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ARTICLE INFO ABSTRACT

Keywords: The dispersal of fish larvae during the early life stages plays an important role in recruitment. Together with
Herring larvae oceanographic processes, larval orientation and swimming behavior significantly influences dispersal. However,
Fis_h larV_ae currently there is no information of larval behavior in situ for most subpolar species. The Atlantic herring (Clupea
O“_ema_“o“ harengus) is an ecologically and commercially important component of the North Atlantic ecosystem. This
iﬂvf;:::;gs species has sustained a large fishery for over a century, and its stocks have experienced both dramatic collapse
Dispersal and recovery. The Atlantic herring is highly migratory, making it challenging for researchers to determine with
Behavior certainty the structure and discreteness of different herring stocks. In this context, studying the behavior of
herring larvae at sea is crucial for a deeper understanding of their dispersal. However, to date information on the
orientation behavior and swimming abilities of herring larvae in situ is missing. In this study, we coupled in situ
observations and laboratory experiments to investigate whether herring larvae display orientation when
swimming in situ, and which mechanisms/cues they could use. We video recorded the orientation behavior of
208 herring larvae between 14 and 28 days post hatch (DPH) in the coastal Norwegian North Sea while they
drifted in transparent behavioral chambers. We also tested the orientation of 136 larvae in a magnetic labora-
tory, in which they were deprived of any external cue and where we could modify the direction of the magnetic
field. We report evidence that herring larvae have a significant preferred orientation direction to the southeast,
which does not change between 14 and 28 DPH. Moreover, our results suggest that sunlight plays a key role as
larvae had a highly significant orientation towards the sun during sunny weather, but they lost this ability, and
exhibited lower precision in their orientation, under an overcast sky. We did not find evidence of magnetic
compass orientation, indicating that the orientation direction of herring larvae is not magnetic, at least at this
life history stage. Larvae swam at an average speed of 0.36-0.40 cm/s and reached maximum speeds of
3-3.36 cm/s. These results demonstrate that 14-28 DPH herring larvae are capable of orienting in situ. Possible

implications of this orientation behavior for larval transport in Norwegian waters are also explored.
1. Introduction dispersal of fish larvae leads to recruitment (Hjort, 1914; Houde, 2016).
If fish larvae drift to nursery areas where there is enough food and
The dispersal of the early life stages of fish plays an important role predation is low their chances of survival increase. Orientation, coupled
in recruitment (Hjort, 1914; Rothschild, 2000). Larval swimming and with active swimming, can significantly influence dispersal (Faillettaz
orientation abilities are among the factors determining whether the et al., 2018; Fiksen et al., 2007; Swearer et al., 2019), particularly when
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guided by environmental cues to orient in situ (Faillettaz et al., 2015;
Irisson et al., 2015; Leis et al., 2003, Leis et al., 1996; Paris et al., 2013;
Rossi et al., 2019). Thus, in order to understand and predict dispersal of
fish larvae, data on their orientation and swimming, in situ, are needed.
While many studies describe such behavior for tropical and Medi-
terranean larvae, with the exception of one study on a gadoid (Cresci
et al., 2019b) there is no such information on high latitude fish larvae.

Atlantic herring (Clupea harengus) is an ecologically and commer-
cially important component of the North Atlantic ecosystem (Daan
et al., 1990) that is characterized by complex population connectivity
and highly variable recruitment, with an apparent disconnect between
spawning stock size (early larval abundance) and subsequent recruit-
ment to the adult population (Geffen, 2009; Toresen et al., 2019;
Zimmermann et al., 2018). Pelagic species such as herring are con-
sidered to have open populations with high levels of genetic mixing
(Ruzzante et al., 2006). For such species, larval dispersal plays a key
role in determining populations genetic structure (White et al., 2010).
In the case of herring, it is currently unclear what the characteristics
and limitations of dispersal are during the early-life stages (Deschepper
et al., 2019).

Dispersal of fish larvae depends on oceanographic processes that
occur at various temporal and spatial scales (meso to large) (Adams and
Flierl, 2010; Leis et al., 2013; Sinclair and Iles, 1985). For herring,
numerical simulations revealed that larval dispersal is affected by
abiotic factors such as persistent oceanographic features like the Nor-
wegian coastal current (NCC) (Skagseth et al., 2015; Zimmermann
et al., 2019). Variability in thermal regimes, light and turbulence can
also contribute to variation in survival (Kigrboe et al., 1988), growth
(Husebg et al., 2007) and abundance (Maravelias and Reid, 1997) of
herring larvae, with consequences for subsequent recruitment success
(Toresen and @stvedt, 2000). However, while contemporary modelling
approaches can provide important insights into the mechanisms un-
derlying dispersal of herring, in most cases they are missing an im-
portant component —horizontal orientation and swimming. This is due
to a lack of empirical observations of these behaviors, particularly in
situ. Specifically, whether herring larvae drift passively with the current
or perform active, oriented swimming in situ is unknown.

Here, we conducted experiments that combined in situ observations
and laboratory experiments to quantify the orientation and swimming
abilities of Atlantic herring larvae from the Norwegian spring spawning
(NSSH) stock. We tested the null hypothesis that herring larvae (14-28
post hatch,DPH) orient randomly when swimming in situ. We used a
well-established method involving a drifting transparent behavioral
arena (Drifting In Situ Chamber (DISC), (Paris et al., 2008)) that is
designed to observe the swimming and orientation behavior of the early
life stages of marine organisms in situ (Cresci et al., 2019c, Cresci et al.,
2017; Faillettaz et al., 2015; Irisson et al., 2015; Kough et al., 2014;
Paris et al., 2013; Rossi et al., 2019). We observed the orientation of
herring larvae in the Norwegian North Sea, around the Austevoll ar-
chipelago, after releasing the DISC from a boat 1-2 km away from the
coast. We also conducted experiments on herring larvae in a magnetic
laboratory (MagLab), in which the direction of the magnetic field can
be manipulated through the use of electric coils. The MagLab is speci-
fically designed for the study of magnetic orientation of marine or-
ganisms (Cresci et al., 2019¢, Cresci et al., 2017; Durif et al., 2013). We
tested the hypothesis that herring larvae display a significant orienta-
tion direction using the magnetic field only as orientation cue, versus
the null hypothesis of random orientation when only the magnetic field
is available as a cue. We used observations from the DISC to measure
swimming speed and to assess whether 14-28 DPH herring larvae dis-
play a preferred orientation direction. Since herring undertake light-
dependent vertical movements, disperse from spawning to nursery
areas as larvae, and perform long distance migrations as adults, we also
assessed whether solar (visual) cues and the earth's magnetic field are
involved in guiding their orientation.
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2. Methods
2.1. Larval rearing and collection

Ripe adult herring from the Norwegian spring spawning (NSSH)
stock were collected by net at Askoy, Bergen, Norway on May 4th, 2017
and used as the brood stock in this study. Fish were transported to the
Bergen High Technology Centre at the University of Bergen where ripe
males and females were strip spawned. Eggs from 2 females were
stripped onto 12 glass plates in each of four separate seawater filled
trays with a water depth of 3 cm. The gonads from 3 ripe males were
removed and the sperm was extracted. Sperm was activated and diluted
with seawater before being added to the respective trays which created
a total of 4 parental crosses. Egg plates were incubated with the milt
from 3 males at 10 °C and 19 ppt for 30 min after which the plates were
placed in 8 °C and 35 ppt. This process yielded high fertilization success
(50-80%) on the glass plates. After several minutes, each glass plate
was transferred into a temperature-controlled room for incubation.
Incubation tanks were supplied with filtered seawater at 8 °C and at a
rate of 2.51 1 min ~'. Eggs were transferred to Austevoll Research
Station on 8th May 2017 in 5 1 buckets filled with filtered seawater.
Eggs were incubated at 8 °C for the remainder of the incubation period.
Incubation tanks were supplied with filtered seawater at a rate of
1.6 1 min ~'. Eggs plates were examined daily for mortality and dead
eggs were noted and removed. During the experiment, eggs were
counted, and developmental stage was assessed on a degree day
[("d = temperature (°C) x time (d)] schedule. The egg hatch date was
estimated using degree days, which meant that the fish were due to
hatch on the 18th of May. Two days after hatching, on 20th May, larvae
were transferred to each of six 50 1 green fiberglass rearing tanks and
were fed a diet of lipid enriched rotifers, 3 times daily at a concentra-
tion of 2000 1 ~ . Algal paste was added to tank water to improve the
contrast of the rotifers and improve feeding success.

On the day of trials, larvae were placed into 120 mL cups, with two
larvae per cup, at least 12 h prior to be deployed in situ. The cups were
then immersed in a 12 °C water bath to acclimate the larvae to the local
seawater temperature at 4 m depth in the deployment area.

2.2. Experimental device and deployments in situ

To collect data on the swimming and orientation behavior at sea, we
video recorded the swimming behavior of herring larvae while swim-
ming in a transparent drifting circular arena (DISC, Drifting In Situ
Chamber, Paris et al., 2013, Paris et al., 2008). We used larvae that
were 14-28 days post hatch (DPH) for the tests in situ (Fig. 1B, Table
S1). The developmental state of the larvae was monitored using a ste-
reomicroscope throughout the experiment. All tests were conducted
between the 1st and the 15th of June 2017 in the coastal areas of a
Norwegian fjord (Bjgrnafjorden, Northeast of Austevoll, 60.09 N, 5.28
E), at a distance of 1-2 km from the shore.

The DISC is a drifting behavioral circular arena, with an acrylic
structure and a semi-open transparent circular chamber 20 cm wide and
15 cm deep. The lower part of the DISC is attached to a drogue, which
allows the whole system to drift with the current. The DISC is equipped
with a GOPRO camera, three analog compasses and a custom Arduino
digital compass. When the DISC is placed in the water, it drifts at a
depth of ca. 4 m. For each deployment, we held the DISC semi-sub-
merged along the side of the boat and placed two herring larvae in the
arena. Afterwards, the DISC was released and left to drift for 15 min.
The GOPRO camera placed underneath the chamber recorded the be-
havior of the larvae for the duration of the deployments. However,
when processing the videos we considered the first 5 min of each de-
ployment as a habituation period and analyzed the swimming behavior
of the individual larvae during the last 10 min (Cresci et al., 2017; Paris
et al., 2013). All of the videos were processed using the DISCR tracking
procedure, utilizing R and a graphical user interface provided by
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Fig. 1. Orientation of herring (Clupea harengus) larvae in situ. The orientation is presented with respect to the magnetic North (N) and South (S). Each black point
corresponds to the mean bearing of one herring larva in situ (averaged over 600 data points from the video tracks, Fig. S1). These figures display the mean bearings of
the larvae that showed an individual preferred orientation. The black arrow points towards the mean angle of all the individual bearings Dashed grey lines are the
95% confidence intervals around the mean. A. Mean orientation direction of all the herring larvae that displayed a significant orientation in situ (N = 203, mean
bearing = 160°). B. Picture of a herring larva and artwork showing the general morphology of the larvae used in this study. C. Mean orientation of larvae 14-16 DPH
(N = 91, mean bearing = 166°). D. Mean orientation of larvae 25-28 DPH (N = 112, mean bearing = 155°). Data displayed in C and D are subsets of the data in A.

Artwork and photo by Alessandro Cresci.

ImageJ software (Irisson et al., 2009, 2015). The code utilized is
available at the web page, Drifting In Situ Chamber User Software in R
(https://github.com/jiho/discr) written by Jean-Olivier Irisson at the
Université Pierre et Marie Curie UPMC, released under the GNU Gen-
eral Public License v3.0.

For this analysis, we tracked the position of each fish, every second,
for a 10-min period in each deployment (600 data points per each
larva). A detailed diagram showing all of the steps in the analysis is
provided in Fig. S1. Each data point corresponds to a specific bearing
(the position of the fish in degrees with respect to the center of the
arena, Fig. S1.2). Afterwards, we corrected the bearings with respect to
the magnetic North using the DISC's digital compass. If the frequency
distribution of the 600 bearings was significantly different from random
(Rayleigh's P < .05, Fig. S1.3), we considered it as evidence of or-
ientation and used the mean individual bearing as the orientation di-
rection of the larva (Fig. S1.3). The null hypothesis of the Rayleigh test

is uniformity of the distribution of the bearings. If the hypothesis of
uniformity is rejected, we report the mean angle (mean), test statistic
(z), concentration parameter (r) and a p value for significance
(Batschelet, 1981; Jammalamadaka and SenGupta, 2001). The alter-
native hypothesis is a unimodal or a Von Mises distribution (which is
narrower than the unimodal) with a mean angle, representing the mean
direction of the larva. This test is particularly recommended for sample
sizes > 30 (Batschelet, 1981) (here it is 600 per fish for the within-
individual analysis, and > 30 for the analysis on each experimental
group). For the Rayleigh test, the distribution of the test statistic under
uniformity is a chi-square with two degrees of freedom.

The next step in the analysis consisted of investigating whether the
larvae of each experimental group (larvae in situ and larvae in the
MagLab) were swimming towards a common direction (i.e. displayed
common orientation behavior, Fig. S1.4). To explore that, we per-
formed the Rayleigh's test of uniformity using all of the mean individual
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Fig. 2. Influence of the sun on the orientation of herring (Clupea harengus) larvae in situ. A. Data on the orientation direction and the azimuth of the sun. a,o, is the
orientation direction with respect to the magnetic north. Each black point corresponds to the mean bearing of one herring larva in situ (averaged over 600 data points
from the video tracks, Fig. S1). These figures display the mean bearings of the larvae that showed an individual preferred orientation, and are the same as those
displayed in Fig. 1 but split according to the visibility of the sun: sunny (N = 109), overcast (N = 94). The black arrow points towards the mean angle of all the
individual bearings Dashed grey lines are the 95% confidence intervals around the mean. ay,, is the angle between the mean orientation of each herring (a,ormn) and
the azimuth of the sun during the test (Sun Azimuth, third row). When there is significant orientation (Rayleigh's p < .05) towards the direction of the sun, this is
represented by an arrow pointing towards the top of the plot in dg,, (sun = 0° in ag,,). B. Diagram of all the three circular variables considered in A: Qporth, Qsun, SUN
Azimuth. C. Light intensity (lumen/ft®) during the tests in situ during sunny or overcast weather. * ANOVA p value from comparison of the light intensity between the

2 different weather conditions.

bearings of all of the larvae from each of the experimental groups as
data points. When the Rayleigh's P was < 0.05, we considered the
group to be displaying a common orientation and considered the mean
as the overall common direction of the group (Irisson et al., 2009).
The orientation direction relative to the sun azimuth was calculated
considering the angle between the orientation of the larva (Qnorth,
Fig. 2B) and the azimuth of the sun during the test (Sun azimuth,
Fig. 2B) = agyn (Fig. 2B). Significance of the orientation with respect to
the direction of the sun (which for ag,, is 0°) was assessed using the
same statistical method shown in Fig. S1.4. Sun azimuth data were
obtained from www.timeanddate.com/sun (Copyright © Time and Date
AS 1995-2019. All rights reserved). Forecast conditions (sunny/over-
cast) were assessed visually during the tests and from analysis of the
GOPRO images. Weather conditions were considered “sunny” when it
was possible to assess the direction of the sun by human eye. The sky

was considered “overcast” when we were not able to determine the
direction of the sun because of the cloud cover. This selection criterion
was applied as we wanted to investigate whether the direction of the
sun was playing a role in the orientation direction of the larvae. Light
intensity during sunny and overcast weather conditions was recorded
using HOBO light sensors, which confirmed that the light intensity was
significantly lower under overcast sky compared to sunny sky (Fig. 2C).

Length (total length) of the larvae observed during the deployments
was estimated from the videos using ImageJ 1.51 J8. The diameter of
the chamber was used as a size reference. The length of the larvae was
measured when larvae were at the bottom of the chamber with the body
positioned in a straight line.

The swimming speed of herring larvae was estimated from the video
tracks by dividing the distance that the animal swam in the chamber by
time observed (1 s), for the 10 min observation period (Cresci et al.,
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Table 1
Average and maximum speed of herring larvae (Clupea harengus) in situ by age
group. A Mann-Whitney test was used to compare age groups.

Age (DPH) Average speed (cm/s) Maximum speed (cm/s)
14-16 0.36 = 0.19 3.00 = 1.42

25-28 0.40 = 0.17 3.36 + 1.70

M.W. test N.S. (w = 5302; p = .6215) N.S. (w = 4353, p = .18)

N.S. (Non-Significant) = p > .05. Data are displayed as mean + SD.

2019b). The average of all the calculated speeds was considered as the
average speed of one larva. The swimming speed values reported in
Table 1 correspond to the average of the individual speeds for each
experimental group (the two age groups). The highest speed that one
larva displayed between frames, during the 10 min observation period,
was considered as the maximum speed of that individual. The max-
imum speeds reported in Table 1 correspond to the average of all the
individual maximum speeds for each experimental group.

2.3. Experiments in the magnetic laboratory

The experiments in the MagLab followed the same protocol as de-
scribed in Cresci et al. (2017). We tested the hypothesis that herring
larvae display a significant orientation direction when only the mag-
netic field is available as an orientation cue (versus the null hypothesis
of random orientation direction). The MagLab is designed to study the
magnetic orientation of aquatic animals. It is equipped with a triaxial
electric coil system (Fig. S2A), with a design described by (Merritt et al.,
1983), and connected to a power supply (max. 3 A). At the center of the
coils, there is a black circular tank made of fiberglass (diameter, 1.40 m;
height, 0.90 m; see Fig. S2A) and filled with seawater, which is pumped
from the sea 300 m away. The building (see fig. S2B; S2C) is con-
structed of nonmagnetic material and is far from any source of magnetic
interference (163 m from the nearest electrical disturbance and 365 m
from the closest building; Fig. S2C).

For the tests in the MagLab, we used the DISC as a behavioral
chamber, submerged in the circular dark tank (see Fig. S2A). The
chamber was of the same size as the one used for the tests in situ. Light
intensity in the tank was low and constant (around 0 lum/ft® from
HOBO light sensor on the bottom plate of the DISC frame). The DISC
was equipped with an analog compass attached to the acrylic poles of
the DISC frame and placed below the circular arena. This positioning
eliminates the possibility that the compass would be a visual reference
for the larvae.

The laboratory is equipped with two nested electric coil systems.
One was used to cancel out the horizontal component of the ambient
field. With the second coil system, we were able to generate a magnetic
field with the same total intensity as the ambient field (48.8 to 50 uT)
and to reorient the magnetic north. The intensity and inclination inside
the coil were set to match the ambient field (48.8 to 50 uT and 73°, with
a deviation of < 1°).

For these tests, we used larvae ranging between 22 and 30 DPH.
Tests were conducted from the 9th to the 17th of June 2017 (Table S2).
Each larva was observed for 15 min, with the first 5 min considered as
an acclimation period (as for the tests in situ) (Cresci et al., 2017; Paris
et al., 2013), under one of the four simulated magnetic field conditions,
with the magnetic north reoriented to the Earth's east, south, west, or
north (see Fig. S3). Each larva experienced only one of these 4 magnetic
conditions. Using this approach, we eliminated any nonmagnetic bias
that could have influenced the orientation response of the animals.
Moreover, the MagLab is designed to cancel out all the possible external
cues that animals could use for orientation except for the magnetic
field, as the animals are not exposed to water flows, odor plumes,
sunlight or any celestial cues. All tests were conducted during daytime
under artificial light.
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The orientation of the larvae was determined through the analysis of
the GOPRO images using the same process described in the previous
section (see also Fig. S1). However, the magnetic north had a different
orientation in the laboratory during each test, and the position of the
larva was corrected with respect to the magnetic north in the MagLlab
(Fig. S3, red North = 0°) using the digital compass.

3. Results
3.1. Compass orientation and swimming speed in situ

When drifting in the DISC in situ, the proportion of herring larvae
displaying significant orientation at the individual level (Rayleigh test
of uniformity applied to the track of each larva, Fig. S1.3) was 98% -
203 larvae of the 208 tested in situ had a preferred bearing (Rayleigh's
p < .05; Fig. S1.3). The herring larvae that oriented had a highly
significant common orientation direction (Fig. S1.4) towards the
southeast (N = 203; mean angle = 160°, z = 9.82, r = 0.22,
p = .00005; Fig. 1A). This common orientation direction did not
change between the 2 age groups observed in this study: 14-16 DPH
larvae oriented to the southeast (N = 91; mean angle = 166°, z = 6.15,
r = 0.26, p = .002; Fig. 1B), as did 25-28 DPH larvae (N = 112; mean
angle = 155°, z = 4.04, r = 0.19, p = .02; Fig. 1C). Younger larvae
(N = 91; 14-16 DPH) displayed significantly more precise orientation
(median of individual r values = 0.46) compared to older larvae
(N = 112; 25-28 DPH; median of individual r values = 0.34) (Mann-
Whitney test, w = 6406, P = .002). Mean orientation direction, sig-
nificance of the orientation, and Rayleigh's r values for each larva are
presented in Table S1.

Larvae of the older group were longer (total length 14-16 DPH
larvae = 10.7 [9.05-11.05] mm; 25-28 DPH larvae = 12.7
[10.7-15.9] mm (median [minimum-maximum]); Mann-Whitney test,
w = 28.5,P = .002).

The average swimming speed of the larvae was 0.37 + 0.18 cm/s;
there was no significant effect of age on swimming speed (Table 1) nor
of larval length on swimming speed (linear model: F = 0.001,
Ry = —0.005, P = .97).

3.2. Orientation and external cues: role of the sun

We calculated the angle between the orientation direction of each
larva (anortm, Fig. 2B) and the direction of the sun azimuth during each
DISC deployment (Sun azimuth, Fig. 2B) = ag, (Fig. 2B). Under a
sunny sky, larval orientation towards the azimuth of the sun was highly
significant (N = 109; mean agy, 6° z = 1492, r = 0.37,
p = .000002; Fig. 2A). In trials conducted during sunny conditions, the
average direction of the sun azimuth was south (sun azimuth, Fig. 2A),
with herring larvae significantly orienting towards the south (N = 109;
mean Ao, = 184°,z = 9.17,r = 0.29, p = .0001; Fig. 2A). However,
during overcast conditions (the azimuth of the sun was not visible to the
human eye), there was no significant orientation with respect to the sun
(Fig. 2A) and, although the sun azimuth was primarily southwest,
larvae oriented (ayorn) to the southeast (N = 94; mean ayorn = 121°,
z = 4.55r = 0.22,p = .01; Fig. 2A). Moreover, larvae swimming under
sunny sky displayed significantly higher precision of orientation
(N = 109; sunny sky; median of individual r values = 0.44) compared
to larvae swimming under overcast sky (N = 94; overcast sky; median
of individual r values = 0.38) (Mann-Whitney test, w = 4128,
p = .02). During overcast weather, the light intensity was significantly
lower compared to sunny weather based on HOBO data from the DISC
(less than half; ANOVA: Df = 1, F = 51.1, P < < 0.01, Fig. 2Q).

3.3. Orientation and external cues: role of the earth magnetic field

The proportion of orienting larvae in the MagLab was the same as in
situ (98%). In the lab, 133 of the 136 larvae tested displayed significant
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Fig. 3. Magnetic orientation of herring (Clupea harengus) larvae in the magnetic
lab. Each blue data point is the mean bearing of one haddock larva in the
magnetic laboratory (N = 133). During the experiments, the magnetic north in
the laboratory was rotated for each larva (i.e. the magnetic north in the lab had
a different direction for each of the blue data points). The orientation of each
larva was corrected to the artificially rotated magnetic north in the laboratory
(red magnetic north in fig. S3). Herring did not display significant magnetic
orientation (Rayleigh'sp > .05). (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

orientation. However, we did not find evidence of magnetic orientation
- the 133 larvae exhibited random orientation relative to the rotated
magnetic north (Rayleigh's P > .05, Fig. 3). Mean orientation direc-
tion, significance of the orientation, and Rayleigh's r values for each
larva are presented in Table S2.

4. Discussion

4.1. Swimming and orientation behavior in herring and implications for
dispersal and retention

Herring larvae displayed directional, oriented swimming in situ.
This ability has been observed in the larvae and post larvae of multiple
genera of fish, including Pomacentridae, Sparidae, Apogonidae,
Anguillidae and Gadoids (Bottesch et al., 2016; Cresci et al., 2019c,
Cresci et al., 2017; Faillettaz et al., 2015; Irisson et al., 2015; Kough
et al., 2014; Leis, 2010; Paris et al., 2013; Rossi et al., 2019). Simula-
tions performed using biophysical coupled models suggest that, at
subarctic latitudes, vertical and horizontal movement behavior of
larvae significantly affects dispersal, especially in proximity of
boundary currents (Fiksen et al., 2007; Vikebg et al., 2007). For
Atlantic herring (Clupea harengus), there is little empirical data de-
scribing their swimming and orientation behavior in situ, which is
needed to improve modelled predictions of their dispersal. The results
presented here provide evidence that 14-28 DPH herring larvae per-
form oriented horizontal swimming and maintain the same orientation
direction throughout this ontogenetic period.

In the northeast Atlantic, herring are regarded as comprising two
main groups: the Atlantic-Scandinavian winter-spring spawning stocks,
which migrate off the continental shelf, and another group spread
around the whole west coast of Norway (Norwegian Spring spawning
herring), from the Lofoten Islands to the Skagerrak area (Haegele and
Schweigert, 1985). In the North Sea, herring spawning grounds are
spread along the eastern Scottish and British coasts, and along the
southwestern coast of Norway and Sweden (Haegele and Schweigert,
1985). However, although these two herring populations have been
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considered separate stocks in the past, genetic data from microsatellite
analysis suggests that the North Sea herring might belong to a single
unit-stock (Mariani et al., 2005).

In the area of the North Sea and along the Norwegian coast, adult
herring perform two major migrations: a spawning migration from the
northern feeding areas in the Norwegian Sea towards the spawning
areas to the south-southeast (More, Haltenbanken and Rest), and a
feeding migration in the opposite direction (northwest) from the
spawning areas to the feeding grounds around Iceland (“migrating
herring”) (Dragesund et al., 1980). The herring larvae tested in situ in
this study consistently oriented towards the southeast (Fig. 1). Fur-
thermore, their orientation direction was more strongly southward
when the sun was available as a cue for orientation. Several minor
spawning areas are located along the coast of south-western Norway
and the Baltic Sea; these local herring stocks are referred to as “coastal
spawners” and do not migrate as extensively as, for example, the more
northern stocks (“migratory herring”) outside the North Sea (Haegele
and Schweigert, 1985). As the herring larvae used in this study came
from a local stock (collected in Askgy), it is possible that the orientation
direction that they displayed is a retention mechanism of local “coastal
spawners” (Haegele and Schweigert, 1985; Rossi et al., 2019). If this is
the case, the orientation to the southwest would delay/contrast north-
ward drift with the Norwegian Coastal Current (NCC) (Mork, 1981).
Conversely, it is possible that, for larvae of “migratory herring”, or-
ientation towards the SE would help them move between retention
areas and transport areas within the NCC. The NCC has two main drift
routes that carry herring larvae along the Norwegian shelf, one main
inner route along the coast and a secondary route following the shelf
break (Satre, 1999). Between these routes, there are stable eddies,
which represent retention areas and spawning sites for migrating her-
ring (Seetre, 1999). Orientation to the SE would increase the chances of
leaving the retention eddies and entering the main inner drift route
closer to the coast (which has the fastest transport velocity) to start the
feeding migration.

The precision of the orientation (r values) of herring larvae was
relatively low (median r was 0.46 for 14-16 DPH larvae and 0.34 for
25-28 DPH larvae) when compared to that reported in studies on or-
ientation in the larvae of tropical reef fish (Leis et al., 2015, Leis et al.,
2014). Observations of the orientation behaviour of fish larvae in situ
using the DISC report less precise directionality than those made using
the ‘following methodology’ (Leis et al., 2014), which is based on ob-
servations of freely-swimming larvae followed by a diver (Leis et al.,
1996). However, comparisons between the methods using larvae from
the same origin, at the same developmental stage, and tested in the
same area at the same time are necessary to better understand the effect
of the methodologies on the quantification of larval directionality. The
lower r values observed for herring larvae could be related to the
limited space that they have to swim in the DISC chamber. However,
these results might also reflect the tendency of herring larvae to explore
their environment: they swam around the edges of the DISC chamber
continuously and did not hold their position as other species, like ga-
doids, do (Cresci et al., 2019c¢). This continuous exploratory swimming
would produce a less precise estimate of orientation, as has been re-
ported in studies on anguillids using the DISC (Cresci et al., 2019b,
Cresci et al., 2017).

Herring larvae 14-28 DPH displayed oriented swimming in situ. The
degree to which this behavior influences dispersal in larvae of this size
remains an open question. Herring larvae would not be able to swim
faster than the ambient current in which they are drifting and, there-
fore, passive transport is likely the dominant factor in their dispersal.
Nonetheless, there are several reasons why the oriented swimming re-
ported in this study could still influence their dispersal ecology. The
herring larvae swimming in the DISC in situ (at 12-13.5C°, Fig. S4)
displayed an average speed of 0.37 =+ 0.18 cm/s and a maximum
speed of 3.41 + 2.33 cm/s (mean * SD). These speeds are consistent
with those reported for herring larvae 1-2 cm long observed in the
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laboratory: 0.5-6 cm/s at temperatures of 8-14C° (Batty, 1984). The
maximum swimming speed recorded in this study represents the max-
imum speed of the larvae when swimming in the DISC and can be
considered a proxy for acceleration. The average speed in the DISC can
be considered as an estimate of routine speed, which is the spontaneous
speed of undisturbed larvae over a period of time that varies depending
on the study (usually several minutes) (Leis, 2006). The routine speeds
measured in the DISC underestimate true in situ swimming speeds (Paris
et al., 2013). That is because the routine speed is sensitive to the size of
the chamber in which the observations are made: the smaller the
chamber the greater the speed measured underestimates the speed in
situ (Fuiman et al., 1999; von Westernhagen and Rosenthal, 1979).
Pacific herring larvae (Clupea harengus pallasi) of the same size of the
Atlantic herring larvae observed in this study swam on average four
times faster than those tested in this study when observed in situ
without the constraint of a chamber (von Westernhagen and Rosenthal,
1979). The same study reports that Pacific herring larvae reared in the
laboratory swam three times faster, and wild-caught larvae swam four
times faster, than those in the DISC when observed under laboratory
conditions, but with a chamber of 35 cm-diameter (15 cm larger than
the DISC) (von Westernhagen and Rosenthal, 1979). Thus, in general,
the literature indicates that routine speed measured in small chambers
underestimate real speeds by 400% or more, suggesting that herring
larvae could have much higher routine speeds in the wild than that
observed in the DISC chamber.

Considering both the length of the larvae and the water tempera-
tures at this latitude, the herring larvae used in this study have low
Reynolds numbers (Re = 35-270; Fig. S6) and, therefore, swim in a
viscous regime. These values are lower than 300, which marks the
transition from a viscous to a more intermediate (inertial) hydro-
dynamic environment (Leis, 2006; Moyano et al., 2016). However,
because herring larvae can have higher routine speeds than those dis-
played in the DISC, they can actually operate at across wide range of
(higher) Reynolds numbers, and this range increases rapidly when the
larvae are just a few mm longer than those observe in this study (Fig.
S6). Herring larvae that are 15 mm-long enter an intermediate hydro-
dynamic environment when they are swimming at speeds of
2.5-3.0 cm/s (Moyano et al., 2016). This indicates that the oriented
swimming observed in this study could have some impact on dispersal
at the sizes observed and that this would quickly become more pro-
minent when the larvae are just a few mm longer.

Fish larvae can perform significant movements relative to the parcel
of water that they occupy even when swimming in a viscous regime.
Fish larval morphology is adapted to compensate for the high drag of a
viscous environment by increased thrust (Voesenek et al., 2018). Spe-
cifically, fish larvae such as herring are long and thin, possessing a fin-
fold that extends along most of the body, and they move using an an-
guilliform swimming style (Batty, 1984) with a large region along the
body that curves substantially and produces thrust (Voesenek et al.,
2018). Furthermore, closely related Pacific herring larvae move con-
tinuously and undertake around 26 bursts/min (von Westernhagen and
Rosenthal, 1979), thereby often moving towards the viscous-inter-
mediate transition regime. This argues for the possibility that they may
influence their dispersal by oriented swimming even at small sizes.

When swimming in situ, fish larvae would clearly be able to influ-
ence their drifting trajectory when their swimming speed is higher than
the mean current speed (“effective swimming”) (Leis and Stobutzki,
1997; Leis, 2006); the degree to which they can influence their tra-
jectory is dependent on their endurance (something that has been
measured for the larvae of only a very few species). However, in order
to affect dispersal, swimming speed does not have to be greater than the
surrounding current velocity (Fiksen et al., 2007; Fisher, 2005; Pepin
and Helbig, 1997). This is especially true when the direction of larvae is
orthogonal to the current speed (Leis, 2006). If larvae swim orthogonal
to the current - something that swimming in a preferred direction might
help them achieve - they can significantly influence the direction of
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their dispersal even if the current is faster than they can swim. Models
showed that simulated dispersal of cod larvae was strongly affected by
horizontal swimming speeds of 1-3 cm/s, which is lower than speed of
the current in that case study (Pepin and Helbig, 1997). Atlantic herring
hatching off the coast of Norway would become entrained in the Nor-
wegian Coastal Currrent (NCC) in which the average transport speeds of
the main (inner) drift route ranges between 10 and 16 cm/s at 64-68°N
(Seetre, 1999), which is faster than the swimming speed of herring
larvae. However, the NCC flows mostly to the northeast, and swimming
to the southeast (the orientation behaviour observed in this study)
could affect dispersal in proximity of NCC boundaries and at boundaries
of oceanographic structures because the orientation direction is close to
being orthogonal to the NCC. For example, swimming to the SE at the
speeds observed in this study could affect the fate of herring larvae at
the boundaries of NCC eddies, where they can be retained for a period
of 10-50 days (Setre, 1999).

Whether herring larvae can actively influence their dispersal at this
size is still unknown and the scenarios discussed above need to be ex-
plored in future work using biophysical coupled models.

4.2. Orientation cues

Some fish species use the magnetic field of the Earth as an or-
ientation cue during the early life stages. This was reported in tropical
fish larvae (Bottesch et al., 2016; O'connor and Muheim, 2017) and, at
subarctic latitudes, in glass eels (Cresci et al., 2019a, Cresci et al., 2017)
and in larvae of Atlantic haddock (Cresci et al., 2019c). In this study,
the orientation direction of 14-28 DPH herring larvae was not related
to the magnetic field. Herring larvae may lack this orientation ability.
However, it is also a possible that they develop it later in life, something
that we will assess in future work.

Orientation in situ was significantly correlated with the direction of
the sun, suggesting that the mechanism involved is visual. Furthermore,
herring larvae displayed significantly higher precision of orientation at
the individual level when the sky was clear. This is consistent with
earlier studies reporting that tropical fish larvae such as C. atripectoralis
are strongly directional under sunny conditions, but the ability to orient
is reduced when the sky is overcast (Leis et al., 2014; Leis and Carson-
Ewart, 2003). Additionally, the larvae of coral reef and Mediterranean
species of fish display better orientation when the altitude of the sun is
lower (Faillettaz et al., 2015; Leis et al., 2014), implying that the sun is
used by these larvae as an orientation cue.

In this study, herring significantly oriented straight towards the
direction of the sun when the sun azimuth was visible to the human eye
(Fig. 2A). However, under overcast conditions, larvae oriented towards
the southeast. This orientation direction could be related to the e-vector
of polarized light (Waterman, 1988). Orientation to polarized light is
widespread in aquatic animals and it has been observed in many species
of marine invertebrates (Chiou et al., 2008; Cronin, 1986; Lerner and
Browman, 2016; Shashar and Cronin, 1996). This ability has also been
reported in several species of fish, such as rainbow trout (Oncorhynchus
mykiss) (Hawryshyn et al., 1990), damselfish (Chromis viridis) (Mussi
et al.,, 2005), sockeye salmon (Dill, 1971), and herring (Waterman,
1988).

Herring larvae have well developed eyes from early in ontogeny and
feed on small zooplankton, which they locate visually (Blaxter, 1968).
Herring larvae display a preferred orientation direction with respect to
the e-vector of polarized light, specifically at 45° and 90° to the e-vector
(Waterman, 1988). The underwater polarized light field has been
measured in situ in shallow clear tropical water (Cronin and Shashar,
2001) and in the Gulf of Eilat (Red Sea) (Lerner et al., 2011). These
studies show that the axis of the e-vector varies between 45 and 90°
from the axis of the sun azimuth (Cronin and Shashar, 2001). Thus, it is
possible that the orientation response of herring larvae observed in situ
depended on both the e-vector of polarized light and sun azimuth-re-
lated orientation. The polarized light field is still present under overcast
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sky (Brines and Gould, 1982), and this might explain why in these
conditions the larvae oriented to the southeast even though the sun
azimuth was primarily southwest (around 90° from the axis of the sun
azimuth). In future research we will assess the orientation of herring
larvae to polarized light.

4.3. Limitations of the study

In this study, we assessed orientation and swimming speeds of
14-28 DPH herring larvae. Future studies should investigate a larger
range of sizes and developmental stages targeting, for example, how
metamorphosis and further growth affects swimming and orientation,
including whether larger herring develop a magnetic sense and orient
to the Earth's magnetic field. Finally, future work should investigate
whether herring larvae belonging to different stocks and locations
display different orientation behavior, as this is relevant to understand
the dispersal and mixing (or lack thereof) of different stocks.
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