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Variability of mesopelagic scattering layers is often attributed to environmental conditions or multi-species layer composition. Yet, little is
known about variation in behaviour among the individuals forming scattering layers. Based on a 10 months high-resolution dataset from
stationary echosounders in a Norwegian fjord, we here assess short-term and long-term behaviour of a single mesopelagic fish species, the
pearlside Maurolicus muelleri. The daytime vertical extension of the monospecific pearlside scattering layers spanned four orders of magnitude
ambient light in the autumn and winter and less than one order of magnitude in summer. While the main layers tracked relatively stable light
levels over daytime, some individuals actively crossed light gradients of up to 1.5 orders of magnitude. This included individuals that moved
between scattering layers, and apparently bold individuals that made regular upward excursions beyond the main population distribution.
During the daytime, M. muelleri mitigated the risk of predation by forming tight groups in the upper scattering layer and, at light levels
>10�6mmol m�2 s�1, by instantly diving into deeper waters upon encounters with predators. Our observations suggest that individual, and
probably state-dependent, decisions may extend the pearlsides’ vertical distribution, with implications for predator–prey interactions.

Keywords: individual behaviour, light, predator avoidance, scattering layer variability, social aggregation, stationary echosounder

Introduction
The enormous mesopelagic, or twilight, zone lies below the sunlit

euphotic ocean but still receives enough light to allow for visual

predation by adapted animals. The complexity of mesopelagic

vertical distribution became evident already soon after the discov-

ery of deep scattering layers (Duvall and Christensen, 1946;

Eyring et al., 1948): often, multiple sound scattering layers are

present, and net catches at mesopelagic depths revealed a high

number of species present (Barham, 1957; 1966; Pearcy et al.,

1977). The most apparent behavioural pattern of deep scattering

layers is their diel vertical migration (Welsh et al., 1937) in tight

synchrony with ambient light (Duvall and Christensen, 1946;

Kampa and Boden, 1954; Dickson, 1972), although parts of layers

may not migrate (Dietz, 1948). Contemporary mesopelagic

research focuses on quantifying biomass (Davison et al., 2015;

Proud et al., 2019), harvest potential (Prellezo, 2019; Grimaldo

et al., 2020), food webs, and active vertical carbon transport

(Hudson et al., 2014; Belcher et al., 2019), and would benefit

from increased knowledge on the vertical behaviour of the

animals of the scattering layers.

Animal behaviour and distribution are influenced by external

and internal factors. Usually, the variability in the vertical

distribution of scattering layers is correlated with environmental

variability (Béhagle et al., 2016; Urmy and Horne, 2016; Proud

et al., 2017; Boswell et al., 2020) or attributed to differences in spe-

cies composition (Gauthier et al., 2014; Benoit-Bird et al., 2017).

Less knowledge exists about the variability in behaviour within spe-

cies; High species diversity, often more than a hundred species
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(Ariza et al., 2016; Wang et al., 2019), within oceanic scattering

layers may prohibit unravelling such species-specific variability.

In contrast, scattering layers in Norwegian fjords resemble their

oceanic counterparts in their dynamics but contain only a few spe-

cies (Giske et al., 1990). Fjord ecosystems therefore provide an op-

portunity to observe how variations in scattering layers are affected

by individual behaviour within species. The pearlside Maurolicus

muelleri forms nearly monospecific scattering layers in Norwegian

fjords (Giske et al., 1990; Staby et al., 2011). Fish of the genus

Maurolicus have a world-wide distribution (Rees et al., 2020) and

are known for their relatively high abundance in the upper meso-

pelagic (Gauthier et al., 2014; Escobar-Flores, 2019). Pearlsides

have a distinct vertical migration behaviour which is strongly influ-

enced by season (Prihartato et al., 2015; Staby et al., 2011) and

ontogeny (Giske et al., 1990; Bali~no and Aksnes, 1993; Staby et al.,

2013), and characterized by immediate reactions to changes in am-

bient light (Bali~no and Aksnes, 1993; Staby and Aksnes, 2011), s.a.

Supplementary Figure S1. This light-associated behaviour has been

interpreted as a way to optimize vision-based food intake over vi-

sion-based predation risk (Clark and Levy, 1988; Giske et al.,

1990). As a result, the fish are expected to occupy a certain window

of light intensities that has been referred to as “antipredation win-

dow” (Clark and Levy, 1988) and “light comfort zone” (Røstad

et al., 2016). Since individuals within a population will probably

vary in hunger and energy reserves we hypothesize that deviating,

“atypical” behaviour for some of the individuals exists.

Deviations from the average and thus individual variation ulti-

mately drive evolution (Allen and McGlade, 1987). Processes

with atypical outcomes may have large ecological consequences:

For example, in studies of a reef fish population, Allgeier et al.

(2020) showed that subsets of the population have a dispropor-

tional impact on nutrient production. Furthermore, “unusual”

daytime schooling in the epipelagic by the mesopelagic fish

Vinciguerria nimbaria contributes to sustaining tuna populations

in the Atlantic Ocean (Marchal, 1996).

We analysed a 10-month long dataset of moored echosounders

complemented with net sampling at the start and end of the regis-

tration period, for a fjord population of Maurolicus. The acoustic

records provided continuous and high-resolution data through-

out the water column, allowing for quantifying variability at

various temporal and vertical scales for both populations

and individuals. We relate these observations to light conditions,

discuss possible implications, and suggest hypotheses to be tested

in future studies of mesopelagic scattering layers.

Material and methods
Study site (Masfjorden)
Masfjorden is a sheltered fjord on the West coast of Norway. It is

about 20 km long, 0.5–1.5 km wide and has a maximum depth of

494 m. The fjord is connected to the more open Fensfjorden via a

sill at 75 m depth. Due to this sill, water masses are generally ho-

mogenous below �80 m depth, with salinities > 34.9 and temper-

atures of �8�C (Aksnes et al., 2019). During the current study

(2010/11), dissolved oxygen concentrations were >3 ml l�1

throughout the water column (Aksnes et al., 2019).

Trawl catches
We used a pelagic trawl (100 m2 net opening; square mesh size 20

cm � 20 cm declining to 3 mm � 3 mm in the cod-end), for

assessing the mesopelagic community composition at the

beginning (8–11 October 2010) and end (14–18 August 2011) of

the study period. The trawl was equipped with a Multisampler,

holding three independent cod ends that could be opened and

closed on command from the vessel (Engås et al., 1997). We

made 19 successful deployments in 2010 and 9 in 2011. Due to lo-

gistic constraints including very short summer nights in August,

nocturnal sampling was limited. Each deployment was restricted

to one depth layer, thus providing three consecutive “replicates”,

with the individual cod ends in most cases being opened for

10 min at �2 knots tow speed. We allowed between 1 and 5 min

for flushing of the trawl between closing the previous and open-

ing the next cod end, thereby reducing contamination between

nets. In total, 70 trawl samples were sorted, weighed, and counted

upon retrieval. We here normalize the catch by dividing total

numbers by the number of minutes trawled. Average individual

weight was obtained by dividing the total number of individuals

by the total weight, for each species.

Acoustic measurements
We deployed three upward-looking SIMRAD EK60 split-beam

echo sounders (7.1� beam angle) in Masfjorden (�60� 500N, �5�

300E), from 7 October 2010 to 15 August 2011 (s.a. Prihartato

et al., 2015). The submerged transceivers were kept in pressure-

proof casings and cabled to a shore station for power supply and

data storage. The echo sounders were mounted at the bottom

(38 kHz; �370 m; 512 ms; 1 ping s�1) and in rigs floating at

�280 m (120 kHz; 256 ms; 1–2 pings s�1) and �90 m (200 kHz;

128 ms; 1–2 pings s�1) in close vicinity to each other. The echo

sounders were calibrated at the surface using standard methods

(Foote et al., 1987). We here mostly use data at 120 kHz, supple-

menting with records from the two other frequencies. We show

representative echograms displaying mean volume backscattering

strength (Sv; dB re 1 m�1; MacLennan et al., 2002) at selected

days of the study period to exemplify different behaviours.

Scattering layer properties
We determined the vertical location and range, as well as back-

scatter properties of the noon (615 min) Maurolicus scattering

layers for each day of the study period. We prepared the 120 kHz

Sv data by binning (averaging in the linear domain) into 0.5 m

and 1.44 min intervals. Then, we excluded parts of the echogram

where the binned Sv values were larger than the 95th percentile of

the Sv data to reduce the influence of strong echoes by larger fish

(Supplementary Figure S2). For the remaining data, we calculated

the backscatter anomaly by subtracting the running median (win-

dow size 5 datapoints, i.e. �7.2 min) of the Sv values in each

depth bin. The backscatter anomaly represents the ratio of

Maurolicus backscatter to background values (averaged over

time) for each depth bin. Then, we defined the 5th, 25th, 75th,

and 95th percentile of the backscatter anomaly such that we

obtained depth profiles of backscatter anomaly percentiles. To be

classified as a layer, more than 75% of the bins in one depth had

to be stronger than the median over at least five consecutive

depths (2.5 m). An additional condition was that the median of

the Sv at those depths was >�70 dB to exclude plankton layers.

The detected layers were numbered and their minimum, maxi-

mum, and depth range, as well as their mean Sv (calculated in the

linear domain) determined.

We determined the upper edge of the shallowest scattering

layer for selected days of the study period (dates where light
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extinction was measured 6 3 days). For this purpose, the respec-

tive binned daytime data were smoothed (running median with

window size 10 datapoints, i.e. 14.4 min and 5 m). Then, the up-

per edge of the daytime layer was defined as the shallowest point

in the echogram which exceeded an empirically determined Sv

threshold of �70 dB (January) or -65 dB (all other months) over

at least 5 m depth, for each timepoint between sunrise and sunset.

Boldness
On some days, individuals of Maurolicus were located shallower

than the main scattering layers. To get an impression of the ex-

tent of such apparently bold behaviour by individuals ascending

into more illuminated waters, we quantified when and where

such behaviour appeared by comparing it to the main popula-

tion. We did this in conjunction with the layer detection (see

previous section). To be detected as bold individuals the 5th per-

centile of the backscatter anomaly had to be >0. In addition, the

respective depth bins also had to be defined as a non-layer and

the 75th percentile of Sv had to be >�70 dB. The conditions for

the layer and bold individual detection were tested empirically

for several days within the study period. Adjoining depth bins la-

belled as bold individuals were combined as vertical sections,

numbered, and their properties determined (same as for the

layers). For an individual section to be defined as bold individu-

als, that section had to be shallower than the shallowest scatter-

ing layer. Only the bold individuals closest to the shallow layer

were selected.

Velocity
We determined vertical swimming velocities of selected individu-

als using the acoustic post-processing program Sonar5-Pro (Balk,

2019). Individual fish could be identified by their echo traces and

in some cases followed over several minutes. We marked and

saved the range and time of the beginning and end of such echo

traces with the mouse-tip logger. By dividing the range difference

by the time difference, we obtained the vertical speed of that indi-

vidual between the two points. Note that the speeds obtained by

this method do not include information on horizontal swimming.

Potential predators and escape reactions
Maurolicus muelleri is preyed upon by gadoid fishes (Giske et al.,

1990) which can be identified as strong echo traces on the echo-

grams. We often observed that pearlsides near such strong echo

traces of potential predators dived suddenly. To get an overview

of the times, depths, and light levels at which “dive reactions” oc-

curred, we visually scanned the 120 kHz echograms from 21 days,

evenly distributed between 15th December 2010 and 15th August

2011, in intervals of 30 min and 25 m depth, respectively. Each

occurrence of a strong echo trace (usually > �45 dB) was classi-

fied depending on the apparent interaction with the pearlsides as

(i) pearlsides absent, (ii) present but no reaction, or (iii) dive

reaction. The respective time and depth were saved and used for

obtaining estimates of light levels for each occurrence.

Light
Surface photosynthetically active radiation (PAR, 400–700 nm)

was measured continuously with a calibrated LI-190 quantum

sensor (lower sensitivity threshold of 1 � 10�4mmol m�2 s�1)

from 10th December 2010 to the end of the study period

(see Prihartato et al., 2015 for details). On five days in 2011 (26th

January, 22nd February, 11th April, 16th June, and 16th August),

water column PAR (400–700 nm, with a resolution of 3.3 nm)

was measured around noon with a RAMSES ACC hyper-spectral

radiometer (Trios-optical sensors, Oldenburg, Germany).

Measurements were made at depths around 1, 5, and 10 m and

then every 10 m down to around 90–95 m depth (Prihartato

et al., 2015). In August, three replicate measurements were

recorded for every metre (<15 m depth) and then for every 5 m.

In June, the 40 and 50 m measurements were unreliable and

therefore treated as missing values. Simultaneous surface meas-

urements enabled the calculation of light attenuation coefficients

(K; m�1; integrated for the full spectrum measured in the profiles,

s.a.; Table 1), which we used to estimate PAR in the water column

similar to Prihartato et al. (2015). Below the deepest available

measurements, we assumed a constant attenuation coefficient

of 0.0739 m�1 (Kd; m�1) that was obtained by averaging all

measured Ks from depths > 50 m. Thus, starting with the 90 m

relative PAR estimate (i.e. given as a fraction of the surface light)

obtained from the method used in Prihartato et al. (2015), we cal-

culated the relative PAR at consecutive depths by extrapolation,

using

Ez ¼ Ez�1�exp �Kdð Þ�Dz: (1)

Ez is the relative PAR at depth z, Ez�1 is the relative PAR at the

previous (shallower) depth, Kd is the attenuation coefficient for

depths > 90 m and Dz is the depth difference between the previ-

ous and current depth. The absolute ambient PAR was obtained

by multiplying the surface PAR measurement with the relative

PAR at the respective time and depth. Note that the extrapolated

PAR values are very dependent on Kd and are prone to uncertain-

ties since Kd might not be constant below 90 m. We estimated the

light span (orders of magnitude) inhabited by M. muelleri from

Kd and the respective depth range using:

lightspan ¼ �log10 exp �Kd�depth rangeð Þð Þ: (2)

Results
Community composition
The main taxa in the trawl catches were Maurolicus muelleri,

Benthosema glaciale, krill (Meganyctiphanes norvegica and

Thysanoessa sp.), and pelagic shrimps (Pasiphaea and Sergestes).

Maurolicus muelleri was the prevailing fish captured in the

daytime scattering layers of the upper 100–200 m and the only

fish caught in the shallowest layer (<70 m) in October 2010

(Figure 1). At about 200 m, there then was a mixture of

M. muelleri and B. glaciale. In August, the shallowest layer was

located at �200 m, and M. muelleri was the only abundant target,

with catches of 10000–30000 individuals in the three replicates. In

slightly deeper tows, just beneath the core of this layer, numbers

decreased. Maurolicus muelleri was still prevailing, but also

B. glaciale were caught in these tows. Benthosema glaciale by far

became the prevailing fish in the deeper tows, where also pelagic

shrimps were common. Nocturnal sampling was limited to

October. Benthosem glaciale and Sergestes then made up a consid-

erable proportion (�20%) of the catches by number at 70 m

depth during the early night (Figure 1c; trawl number 14–16).

Mysids (Boreomysis arctica) were numerous at depth, but are

not included because of their small size (ca. 2 cm) and expected
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negligible backscatter (Rudstam et al., 2008). Gelatinous zoo-

plankton including the siphonophore Lensia sp. (not pneumato-

phore-bearing and thus not strongly scattering), and scyphozoan

jellyfish were regularly caught, but in small numbers, and are

therefore not included in the graphs. The in general small contri-

butions to the acoustic backscatter from the invertebrates are sub-

stantiated by the data at 38 kHz (Figure 1), which basically mirror

those at 120 kHz (e.g. Figure 2).

Table 1. Light attenuation coefficients (K; m�1) between consecutive depths in Masfjorden in 2011.

Depth (m) 26 January 2011 22 February 2011 11 April 2011 16 June 2011 16 August 2011

0.5–5 0.283 0.176 0.299 0.491 0.275
5–10 0.116 0.174 0.143 0.272 0.195
10–20 0.096 0.131 0.177 0.203 0.141
20–30 0.081 0.109 0.079 0.209 0.122
30–40 0.076 0.089 0.141 NA 0.100
40–50 0.076 0.07 0.118 NA 0.086
50–60 0.079 0.059 0.067 0.088 0.078
60–70 0.083 0.06 0.068 0.085 0.072
70–80 0.072 0.034 0.078 0.061 NA
80–90 0.078 0.044 0.058 0.094 NA
>90 0.0739

Below 90 m depth, we assumed a constant K that is the average of all Ks measured at depths > 50 m.

Figure 1. Location of trawl samples in October 2010 (a) and August 2011 (b), overlaid over the in-parallel obtained echogram from the
submerged 38 kHz echosounder. Bubble sizes indicate the total number of individuals caught, normalized to sampling effort. As the 38 kHz
echosounder was retrieved on the 17th August, the data from the two previous days are repeated on the 17th and 18th August (right of the
vertical, dotted line). Panels (c) and (d) show the relative composition of the trawl catches with the numbers on the x-axis corresponding to
the numbers in (a) and (b), respectively. Note that few krill were caught on the 14th August (trawl number 1 in 2011), but not quantified.
Empty bars represent trawl catches that were not quantified.
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Maurolicus muelleri had average individual weights between

about 0.2 and 1.25 g while B. glaciale’s weights ranged between

0.25 and 3.4 g (Supplementary Figure S3). Both species had a

larger average weight at greater depths, with B. glaciale getting

three times as heavy (about 2.5–3 g fish�1) as M. muelleri (about

0.8 g fish�1).

Population behaviour
The vertical extension of the pearlside distribution varied by a

factor of �6 throughout the sampling period, spanning 4 orders

of magnitude ambient light in the autumn and <1 order of mag-

nitude in summer (Table 2, Figures 2 and 3). Changes of the pop-

ulation distribution patterns happened over different time scales,

from days (fusion of layers in April) to months (e.g. proportion

of migrating adults in winter). In autumn, the M. muelleri popu-

lation (defined as the scattering layers in the upper �200 m based

on the trawl catches) separated into two main scattering layers,

ranging over �120 m of the water column (Figure 1). The

shallower layer performed diel vertical migration and usually

separated into several sublayers in the upper 150 m during the

day. The deeper main layer largely remained at mesopelagic depth

>150 m throughout the diel cycle (Figure 1). Between January

and April, an increasing proportion of the deeper layer resumed

diel vertical migration (e.g. Figure 2). After the fusion of the shal-

low and deep part of the population in mid-April, the vertical

range of the population got narrower (Figures 2 and 3). Around

midsummer usually only one, very narrow (less than 20 m), scat-

tering layer existed (Figures 2 and 3, Supplementary Figure S4).

The daytime light exposure of the scattering layers changed

over the season. During winter, the upper edge of the shallow

layer moved along with the �10�2mmol m�2 s�1 isolume (e.g.

Figure 2, Table 2). The deeper layer during that season followed

approximately the �10�4mmol m�2 s�1 isolume (Table 2). In

spring and summer, the deeper layer moved into darker condi-

tions, until the upper part of the layer followed the �5 �
10�5mmol m�2 s�1 isolume in August. In the afternoon, the

upper edge of the shallowest scattering layer crossed the

10�4mmol m�2 s�1 and sometimes even the 10�2mmol m�2 s�1

isolume (Figure 2). This result may in part be an artefact due to

our assumption that light attenuation is independent of time of

day (i.e. independent of the angular distribution of incoming

sunlight). Therefore, we mainly restrict our discussion to the light

conditions outside the migration periods.
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Figure 2. Echograms from the 120 kHz echosounder on the five dates where light attenuation was measured (a–e). The black lines indicate
the upper edge of the shallowest scattering layer. Depth (f) and light (PAR) (g) at the upper edge of the shallowest scattering layer on the
same dates (colours as in the titles in the left). In addition, we have included three days just before and after the measurement day (lighter
colours).
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Aggregations
Maurolicus formed aggregations which varied strongly in vertical

extent, size, and apparent behaviour, depending also on the fre-

quency and distance from the observing echosounder (Figure S5).

The deeper winter layer (>150 m) usually had low density (mean

Sv values < �65 dB; Figure 2), although, on about 50% of the

winter days, dense aggregations (Sv > �63 dB) formed at depths

beyond 125 m (Figures 3 and 4a). In contrast, dense aggregations

(mean Sv > �63 dB) regularly formed in the shallowest (<100 m)

layers during daytime (Figure 4b). In winter, such group forma-

tion occurred mainly at PAR levels >5 � 10�3mmol m�2 s�1

(Figure 2). From about mid-April though, the deeper and shallow

layers fused and formed tight aggregations at light levels of about

5 � 10�5mmol m�2 s�1 (Figure 2).

Bold individuals and individuals moving between main
layers
Particularly in February/March and April/May, individuals and

small groups of M. muelleri were located shallower, sometimes

more than 40 m, than the upper-most daytime scattering layer

(e.g. Figure 5; more examples in Supplementary Figure S6). The

association of these “bold individuals” with the shallow main

layer was evident from observations of individuals returning to or

ascending from the main layer (Figures 5 and 6, Supplementary

Figure S6). Both the main layer and the bold individuals

responded upon sudden increases or decreases in surface light by

downward or upward swimming, respectively (Supplementary

Figure S6). Yet, the bold individuals were exposed to light levels

up to �1.5 orders of magnitude higher than the light intensity of

the shallowest part of the main layer.

Individuals also switched between the main layers (Figure 6a,

Supplementary Figure S7), solitarily or in small groups. The dis-

tance between the main scattering layers was on average around

25 m between November and December, around 20 m in January

and decreased strongly thereafter (Figure 2). Thus, individuals

switching between the main layers crossed on average 0.8 orders

of magnitude of ambient light in late December, and about 0.6

orders of magnitude in January with Kd ¼ 0.0739 (Figure 2).

Individuals swam between layers at vertical velocities between 0.5

and 2.5 cm s�1. Some of the individuals moved in a step-wise pat-

tern (Figure 6).

Encounter with predators
Potential predators of M. muelleri appeared as strong echo traces

in the echograms. During the daytime, M. muelleri often suddenly

dived into deeper waters upon encounter with such strong fish

echoes (Figure 7). This type of response occurred in the upper

scattering layer, in small groups, and in individually swimming

fish. Sometimes, the diving led to a cascading effect with vertical

relocations manifesting out to a range of more than 50 m from

the triggering echo (Figure 7a). Vertical velocities during diving

were between 5 and 20 cm s�1 over a short time period (usually

<1 min). We observed dive reactions at ambient light levels be-

tween 10�6 and 10�1mmol m�2 s�1 (Figure 8a). Most dives hap-

pened at light levels between 10�4 and 10�2mmol m�2 s�1. Both

predator presence and the proportion of dive reactions upon

predator encounter increased with increasing light (Figure 8c).

Discussion
We demonstrate that the flexible behaviour of Maurolicus muel-

leri strongly modulates the appearance of acoustic scattering

layers. Ten months of recordings provided continuous high-reso-

lution data throughout the water column and resolved novel in-

dividual behavioural patterns, reflecting variation in risk taking,

and adding to seasonal and short-term population patterns. In

addition to individuals swimming within the main scattering

layers, we discerned three individual behavioural patterns; as (i)

bold individuals that apparently took a higher risk by swimming

into more illuminated waters above the main population, (ii),

individuals that switched between the main scattering layers, and

(iii) individuals that apparently reduced predation risk by swim-

ming away from predators.

Both the environment, other animals and individual state

modulate behaviour including vertical distribution. Light appears

to be the primary environmental factor modulating the vertical

distribution of mesopelagic scattering layers (Kampa and Boden,

1954; Dickson, 1972; Aksnes et al., 2017), although temperature

and oxygen may also play a role (Netburn and Koslow, 2015). In

addition, fish size and ontogeny, with associated variation in visi-

bility and physiology determine the vertical distributions of

Table 2. Scattering layer properties around noon on the days where light attenuation was measured.

Layer 26 January 2011 22 February 2011 11 April 2011 16 June 2011 16 August 2011

Min depth (m) Shallow
Deep

99
187

134
193

/
169

/
157

/
177

Weighted mean
depth (m)

Shallow
Deep

128
208

148
218

/
203

/
160

/
189

Max depth (m) Shallow
Deep

160
230

161
243

/
236

/
164

/
201

Depth range (m) Shallow
Deep

61
44

27
50

/
67

/
7

/
24

PAR max
(mmol m�2 s�1)

Shallow
Deep

9 � 10�3

1 � 10�5
4 � 10�3

5 � 10�5
/

3 � 10�5
/

1 � 10�4
/

4 � 10�5

PAR min
(mmol m�2 s�1)

Shallow
Deep

1 � 10�4

5 � 10�7
6 � 10�4

1 � 10�6
/

2 � 10�7
/

6 � 10�5
/

7 � 10�6

PAR span (orders of
magnitude)

Shallow
Deep

2
1.4

0.9
1.6

/
2.2

/
0.2

/
0.8

Layers are defined as median backscatter > �68 dB, where shallow layers reside in the upper 150 m and deep layers below.
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pearlsides (Giske et al., 1990; Bali~no and Aksnes, 1993; Staby

et al., 2013). The ambient light conditions for the main pearlside

layers (Figure 3, Table 2) are consistent with previous observa-

tions (Rasmussen and Giske, 1994; Staby and Aksnes, 2011;

Røstad et al., 2016) and confirm that most pearlsides within a

particular scattering layer are exposed to a similar range of light

conditions throughout the day.

The fact that the light intensity of the upper and lower edges of

the scattering layers differ substantially, supports the concept of a

light comfort zone (Røstad et al., 2016) where individual fish

avoid both too high and too low illumination (Dupont et al.,

2009). Our data thus contrast the traditional “isolume hypoth-

esis” (Clarke and Backus, 1957; Frank and Widder, 2002), where

individuals are assumed to be attracted by a specific light

intensity. Our results suggest strong seasonal variation in the

pearlside’s light comfort zone as indicated by the thickness of

their scattering layers (very narrow in summer). Increased light

attenuation is expected to narrow a specific light comfort zone

(Røstad et al., 2016) but is unable to account for the variation in

thickness seen here. Our observations rather suggest that the light

comfort zone of M. muelleri is dynamic and emerges from the in-

dividual state in addition to size-related differences in vertical dis-

tribution (Giske et al., 1990; Bali~no and Aksnes, 1993; Staby et al.,

2013). Also, bolder fish which explored depths that are out of the

comfort zone of most of the population likely add to the variation

in comfort zones.

The variation in light comfort zones is supported by our

observations of individuals which in a short time crossed light

Figure 3. Noon location (a) and light exposure (b) of scattering layers (SL; coloured bars and dots) and bold individuals (black dots). The
colours represent the average volume backscatter (Sv) of the respective layer. The vertical distance between bold individuals and the
uppermost scattering layer (blue dots) as well as between the scattering layers (red dots) is indicated in metres (c) and orders of magnitude
in PAR (d).
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gradients both within and between layers (individuals moving be-

tween layers) as well as appearing outside, and shallower than,

the main layers (bold individuals). The data do not allow for

assessing if the bold individuals repeatedly and consistently acted

“atypically”, thus being specialized individuals (Bolnick et al.,

2003; Sih et al., 2015), or if deviating behaviour was state-related

(e.g. hunger) and could occur in any individual (Sih et al., 2015).

Nevertheless, in addition to the established importance of light

and fish size, the switching between layers reported here likely

unveils the impact of some internal motivation. Internal state or

individuals more willing to take risks (Sih et al., 2015) may thus

lead to deviations from the assumed size-dependent depth distri-

bution. Larger individuals, which are most frequent at depth,

may move to a shallower layer consisting of mostly smaller indi-

viduals, and vice versa. Future research with high-resolution tar-

get sampling could test this hypothesis. Furthermore, net

sampling on bold individuals could elucidate if certain groups

(age, size, sex, maturity, and stomach fullness) prevailed among

these individuals, to provide further indications of reasons for

their apparently different risk assessment.

Animals have sophisticated behavioural repertoires to avoid

predation and the actual risk of being eaten is affected by the

probability to be detected by a predator and the probability of a

successful escape (Lima and Dill, 1990). In the pelagic environ-

ment, prey may adopt several strategies to mitigate the risk of

visual predation. The most apparent anti-predator behaviour of

animals in mesopelagic scattering layers is continuously hiding in

relatively dark waters, such as in diel vertical migration (Clarke

and Backus, 1957; Clark and Levy, 1988). In addition, reports of

schooling mesopelagic fish exist (Barham, 1970; Saunders et al.,

2013). Recent research has also highlighted social interactions in

response to predators in the mesopelagic zone (Benoit-Bird et al.,

2017). Daytime schooling of myctophids (Saunders et al., 2013),

other mesopelagic fish (Marchal, 1996), and also pearlsides

(Gauthier et al., 2014), in the epipelagic zone has been reported.

Our close-range, highly resolved data show both flexibility in

vertical migration and group dynamics on different time scales.

In addition to their vertical migration, the pearlsides formed tight

27-Nov-2010

00:00 06:00 12:00 18:00 00:00

Time (HH:MM)

0

100

200D
ep

th
 (

m
)

(a)

14-Oct-2010

13:00 13:15 13:30 13:45

Time (HH:MM)

60

70

80

90

D
ep

th
 (

m
)

(b)

-80 -75 -70 -65 -60 -55

Sv (dB re m-1)

Figure 4. Aggregations formed during daytime by Maurolicus
muelleri as seen from the 120 kHz (a) and 200 kHz (b) echosounder.
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Figure 5. Example of bold individuals, which stayed at shallower depths than the main layers during the day, as observed from the 120 kHz
echosounder.
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groups in the upper scattering layer during daytime. Pearlsides

thus appear capable of optimizing their response to a dynamically

changing environment using a combination of vertical distribu-

tion and social interactions. Probably, the social interactions al-

low for behaviours that would be sub-optimal for single

individuals (Ritz et al., 2011). Social interactions and aggregations

may thereby modify the species’ realized niche, in this case, their

light comfort zone.

While schools may be beneficial under certain (light) condi-

tions, large aggregations are likely more conspicuous than

smaller groups (Ritz et al., 2011). Additionally, a main draw-

back of grouping is intraspecific competition for resources

(Parrish and Edelstein-Keshet, 1999). Optimal group size

therefore varies dynamically “as a function of resources, physi-

ology, predominant activity, and limitations of the sensing

abilities of the members” (Parrish and Edelstein-Keshet,

1999). The bold individuals regularly formed small groups

which occupied depths with light levels up to 1.5 orders of

magnitude higher than at the upper edge of “their” layer. They

thus seemed to take more risk than the majority of the popula-

tion, yet also with enhanced chances of reward in their visual

search for prey (see below). Bold individuals returned to

or ascended from the main layer at different times of the day.

This suggests that a decision to leave the main layer could be
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Figure 6. Echo traces of individuals moving between scattering layers and above the upper scattering layer as observed with the 120 kHz
echosounder. (a) Relocations between a deep and shallow layer, (b) and (c) bold individuals relocating above the shallowest layer. Some of
the fish use a step-wise swimming behaviour during relocation.
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state-dependent, as suggested for other mesopelagic species

(Dypvik et al., 2012).

Animals constantly have to manage the benefits and risks of

what they do, and reasons for observed behaviour may be mani-

fold. One possible and plausible reason for leaving the main layer

could be hunger. In winter in Masfjorden, zooplankton biomass

is highest at depths deeper than �70 m (Rosland and Giske,

1997), and some pearlsides feed during the daytime in winter

(Bagøien et al., 2001). The light exposure of the bold groups

was in the same order of magnitude as that in surface waters

at dusk and dawn, and would thus likely be sufficient for

visual feeding with the pearlside’s twilight-adapted retina
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Figure 7. Reactions of Maurolicus muelleri interpreted as encounter with predators (highlighted by arrows). (a) Sudden displacements of the
scattering layer (by more than 50 m) interpreted as cascading dive responses. (b) M. muelleri dive and split into two vertical layers during the
dusk ascent, the vertical lines are noise, (c) The scattering layer dives and partly splits at daytime, (d) a potential predator first swims down
but then ascends quickly, possibly attacking a group of M. muelleri from below. The pearlsides start diving only upon direct encounter. The
echograms in (a) and (d) are reproduced from the 120 kHz data, (b) and (c) from the 200 kHz data.
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(de Busserolles et al., 2017). Bold behaviour could thus reflect

hungry pearlsides making brief feeding trips to shallower waters

and returning to safer depths when satiated. Similarly, behaviour

could be related to differential spawning status during spring

(Melo and Armstrong, 1991).

Vertical swimming speeds of individuals switching between

layers were usually 1–2 cm s�1, which correspond to <1 body

length s�1. Animals move at a range of velocities, depending on

their requirements for energy conservation, migration, foraging,

and predator avoidance (Beamish, 1978; Nathan et al., 2008;

Fernö et al., 2011). The values reported here are comparable to

those of nocturnal swimming velocities in juvenile pearlsides

(Christiansen et al., 2019) and other mesopelagic fish (Torgersen

and Kaartvedt, 2001). The step-wise migration pattern may repre-

sent a way of reducing the risk of predation when outside of

larger groups, as the fish tilt angle may affect the benefit of coun-

ter illumination by their prominent ventral light organs (cf.

Christiansen et al., 2019). In contrast, vertical escape reactions

were rapid. The pearlsides reacted to encounter with potential

predators, likely larger gadoid fishes, by diving at speeds up to

15–20 cm s�1.

The pearlside’s escape reactions indicated that the mesopelagic

fish sense predators at several metres distance. Fish may detect

predators visually (Kelley and Magurran, 2003), by olfactory cues

(Dixson et al., 2010), by sensing pressure waves emitted by the

predator (Stewart et al., 2014) or by a combination of senses.

Escape diving was recorded both among bold individuals

(Figures 6b and 7d) and scattering layers and sometimes led to

cascading reactions, similar to the “escape waves” described by

Herbert-Read et al. (2015). Escape reactions only appeared be-

tween light levels of 10�6 and 10�1mmol m�2 s�1. This indicates

a visual response, with a threshold level of ca. 10�6mmol m�2 s�1.

The lack of dive reactions at light levels below this suggests that

bioluminescence did not matter for avoidance.

Conclusion
The pearlside Maurolicus muelleri has a rich repertoire of behav-

iours and various distribution patterns. Although the fish mainly

seem to react upon changes in the environment (especially light,

but also predators), we could also clearly observe individuals de-

viating from the main population behaviour. These individuals

actively seeked higher or lower risk areas, potentially due to dif-

ference in satiation state and risk aversion, and thus showed some

level of decision making (Lima and Dill, 1990). Furthermore, so-

cial interactions seem to play an important role in defining the

fishes light comfort zone. The variability in behaviour of the sin-

gle species analysed here can only be a small representation of the

true variability found in the open ocean, where mesopelagic scat-

tering layers may consist not of one or two, but more than 100

fish species (Ariza et al., 2016; Wang et al., 2019). Nevertheless,

we show that high-resolution and long-term observations can re-

veal diverse aspects of life in one of the most unexplored regions

on our planet and broaden our knowledge about this vast

ecosystem.

Supplementary data
Supplementary material is available at the ICESJMS online ver-

sion of the manuscript.
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