement.
Active swimming speeds reached about 1 body length s™!
(assuming a body length of about 2.6 cm; Goodson et al,
1995), while scattering layer and individual net velocities always
remained well below this value. This may have implications for
understanding the energetics of these fish (Giske and Aksnes,
1992; Staby et al., 2012), as energetic costs typically assume a
non-linear dependency on speed (e.g., McKenzie, 2011), and
energetic models often assume a speed of 1 body length s~!
(Staby et al., 2012). Furthermore, there were always individuals
swimming in opposite direction to that of the main population,
documenting a more diverse behavioral repertoire than that
expressed by the main population results.

While the population behavior by necessity results from the
cumulative of the individual behaviors, we document that it is
not possible to infer individual behavior from the behavior of
the average population. We observed intraspecific variability in
swimming behavior, both on population level, e.g., in migration
timing, and on individual level, e.g., vertical directionality and
swimming pattern. Probably, variability in population behavior

may best be explained by external factors generating reliable
large-scale interpretable signals, as for example light conditions
(Prihartato et al, 2015). Water column light levels depend
strongly on weather and mesopelagic fish react directly to e.g.,
darkening caused by rainfall (Kaartvedt et al, 2017) or to
moon light (Last et al,, 2016; Prihartato et al., 2016). Moon
light may deepen night time scattering layer depths (Prihartato
et al,, 2016) and delay vertical migrations. However, in the
typically cloudy and rainy Western Norway and Masfjorden, clear
full moon nights are rare, suggesting limited if any influence
of moonlight on the behavioral variability in our study (s.a.
Supplementary Figure S5).

The behavioral options of each individual are manifold,
and reflect responses to a whole suite of more local sensory
cues, e.g., from predators, prey and conspecifics, and behavior
obviously also depends on individual state (Pearre, 2003; Sih et al.,
2015). The observed variability in individual behavior suggests
that although the vertical migration in M. muelleri is generally
synchronized, the fishes may behave independent of the group.
Whether these differently behaving individuals differ in size,
metabolic demands or are otherwise distinguishable from the rest
of the population remains unknown for now.

While we can still only speculate about why mesopelagic
fish behave as they do, our study documents the feasibility of
using a submerged, stationary echosounder in unveiling the
individual behavior responsible for the large scale, more easily
observed, scattering layer movements of mesopelagic fish. We
demonstrate that midnight sinking is not sinking, but an active
behavior. The behavioral repertoire of these fish changes not
only during the crepuscular migrations, but also during the night
at large, with consistent patterns throughout the winter, and
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with variations between the individuals within the population.
Only with an increased understanding of what these fish
actually do can we begin to estimate the ecological interactions
involving the enormous amounts of small mesopelagic fish in
the world’s oceans.
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