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Individual daytime swimming of mesopelagic fishes in the world’s warmest 
twilight zone 
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A B S T R A C T   

We assessed the activity and swimming patterns of mesopelagic fishes in the Red Sea using bottom-moored, 
upward-facing echosounders deployed at 555 and 700 m depth. The vertically migrating mesopelagic scat-
tering layer descended close to the bottom during daytime. This permitted assessment of behavior at mesopelagic 
depths by applying acoustic target tracking for individuals traversing the acoustic beam. Swimming activity did 
not fit the notion of torpid behavior in the daytime habitat. The fishes were moving continuously, with a pre-
vailing downward direction before noon and upward after, though individuals were swimming in both directions 
at all times. They moreover were swimming horizontally at estimated speeds of ~2.1 cm s− 1, suggesting ~0.5–1 
body length s− 1, intermittently turning. High activity at high temperatures suggests high respiration at depth, 
considered a key element for the active carbon pump.   

1. Introduction 

The mesopelagic – or twilight zone – holds the largest biomass of 
fishes on earth (Irigoien et al., 2014), with implied ecological impor-
tance and a quest for better knowledge of this ecosystem and its in-
habitants. While there has been much focus on the population behavior 
of mesopelagic fishes as expressed by diel vertical migration of acoustic 
scattering layers (Klevjer et al., 2016; Wang et al., 2019), less is known 
about individual behavior at depth. There are some reports on torpid 
behavior (Barham, 1971; Kaartvedt et al., 2009) and a dominant notion 
that vertically migrating micronekton like myctophids are relatively 
inactive during the day (Belcher et al., 2020; Boswell et al., 2020; Catul 
et al., 2011; Torres et al., 1979). Yet, myctophids have been separated 
into «active» and «inactive» types based on visual observations from 
submersible dives in different oceans and geographic regions (Barham, 
1971). 

Kays et al. (2015) underpin the importance of animal movement and 
its many implications for biodiversity, animal ecology, behavior, and 
ecosystem function. In pelagic systems, individual behavior is essential 
because activity levels and swimming patterns determine energy bud-
gets (Huse and Ona, 1996; Torres and Somero, 1988) and interactions 

between prey and predators (Gerritsen and Strickler, 1977; O’Brien 
et al., 1990; Robison et al., 2020). Vertically migrating mesopelagic 
fishes may play an essential role in the biological pump (Ariza et al., 
2015; Belcher et al., 2019; Davison et al., 2013; Hernández-León et al., 
2019). In recent models, estimates of fish-mediated vertical carbon 
export are particularly sensitive to respiration rates (Davison et al., 
2013; Saba et al., 2021), and hence activity levels in the mesopelagic 
zone. However, respiration rates in mesopelagic fishes are inherently 
difficult to measure, and apart from Torres et al. (1979) and Torres and 
Somero (1988), no direct measurements appear to exist. Similarly, ob-
servations on in situ behavior and activity are scarce, particularly in the 
deeper mesopelagic. 

The mesopelagic, usually referred to as the depth range between 200 
and 1000 m, makes up approximately 20% of the global ocean volume 
(Proud et al., 2017), and low-latitude, deep-pelagic ecosystems are by 
far the largest component of the World Ocean (Boswell et al., 2020; 
Sutton et al., 2017). The deep waters of the Red Sea represent an 
extreme case, being unique due to high temperatures throughout the 
mesopelagic zone and all the way to the bottom at 2000 m depth 
(21.5◦C; Wiebe et al., 2016). Concentrations of zooplankton (potential 
prey for mesopelagic fishes) in deep waters are particularly scarce 
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(Dypvik and Kaartvedt, 2013; Weikert, 1982; Wishner, 1980), and 
foraging appears to be confined to upper waters at night (Dypvik and 
Kaartvedt, 2013). Vertically migrating mesopelagic scattering layers 
(from here on simply called scattering layers) are widespread in the Red 
Sea (Klevjer et al., 2012), and essentially the entire communities form-
ing the scattering layers ascend from their daytime habitat to shallower 
waters each night. The deepest layer is located at 500–800 m depth 
during daytime, with myctophids (mainly Benthosema pterotum) being 
prevalent targets (Dypvik and Kaartvedt, 2013; Kaartvedt et al., 2019b; 
Klevjer et al., 2012). Although the typical investigation focus of vertical 
migrations is on a diel time scale, migrations entail continuous vertical 
relocations in response to changing light throughout the 24 h cycle 
(Kaartvedt et al., 2017; Røstad et al., 2016), with implied yet unspeci-
fied, consequences on individual behavior. 

While mesopelagic acoustic records take the form of scattering layers 
when studied at tens to hundreds meters range from a vessel, individuals 
can be resolved when using submerged echosounders close to the 
acoustic targets (De Robertis et al., 2003; Kaartvedt et al., 2009; Kloser 
et al., 2002). In this study, we take advantage of study sites in the Red 
Sea where the daytime distribution of vertically migrating mesopelagic 
fishes is near to or even intercepts the bottom. This enabled the reso-
lution of the individuals forming the deep scattering layer by using 
upward-facing, bottom-mounted echosounders. As the echosounders 
were anchored, many consecutive echoes were recorded for each indi-
vidual. We used acoustic target tracking connecting consecutive echoes 
to the same target to assess the movements of individuals traversing the 
acoustic beam (Brede et al., 1990; De Robertis et al., 2003; Ehrenberg 
and Torkelson, 1996). 

We here provide novel data on in situ daytime swimming behavior of 
individual mesopelagic fishes in the lower twilight zone of the Red Sea. 
We aimed to assess if the fish adhere to the prevailing notion of inac-
tivity of mesopelagic fishes in their daytime habitat, or rather accord 
with the active type (Barham, 1971). We unveil swimming speed and 
patterns both vertically and horizontally, with implied consequences on 
their bioenergetic budget and thus the biological carbon pump. 

2. Materials and methods 

2.1. Sampling 

We carried out the studies in January and November 2014 at a ~700 
m deep basin (22.3◦ N, 39.03◦ E) near the King Abdullah University of 
Science and Technology (KAUST) campus, Saudi Arabia (Christiansen 
et al., 2022b). Previous studies (Kaartvedt et al., 2017; Wiebe et al., 
2016) provide maps depicting the bathymetry of the basin. We deployed 
an autonomous acoustic mooring (detailed description below) anchored 
at the bottom at 700 m depth in the deepest part of the basin from 13th 
to 22nd January. Then, we redeployed the rig at the sloping edge of the 
basin at ~555 m depth from 23rd to 30th January. We once more 
deployed the rig in the deepest part from 13th to 18th November 2014. 
We chose this approach to cover the whole water column occupied by 
the mesopelagic scattering layers - achieved in the deepest part - as well 
as resolving individuals at particularly close range - achieved at the 
sloping rim of the basin where the organisms forming the deepest 
scattering layer descended all the way to the bottom at daytime. The 
vertical distribution of the organisms forming the scattering layers de-
pends on the light conditions (Røstad et al., 2016), which at mesopelagic 
depths are closely linked to water clarity (see references in Kaartvedt 
et al., 2019a). In January the scattering layers remained shallower than 
620 m depth, which is why we mostly make use of the 555 m data from 
that period. In contrast, in November, the scattering layer came close to 
the bottom also in the deepest part of the basin, (likely due to clearer 
water before the onset of the yearly winter bloom; Gittings et al., 2021), 
which allowed us to use these data for detailed analyses. We excluded 
data recorded during a day with a passing rain storm (Kaartvedt et al., 
2017) from the present study to avoid the effects of any altered behavior. 

The acoustic mooring contained upward-looking SIMRAD EK60 
echosounders with depth-rated transducers (38 kHz (ES38D) and 200 
kHz (ES200-7CD); 7.1◦ beam width; ~0.5 pings s− 1, 512 μs pulse 
length). Calibration was performed at the surface using standard 
methods (Foote et al., 1987). The transceivers were housed in a 
pressure-proof container together with a PC. The system was powered 
by batteries in a separate pressure-proof container (system provided by 
METAS AS). The mooring was equipped with syntactic foam for flota-
tion. The floating rig was connected to a heavy concrete weight by 
means of steel wires that were supposed to ensure exact vertical orien-
tation. The transducers were located approximately 7 m above the 
seafloor. We retrieved the mooring with an acoustic release. 

2.2. Vertical distribution of scattering layers 

The distribution of the scattering layers and the migration patterns 
were similar among the days from the same deployment, and we present 
a single echogram from each deployment station as an illustrative 
example of the DVM behavior (Fig. 1). We furthermore present raw 
echograms at 200 kHz to depict the backscatter of smaller targets in 
deep waters. The echograms were produced using MATLAB (R2021b), 
and show the mean volume backscattering strength (Sv; dB re 1 m− 1) 
averaged in cells of 90 s per 0.5 m depth. All Sv averages were calculated 
in the linear domain. 

2.3. Target tracking 

During the day, when fish descended to near-bottom waters, the 
target distances from the transducer relative to the concentration of 
targets in the beam were short enough to resolve their individual tra-
jectories. However, concentrations in the acoustic beam rapidly 
increased with range so that tracking was only possible at the lower edge 
of the population distribution (ca. 30 m during daytime in January). The 
resonant mesopelagic fish targets were best resolved at 38 kHz and we 
describe their behavior and activity based on this frequency. However, 
we compare swimming speeds obtained by the two frequencies to vali-
date our results. We assume that targets recorded at 200 kHz are mostly 
plankton targets, based on initial observations of these targets on 
echograms. We are lacking further information on the 200 kHz targets 
and mainly use their results for exploration of potential movement 
artefacts. 

We used Sonar5-Pro (Balk, 2019) to perform the target tracking 
following the procedures described in Christiansen et al. (2019). We first 
applied a cross-filter detector to improve the detection of individual 
tracks (Balk, 2019; Balk and Lindem, 2002), to a maximum range of 150 
m from the transducer face. The cross-filter detection procedure is based 
on two-dimensional low-pass filtering that enables efficient removal of 
noise and thus improves the detection of individual tracks in single echo 
detection mode (Balk, 2019; Balk and Lindem, 2002). In this way, 
tracking in denser concentrations than with a traditional SED detector is 
possible (Balk and Lindem, 2002). We used default settings in the 
cross-filter detector to produce the single echo detection echograms that 
were then used for subsequent analysis by automatic tracking. 

We modified the tracking parameters from Christiansen et al. (2019) 
to account for the different ping rate and resolution of the data, for both 
38 kHz and 200 kHz. We required a maximum range of 150 m and used a 
minimum threshold of − 80 dB. The parameters depended on the range, 
such that the minimum track length was 10 echoes at ranges <40 m and 
30 echoes at ranges ≥ 40 m. The maximum ping gap was set to 3 at all 
ranges. We further increased the size of the range gate from 0.1 m to 0.3 
m and set the alo ("along-ship” angle; degree) and ath (athwart-ship 
angle; degree) gates to 1.5. During target tracking, the gate defines the 
3D space (range and horizontal angles) in which the predicted next echo 
for constructing a track is searched. A larger gate allows for larger dis-
tances between the individual echoes of a track. See Fig. S1 for a full 
overview over the tracking parameters. For a detailed description of the 

B. Sobradillo et al.                                                                                                                                                                                                                              



Deep-Sea Research Part I 190 (2022) 103897

3

parameters refer to Christiansen et al. (2019). Mean target strength (TS; 
dB re 1 m2) values were used to crudely distinguish the detected targets. 
For analyses of daytime activity and swimming speeds we used targets 
with mean TS >-60 dB, which are within the TS range that can be 

expected for the mesopelagic fishes forming the scattering layers at these 
depths in the Red Sea (Dypvik and Kaartvedt, 2013; Valinassab et al., 
2012). Weaker targets were mainly recorded at night (Fig. S2) and could 
not be allocated to the migrating scattering layer being the focus of this 

Fig. 1. Overview echograms. Example echograms from all stations for the full water column (a-c) and near-bottom waters (d-f). In January, the echosounder was 
moored on the slope of the basin at ~555 m depth, and at the bottom at 700 m depth. In November, the echosounder was again moored at the bottom of the basin. 
The horizontal line of increased backscatter at ca. 420 m in b) is a false bottom. Vertical, blue lines represent periods missing data. 

Fig. 2. Tracking performance. Examples of tracks obtained by target tracking on 26th Jan 2014. In a) and b) blue lines indicate descending tracks and red lines 
ascending tracks. In b), the two yellow lines, also highlighted by arrows, indicate the location of the two tracks exemplified in the two lower rows in 2D (c, e) and 3D 
(d, f). Black lines in d) and f) indicate overall swimming directions starting at the dot. Additionally, the start of the track is indicated by a black square in d) and f). 
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study. There was a slight relationship between TS and range, likely due 
to the lower signal-to-noise ratio at greater ranges, which does not affect 
our conclusions here as we only used the TS values to characterize the 
scattering layer. Fig. 2 illustrates an example of the tracking perfor-
mance at the lower rim of the deep deployment in November. 

The automatic target tracking algorithm resolved 44364 and 16358 
individual tracks at 38 kHz, from the January 555 m, and November 
700 m station respectively. These numbers were reduced to 20887 and 
11532 individual tracks during the post-processing. Maximum track 
duration was restricted to 10 min (300 data points) such that the final 
tracks had durations between 18 s and ~10 min (median track duration 
54 s). 

2.4. Post-processing 

We used two depth layers for high-resolution studies of mesopelagic 
fish: ranging from 405 to 545 m at the shallow station and from 550 to 
700 m at the deeper station. Horizontal target tracking data are more 
uncertain than the vertical data and horizontal speed estimates are more 
sensitive to noise and tracking errors. Therefore, we applied thorough 
post-processing built on assumptions for achieving reliable information, 
as outlined below. 

We processed all tracks following a routine similar to the one 
described in (Christiansen et al., 2022a). This included the interpolation 
of ping gaps, outlier removal, removal of potential multiple targets, 
subtraction of currents based on binned net population movement, and 
smoothing of the horizontal positions with a locally weighted linear 
regression (lowess) fit. Vertical positions were smoothed with a running 
mean with 6 data points window size. The ping rate, and therefore 
number of pings within a track was lower compared to the dataset in 
Christiansen et al. (2022a). This made it necessary to modify some of the 
post-processing parameters: We here required a minimum number of 15 
pings, corresponding to a track duration of about 30 s and used a 10 data 
points window for the lowess smoothing. 

Potential multiple targets were identified and excluded in a four-step 
process: First, we fitted a lowess smoothing curve (30 data points win-
dow) on each track’s X and Y values, respectively, and calculated the 
residual spread (98th percentile of X and Y residuals obtained by 
interpolation). Then, we calculated the median residual spread of all 
tracks. In the next step, we split the tracks at positions where the X or Y 
value fell out of the fit ± the median residual spread. Finally, we 
retained all fragments >15 data points. This procedure also removed the 
noisiest tracks from the dataset. 

Estimates of swimming of the small mesopelagic fishes may be biased 
by currents, so any movement caused by advection needs to be sub-
tracted from the estimates. Furthermore, potential movements of the 
floating mooring rig can introduce artificial movements. We here ac-
count for currents and potential slow artificial movements by calcu-
lating and subtracting net population movements. On both frequencies, 
we determined the net population movement of all targets in 36 min and 
5 m range bins in all bins with >3 tracks. We then subtracted those 
movements from each target in the same time bin. Tests with smaller bin 
sizes revealed very similar estimates (Fig. S3). Calculating current 
speeds from net population movement assumes that the targets mainly 
drift with the currents. Active, coordinated horizontal movement can 
thus bias the detected current and resulting swimming speeds. The 200 
kHz data provided largely independent data on current velocities, pre-
sumably representing plankton targets with reduced active horizontal 
movement compared to the mesopelagic fish. However, we had to use 
frequency-specific net population movement estimates as the exact 
orientation of the transducers relative to each other was unknown and 
thus the current velocities relative to swimming directions for the two 
frequencies were uncertain. Therefore, we only compared the current 
speeds obtained from the 38 kHz data with measurements based on the 
200 kHz data, and found largely similar patterns yet slightly higher 
estimates in the 38 kHz data (medians around 1.2 and 1.6 cm s− 1 on 200 

and 38 kHz, respectively). 
To further investigate potential short-term transducer movements 

and their impact on swimming speeds, we compared track movements 
on both frequencies in randomly selected groups of tracks that were 
recorded within ca. 5-minute periods (e.g. Fig. S4). This analysis showed 
that movements of simultaneously recorded tracks were largely inde-
pendent from each other and between the two frequencies. The mea-
surements also confirmed that the movements in the 200 kHz ‘plankton’ 
targets were slower than in the 38 kHz targets and that the targets 
recorded by the 200 kHz transducer were usually different ones than 
those on 38 kHz. 

For the final analysis we subset the 38 kHz dataset to tracks with TS 
>-60 dB, as explained above, which left us with a final dataset con-
taining 32419 tracks. 

2.5. Calculation of track properties 

Vertical swimming direction, horizontal tortuosity (a measure for 
turning behavior), and speed were used to assess the swimming behavior 
of individuals from the mesopelagic scattering layer during daytime. 
Individual targets were first classified according to their swimming 
orientation (ascending or descending). We then calculated the instan-
taneous vertical, horizontal and total speeds for the post-processed 
tracks and determined the median instantaneous speeds for each 
track. We calculated the mean horizontal tortuosity for each track: The 
tortuosity at a certain data point i of a track is defined as the sum of the 
horizontal distances (distance denoted by d()) between all horizontal 
positions (H) within a sliding window (6 datapoints), divided by the 
straight-line distance (horizontal distance between the first and last data 
point in the window). 

torti =

∑i+3

j=i− 2
d
(
Hj,Hj+1

)

d(Hi− 2,Hi+3)

A tortuosity of 1 indicates a straight path while a tortuosity of 2 in-
dicates that the target on average swam twice the distance needed to 
move between two locations. Since the tortuosity at very low speeds and 
in short tracks may be artificially high (high impact of small re-
locations), we only present tortuosity data for tracks with horizontal 
speeds >1 cm s− 1 and with more than 60 data points, which built a 
subset of 6618 tracks. Please note that the tortuosity, as any measure of 
turning, depends on the level of smoothing and represents an estimate 
for turning. We here use it mainly to show that the mesopelagic fish were 
turning every now and then, in contrast to moving in a straight trajec-
tory. Fig. S5 visualizes examples of tracks with different tortuosity. 

2.6. Sensitivity analyses 

The acoustic beam spread results in larger observed volumes at 
greater ranges, higher uncertainties in the horizontal positions and 
decreased signal-to-noise ratio. Therefore, we tested for the correlation 
between different track parameters (horizontal speed, vertical speed, 
horizontal tortuosity, TS) and the range from the transducer. Values for 
the final settings are shown in Table 1. Fig. S6 compares the relationship 
between range and horizontal, vertical and total speed and tortuosity 
before and after post-processing. In Table S1 we show the impact of the 
individual post-processing steps on selected track properties. The post- 
processing routine reduced the correlation coefficient between range 
and horizontal speeds from 0.78 (raw tracks) to 0.09 (final dataset), 
indicating that initially strong range-dependent biases were removed to 
a very large degree. The final settings seemed to provide reliable and 
realistic results based on visual scrutinization of large numbers of 
randomly selected tracks. 

Internal waves might affect vertical speed estimates for the small, 
slow swimming fishes addressed here. Observations from different parts 

B. Sobradillo et al.                                                                                                                                                                                                                              



Deep-Sea Research Part I 190 (2022) 103897

5

of the study period showed that vertical speeds resulting from internal 
waves rarely exceeded 0.3 cm s− 1 (Fig. S7). Furthermore, the vertical 
speed of the scattering layer targets (median speeds up to 1.5 cm s− 1) 
greatly exceeded those obtained from the 200 kHz targets (below 0.1 cm 
s− 1), which are likely most subjected to internal waves (Fig. S8). We, 
therefore, do not expect a significant influence on the overall activity 
and speed reported here, although internal waves may have contributed 
to the spread in vertical speeds in periods where vertical activity was 
low. The prevalence of behavior for vertical relocation can be exem-
plified by individuals concurrently deviating strongly in their vertical 
displacement, including moving in opposite directions (Fig. 3). 

We grouped the tracked targets from the different deployments in 15 
min per 5-m depth bins. For each of these bins, we calculated the median 
target strength (TS; dB re 1 m2), the proportion of descending and 
ascending tracks (%), and the median vertical, horizontal, and total 
speed (cm s− 1) and tortuosity. The times reported here represent local 
time (UTC+3). 

3. Results 

3.1. Vertical distribution of scattering layers 

Diel vertical migration always included the entire scattering layers 
recorded at 38 kHz. Basically, the entire community forming the scat-
tering layer stayed away from the deep water throughout the night 
(Fig. 1). However, nocturnal backscatter in deep water was still preva-
lent at 200 kHz (Fig. S7). At all stations, additional vertically migrating 
targets with daytime distribution in the blind zone of the echo sounder 
appeared when rapidly ascending in the afternoon. These targets were 
again recorded when descending and passing the echosounder in the 
morning (Fig. 1; Fig. S9). 

In January, the daytime distribution reached down to ~630 m (i.e. 
~70 m above the bottom) at the deepest station. The vertical distribu-
tion changed continuously throughout the day, being deepest at noon. 
About 75% of the tracks were detected below 630 m at this station, thus 
below the scattering layer and also with considerably lower TS than the 
targets forming the scattering layer (not shown). To avoid inclusion of 
such non-mesopelagic fish near-bottom targets from the analysis, we in 
the following only present target tracking results from the 555 m 
January station and from November. At the ~555 m-deep slope station 
the scattering layer intercepted the bottom throughout the day (Fig. 1). 
In November, the scattering layer continuously deepened through the 
morning, nearly reaching the bottom (~700 m) at noon (Fig. 1). It 
thereafter slowly relocated upwards until the onset of rapid population 
ascent in the afternoon. 

3.2. Target tracking and individual vertical swimming behavior 

Overall, the tracked 38 kHz targets had median vertical speeds of 0.3 
cm s− 1 (0.1–0.8 cm s− 1 interquartile range; IQR), median horizontal 
speeds of 2.1 cm s− 1 (1.5–2.9 cm s− 1 IQR) and resulting median total 
speeds of 2.3 cm s− 1 (1.7–3.2 cm s− 1 IQR) after post-processing 
(Table 1). Median tortuosity was 1.1 (1.1–1.2 IQR) indicating that the 
mesopelagic targets had some turning behaviour. 

The vertically migrating mesopelagic scattering layer at the two 
stations was characterized by a pulse of targets with TS around − 52 dB 
(January) and around − 49 dB (November) arriving among weaker tar-
gets in near-bottom waters in the morning and leaving in the afternoon 
(Fig. 4a). The vertical swimming direction of the resolved targets 
largely, but not fully reflected the population movement apparent in the 
scattering layer. The proportion of descending targets exceeded 75% in 

Table 1 
Summary of properties (speed, tortuosity and target strength (TS)) of 
32419 tracks after post-processing. Tortuosity is a measure for turning 
behavior with a value of 1 indicating a straight path, and a value of e.g., 2 
indicating that the animal on average swam twice the distance required between 
two points. Total speed is the resultant of vertical and horizontal swimming 
speed. The relation with range indicates how strongly the individual track 
properties were influenced by the distance from the echosounder, given as 
correlation coefficient (r) and slope of a simple linear regression. The tortuosity 
is calculated based on a subset of 6618 tracks with net horizontal speeds >1 cm 
s− 1 and durations >60 s.  

Property 25th 
percentile 

Median 75th 
percentile 

Relation with 
range (m) 

r Lm 
slope 

Vertical speed (cm 
s− 1) 

0.10 0.32 0.81 − 0.01 0.00 

Horizontal speed 
(cm s− 1) 

1.51 2.08 2.87 0.09 0.00 

Total speed (cm 
s− 1) 

1.67 2.30 3.18 0.11 0.01 

Tortuosity 1.1 1.1 1.2 0.24 0.00 
TS (dB re 1 m− 2) 50.03 52.52 54.79 − 0.04 0.00  

Fig. 3. Daytime activity as echogram. Example echograms showing echo traces around local noon (a) and in the morning (b) on 15th November 2014 with 
apparent vertical swimming activity. 
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the morning and usually stayed above 60% before noon. The proportion 
then shifted to a dominance of ascending targets per cell (above 
60–75%) after noon (Fig. 4). The downward pulse subsided earlier at the 
shallow station, as the population approached (reached) the bottom. 
Similarly, at this station, the afternoon upward pulse started later. In 
spite of the prevailing swimming directions, individuals were both 
ascending and descending throughout the day (Figs. 2–4). 

The fastest swimming targets reflected individuals not forming the 
scattering layer, as shown in Fig. S9 for November. Those fast targets 
appeared before 7:30 h and after 18 h in January and before 7 h and 
after 17:15 h in November. At all time points in-between, the majority of 
the targets belonged to the scattering layer (Fig. S9) such that median 
values and interquartile ranges are representative for the mesopelagic 
fish and the results described below refer to these periods (with white 
background in Figs. 5 and 6). 

3.3. Daytime track properties 

Both in the shallow January and in the November deployment, the 
highest individual descending speeds were observed at dawn (~8h), 
with median values of 1.5 cm s− 1 (IQR 0.9–2.5 cm s− 1) in January 
(Figs. 5 and 6). Ascending speeds reached the highest values at dusk 
(~17h), reaching median vertical speeds of 1.4 cm s− 1 (IQR 0.8–2.0 cm 
s− 1) in November. In January, some fast ascending targets were recor-
ded in the morning and the evening ascent was less clear than in 
November (Fig. 5). The fish were swimming horizontally throughout the 
day with speeds usually around 1.7–3.2 cm s− 1 (Figs. 5 and 6). 

Horizontal speeds were slightly elevated (medians reaching 2.6 cm s− 1, 
IQR 2.0–4.9) at dawn and dusk compared to noon (medians around 
2–2.2 cm s− 1, IQR 1.4–3.2 cm s− 1). The horizontal speeds of the meso-
pelagic targets were faster than those of the targets recorded at night on 
38 kHz (Figs. 5 and 6), as well as the 200 kHz targets (Fig. S8). Being a 
resultant of horizontal and vertical speeds, also the total speeds were 
higher in the morning and afternoon (medians up to 3.3 cm s− 1, IQR 
~2.5–5 cm s− 1) than around noon (medians around 2.1–2.54 cm s− 1, 
IQR 1.7–3.3 cm s− 1). The tortuosity was variable throughout the day 
with medians around 1.1 and 1.2 in January and November, respectively 
(Figs. 5 and 6). 

4. Discussion 

We have shown that vertically migrating organisms forming meso-
pelagic acoustic scattering layers in the Red Sea are actively swimming 
in deep water throughout the day. The layers are composed of fish 
(Kaartvedt et al., 2019b), and Benthosema pterotum is the prevailing 
species in net catches (Dypvik and Kaartvedt, 2013). Benthosema pter-
otum captured with a 1 m2 Tucker trawl at the current sampling station 
in November 2014 were mostly <3 cm standard length, with a median 
length of 2.3 cm (Røstad & Kaartvedt; unpublished). Individuals caught 
with a 7 m2 Hamburg net in the central Red Sea were ~2 cm standard 
length (Dypvik and Kaartvedt, 2013). Catches by the small nets may not 
give a representative size and species distribution. Using a larger pelagic 
trawl, Dalpadado and Gjøsæter (1987) found that the mature B. pterotum 
in the Red Sea attained standard lengths of 3.5–5.0 cm. Irrespective of 

Fig. 4. Track properties over depth and time. Heatmaps illustrating target strength (TS), speeds and tortuosity (see explanation in the caption for Table 1 and 
section 2.5) over time and depth from the 555 m January deployment (upper subpanels) and the 700 m November deployment (lower subpanels). Bin values 
represent the medians of at least 5 tracks. The tortuosity is calculated based on tracks with net horizontal speeds >1 cm s− 1 and durations >60 s. 
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the actual size distribution among the fishes, our data suggest swimming 
at speeds ~0.5–1 body length s− 1 for many individuals. In addition, the 
fishes were intermittently turning throughout daytime. 

In separating myctophids into «active» and «inactive» types, Barham 
(1971) argued that the active type has gas-filled swim bladders, is 
attracted to light sources, and carries out extensive vertical migrations. 
All these factors pertain to the fishes in the Red Sea. Their strong target 
strength reflected a resonant swim bladder at 38 kHz (i.e. gas-filled), 
individual fishes respond to an artificial light source - though both 

with attraction and repulsion (Kaartvedt et al., 2019b) - and their daily 
vertical migrations span ~600 m. As such, the agile daytime behavior in 
the Red Sea would fit to the active type of myctophids, and contrasts e.g. 
the apparently “inactive”, torpid behavior of Benthosema glaciale in 
Norwegian fjords during winter (Kaartvedt et al., 2009) and reports 
from a range of other geographic settings (Barham, 1971; Neighbors and 
Nafpaktitis, 1982; Pearcy et al., 1979). 

The behavior of the mesopelagic fishes in the Red Sea does not fit 
hypotheses of daytime energy conservation and may appear as a 

Fig. 5. Speed and tortuosity over time in January. 
The boxplots show the distributions of track median 
speeds and mean tortuosity (see explanation in the 
caption for Table 1 and section 2.5) during daytime 
hours from the 555 m January deployments. The red 
boxes represent ascending targets, the blue boxes 
descending targets (slightly shifted on the x-axis for 
visualization purposes). Boxes with dots represent the 
interquartile range and median, whiskers indicate 
minima and maxima excluding outliers. Grey, shaded 
areas indicate periods corresponding to night or being 
dominated by fast vertically migrating non- 
mesopelagic fish targets. The tortuosity is calculated 
based on tracks with net horizontal speeds >1 cm s− 1 

and durations >60 s.   

Fig. 6. Speed and tortuosity over time in 
November. The boxplots show the distributions of 
track median speeds and mean tortuosity (see expla-
nation in the caption for Table 1 and section 2.5) 
during daytime hours from the 700 m November de-
ployments. The red boxes represent ascending targets, 
the blue boxes descending targets (slightly shifted on 
the x-axis for visualization purposes). Boxes with dots 
represent the interquartile range and median, whis-
kers indicate minima and maxima excluding outliers. 
Grey, shaded areas indicate periods corresponding to 
night or being dominated by fast vertically migrating 
non-mesopelagic fish targets. The tortuosity is calcu-
lated based on tracks with net horizontal speeds >1 
cm s− 1 and durations >60 s.   
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paradox. For example, Belcher et al. (2020) argued that the vertical 
migrations of many myctophids may reflect a metabolic strategy to 
allow feeding in warmer epipelagic layers where food is more available 
and assimilation of this food at depth where the fishes can remain totally 
inactive. The deep waters in the Red Sea are exceptionally warm 
(~21.5◦C; Wiebe et al., 2016) suggesting high basal metabolic rates 
(Clarke and Fraser, 2004; Fry, 1971). Moreover, the waters at the study 
site are hypoxic (on average ~1.2 mg/L below 220 m depth during the 
January study; Wiebe et al., 2016), proposing limited oxygen avail-
ability considering the high temperatures (Domenici et al., 2017). A 
primary mechanism to accommodate low oxygen conditions is reducing 
energy expenditure (Seibel et al., 2016). Yet, we observed relatively 
high swimming activity throughout the day which suggests increased 
metabolic costs (Meskendahl et al., 2019). Having a gas-filled swim 
bladder (see above) the fishes forming the lower SL would likely not 
need to swim actively to keep afloat. Furthermore, Red Sea zooplankton 
concentrations are particularly low at depth (Weikert, 1982; Wishner, 
1980) suggesting little benefit to be active for daytime foraging. Dypvik 
and Kaartvedt (2013) found that B. pterotum in the central Red Sea 
emptied their stomach over the course of the day. The very warm Red 
Sea twilight zone supposedly causes rapid digestion, motivating 
nocturnal feeding migrations for the whole population every night. We 
note, however, that the acoustic records at 200 kHz revealed targets in 
deep waters, which we cannot dismiss as potential prey. Based on the 
acoustic signatures (e.g. Fig. S7), this backscatter reflected individual 
targets apparently remaining inactive for long periods, yet occasionally 
adjusting their vertical distribution in ways excluding non-living targets. 
This is in contrast to the acoustic signatures of concentrations of mes-
ozooplankton observed in other habitats (Kaartvedt et al., 2021; Sakınan 
and Gücü, 2017). Wiebe et al. (2016) caught a few euphausiids in deep 
water in the same Red Sea location, but most were captured above 400 
m day and night. 

Some, but only part of the daytime activity can be ascribed to the 
continuously changing light. The mesopelagic fishes in the Red Sea (as 
elsewhere; Omand et al., 2021) respond to changes in daylight (Kaart-
vedt et al., 2017; Røstad et al., 2016). The continuous deepening of the 
scattering layer until noon with subsequent slow shallowing until initi-
ation of the afternoon ascent, was partly, but not fully reflected in the 
swimming directions of individuals. The tracking revealed predominant 
downward swimming in the morning and ascent in the afternoon, yet 
individuals were swimming in both directions at any time (cf. Figs. 3 and 
4). In addition, the fishes were swimming in the horizontal plane, 
changing swimming direction intermittently. Although the horizontal 
speed estimates and tortuosity have higher uncertainties than the ver-
tical speeds, even in our likely conservative estimate, horizontal speeds 
were around 0.5–1 body length s− 1 throughout the day. 

At the slope station, the vertically migrating fish became constrained 
by the bottom during the descent in the morning. This expectedly would 
make them vulnerable to benthic or benthopelagic predators (Genin, 
2004; Trueman et al., 2014). However, from visually scrutinizing all the 
acoustic files from the 7–8 days of deployment, we did not detect a single 
echo of a larger fish in the near-bottom scattering layer, nor a single 
example of predator avoidance behavior. This strongly contrasts with 
observations when using a similar methodological approach to study 
mesopelagic fish in a Norwegian fjord (Christiansen et al., 2021; 
Kaartvedt et al., 2009, 2012). Our records lack the lowermost meters 
towards the bottom, but we neither saw any predators associated with 
the mesopelagic fish when lifting from near-bottom waters in the af-
ternoon. There were pulses of distinct targets that spent the day in the 
near-bottom blind zone of the echosounder, rapidly descending in the 
morning and ascending in the afternoon. However, the migration of 
these targets seemed disparate from the vertically migrating fish. Also at 
the deepest station the same type of rapidly ascending and descending 
targets had no association with the lower part of the scattering layer 
during daytime (c.f., Fig. S9). The rapidly migrating targets could 
potentially be squid, which are common in the upper waters at night in 

this location (Kaartvedt and Røstad, unpublished), but their identity 
remains to be verified. 

The constraint by the bottom had a limited effect on individual 
behavior, apart from a lower proportion of descending targets and lower 
vertical swimming speeds for a few hours around noon. Myctophids 
living adjacent to slopes may make horizontal nocturnal migrations 
(Benoit-Bird and Au, 2006; Reid et al., 1991; Wang et al., 2019) to 
exploit continental food sources, returning to deep waters during the 
day. There was no apparent difference in horizontal swimming between 
the shallow and deep station thus no suggested drive to search for deeper 
waters for fishes being deprived of a preferred daytime depth. However, 
potential horizontal migrations are underestimated with our method-
ology and partly higher current estimates obtained by the 38 kHz than 
the 200 kHz targets (Fig. S3) might hint at some level of coordinated 
horizontal movement at some times. Gartner et al. (2008) observed as-
sociations of myctophids with near-bottom waters in submersible dives, 
suggesting they were foraging on sediment. We did not record data in 
the lower-most meters towards the sediment, but from the records of 
individuals in the lower part of the water column, there is no evidence 
that this would be central for the fishes forming the Red Sea mesopelagic 
scattering layers. 

5. Conclusion 

We provide the first comprehensive analysis of daytime in situ 
swimming behavior and speeds of mesopelagic fish in the lower meso-
pelagic. Contrary to expectations, we document substantial activity both 
in the vertical and horizontal plane. The findings have implications on 
the efficiency of carbon removal by vertically migrating fish via respi-
ratory flux. While the Red Sea is unique in holding the world’s warmest 
twilight zone, our results challenge the general notion of torpid daytime 
behavior among mesopelagic fish. This notion should be revisited. We 
show that methods are available to do so. 
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