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ABSTRACT

We studied vertical distribution and diel vertical migration (DVM) behaviour of mesopelagic acoustic scattering layers in relation to environmental conditions in the
Norwegian Sea, the Iceland Sea, the Irminger Sea, and the Labrador Sea. Distinct mesopelagic scattering layers were found in all basins, but the daytime depth of the
layers varied between basins. The results suggested that daytime vertical distribution across the four basins are strongly influenced by optical conditions. DVM
occurred in all basins, and since daytime vertical distribution was influenced by optical conditions, it affected the amplitude of vertical connectivity. We used the
proportion of the acoustic backscatter that migrated vertically into the epipelagic zone as a proxy for active vertical flux to the mesopelagic. The proportion of
micronekton backscatter participating in the vertical migrations varied between the basins, with the highest and lowest vertical connectivity in the Norwegian Sea
and the Iceland Sea respectively. We conclude that a more than 8-fold reduction in backscatter flux in the Iceland Sea was primarily attributable to optical conditions
there, as high nighttime light levels appeared to exclude the micronekton from the epipelagic zone.

1. Introduction

The connectivity between the upper and the lower ocean is strongly
influenced by patterns of vertical biomass structure and involve animals
performing interzonal DVM. Accumulated scientific evidence suggest
that the mesopelagic domain is home to a large biomass of organisms
(Gjgseeter and Kawaguchi, 1980; Kaartvedt et al., 2012; Irigoien et al.,
2014). As primary production at mesopelagic depths is nil, the vertical
transport of energy (organic carbon) to these depths must be an
important factor structuring mesopelagic ecosystems (Sutton, 2013).
Many of the mesopelagic organisms perform diel vertical migrations,
thereby contributing to vertical fluxes of carbon and nutrients, while
others are permanent residents of mesopelagic depths and rely on car-
bon and energy being transported to their vertical horizon. Some studies
have concluded that the contribution of mesopelagic organisms to
overall vertical transport of carbon is relatively small (Longhurst and
Glen Harrison, 1989), while other studies suggest that the fish-mediated
carbon flux to the deep sea is potentially huge (Davison et al., 2013;
Irigoien et al., 2014; Klevjer et al., 2016). While the contribution of
mesozooplankton to the active carbon transport has been fairly well
studied (Steinberg et al., 2000; Hernandez-Leon et al., 2010) the
contribution from micronektonic mesopelagic organisms is largely a
black box, with global quantification still in its infancy (Irigoien et al.,
2014; Klevjer et al., 2016; Aumont et al., 2018). While a large portion of
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this uncertainty is caused by uncertainties in mesopelagic biomasses
(Kaartvedt et al., 2012; Irigoien et al., 2014; Proud et al., 2018),
increased knowledge of large-scale patterns in migratory behaviour
(Klevjer et al., 2016) and amplitudes (Bianchi et al., 2013) are also
required to determine the fish-mediated carbon flux.

Our current ecological basis for the open ocean vertical zonation
scheme are light-levels (Sutton, 2013), and both early and recent studies
of vertical structures in mesopelagic scattering layers have found strong
relationships between vertical biomass patterns and light penetration
(Kampa, 1971; Dickson, 1972; Aksnes et al., 2017). However, oxygen,
temperature and other environmental factors also correlate with the
vertical connectivity through e.g. their influence on migratory behav-
iour, which varies extensively globally (Bianchi et al., 2013; Klevjer
et al., 2016). Although light forms the basis for the oceanic vertical
zonation scheme and has a pivotal role in shaping vertical structure of
life in the oceans, light characterization is seldom made in mesopelagic
studies (but see Kampa, 1971; Widder et al., 1992; Aksnes et al., 2017).
Here, variables such as salinity, temperature and oxygen are more often
reported. Since vertical structure and behaviour do correlate with these
variables (Bianchi et al., 2013; Klevjer et al., 2016), they are potential
explanatory variables. The lack of direct observations of light at depth,
which is known as the main proximate cue for DVM behaviour and
thereby active vertical flux, is unfortunate (Kaartvedt et al., 2019). Here,
we use observations from four key basins of the North Atlantic Ocean to
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establish the vertical structure and DVM amplitude to assess the
animal-mediated vertical connectivity across these basins. While pre-
vious studies have described patterns in mesopelagic acoustic scattering
across these 4 basins (e.g. for instance Magntsson, 1996, Dale et al.,
1999; Anderson et al., 2005; Pepin, 2013, Norheim et al., 2016), we are
unaware of any studies comparing the patterns of vertical distribution
and vertical migrations across these 4 basins. Furthermore, we investi-
gate to what extent these patterns are related to environmental variables
including the optical environment.

2. Methods

Data were collected in the period May 3rd to June 13th, 2013, during
transit and at dedicated stations along the cruise track of RV G.O. Sars
(Fig. 1).

2.1. CID

A Seabird SBE 9 conductivity, temperature and depth probe (CTD)
equipped with a rosette with Niskin bottles was used to sample addi-
tional environmental parameters. The Niskin bottles provided water
samples for analysis of nutrients (nitrite, nitrate, phosphate and silicate)
levels, and from selected depths water was also filtered to analyse
chlorophyll levels. In addition to the standard temperature, conductivity
and pressure sensors, the CTD was also equipped with electronic fluo-
rescence (Chelsea Aquatracka III), oxygen (SBE 43) and PAR (Bio-
spherical/Licor) sensors. The deployment of the PAR sensor was
dependent on depth of deployment, standard deployments of the CTD
were from 0 to 1000 m, but frequently the CTD was deployed all the way
to the bottom. Since the fluorescence sensor on the Seabird CTD
(Chelsea Aquatracka III Fluorometer) was not calibrated prior to the
cruise, we calibrated the fluorescence measurements using chlorophyll a
from Niskin water bottle samples (263 ml) filtered using glass fiber fil-
ters (Munktell #25 mm, pore retention 0.7 pm) that were stored at —20
°C until acetone extraction and analysis on shore. We did this by
comparing measured Chl a in water samples from discrete depths with
fluorescence measurements from the sensor, allowing fluorescence
measurements to be collected +2 m from the chlorophyll measurement
(on the downcast, water samples were collected on the upcast), at the
same geographical position. A linear regression (model type 2, assuming
measurement error in both predictor and response variables) was then
fit after log-transforming the fluorescence and Chl a values, this
regression equation was later used in converting fluorescence mea-
surements to chlorophyll concentrations.

2.2. Underway measurements

A Vaisala MILOS 520 Weather station recorded data on wind speed
and direction, air temperature, and atmospheric pressure every 10 min.
Deck irradiance (PAR, photosynthetically active radiation) was
measured with a PAR LITE sensor (Kipp & Zonen; www.kippzonen.com)

Fig. 1. Cruise track overlayed on satellite derived Chlorophyll a values for May
2013. The cruise covered areas of the Norwegian Sea (NS), the Iceland Sea
(ICS), the Irminger Sea (IRS) and Labrador Sea (LS).
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connected to the weather station and were stored every 10 min. In
addition a Seabird SBE 21 CTD monitored water from the vessels water
intake at 8.5 m depth, continuously recording conductivity, temperature
and fluorescence (WET Labs WETstar) along the cruise track.

2.3. Acoustics

Acoustic data were collected with the ships Simrad EK60
echosounder system, with transducers mounted on a drop-keel. A total
of 6 frequencies were available, but for this work only data from the
hull-mounted 38 kHz transducer is included. For this analysis we used
the acoustic data where standard noise-removal algorithms had been
run in KORONA (Korneliussen et al., 2006, 2016), including removal of
TVG amplified noise and noise spikes from other instruments etc. The
data were then scrutinized to remove remaining periods of noise, and 38
kHz data for the water-column down to 950 m was then integrated
twice, once at a threshold of —90 dB, and once at a threshold of —60 dB,
using a bin-size of 600 s by 5 m vertical, similar to the methodology used
in (Knutsen et al., 2017). No attempts were made to classify the scat-
tering components in this dataset, we present only the difference in in-
tegrated backscatter at the two thresholds, i.e.:

NASCd = NASC[Thr = —90 dB] — NASC[Thr = —60 dB], In the
following we use the term “backscatter” to refer to this quantity. This
quantity represents the total backscatter added between the 2 thresh-
olds, and we processed the data in this way in order to exclude echoes
from schooling epipelagic fish. The results are presented as Nautical
Area Scattering coefficients (NASCd, m> nmi'z), or converted into mean
volume backscattering strengths for the bins for presentation in echo-
grams. Data were split into day and night. In order for this analysis to
contain as many days as possible, we defined daytime and nighttime
periods on the basis of sun altitude, with data defined as daytime when
the sun was more than 6° above the horizon. The cruise spanned ~60
degrees of longitude, and ~10 degrees of latitude during the northern
summer. Nighttime data was accepted as time bins where the sun was
below the horizon. In order to make the timing comparable between
different areas we use apparent solar time in some of the analyses. At
apparent time, solar noon occurs at 12:00.

Following (Klevjer et al., 2016) we assessed the amount of back-
scatter migrating from mesopelagic depths to the epipelagic in each of
the four basins. Since water column integrated backscatter (i.e. NASCd)
varies horizontally as well as between day and night, we calculated the
migrating proportion (MP) from relative rather than from absolute
vertical distributions of backscatter. Loss of backscatter from the
mesopelagic (in our work “defined” as 200-950 m, following a normally
accepted rule of thumb for the upper boundary (Kaartvedt et al., 2019)
and the limit of our acoustic data for the lower) during night was
interpreted as migration out of that depth range, and the migrating
proportion (MP) was estimated as the difference in proportion of water
column total backscatter found at mesopelagic depths in paired day/-
night samples. The acoustic data from this cruise showed about an order
of magnitude reduction in acoustic backscatter assigned to mesopelagic
fish from the Norwegian Sea to the Iceland Sea (Klevjer et al., 2019;
Table 1), even if the reduction in mesopelagic fish biomass between the
areas is not significant (Klevjer et al., 2019, table 2). Acoustic back-
scatter is often used as a proxy for mesopelagic fish biomass, but the
relationship is complex. The most abundant myctophid species in the
North Atlantic, Benthosema glaciale, may display regression of gas-filled
swimbladders for parts of the population (Scoulding et al., 2015). Since
gas-filled swimbladders may contribute >90% of the backscattered en-
ergy at 38 kHz (Foote, 1980), there may be little correlation between
acoustic backscatter and biomass for this species at 38 kHz. In an effort
to improve the estimates of the flux of organisms into the upper layers
during night, we additionally computed the day to night difference in
hull-mounted 120 kHz backscatter in the upper 200 m of the water-
column. At this higher frequency, swimbladder resonance is presumably
not an issue.
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Table 1
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Summary of features of backscatter, vertical distribution and DVM, split according to the different basins. Backscatter at 38 kHz are the difference in backscattering
between integrations at thresholds of —90 dB and —60 dB. Depth range refers to depth range the different parameters have been measured over. Day/night row
indicates whether measurements were taken during day or night. WMD is weighted mean depth of backscatter. Migrating proportion (MP) is calculated as the dif-
ference in proportion of backscatter found at mesopelagic depths in paired day/night samples, and migrating backscatter is the product of MP and average daytime

mesopelagic backscatter.

Backscatter 38 Backscatter 38 Backscatter 38 Backscatter 38 WMD WMD MP Migrating backscatter Migrating backscatter
kHz kHz kHz kHz 38 kHz 120 kHz
Depth 25-950 25-950 200-950 200-950 25-950  25-950  200-950  200-950 25-200
range
Day/ Day Night Day Night Day Night - - -
Night
ICS 66 36 65 33 435 410 0.09 6 0.9
IRS 1310 1099 1292 973 498 463 0.09 112 0.9
LS 741 654 568 394 305 270 0.18 104 -0.1
NS 395 154 377 66 383 211 0.78 293 4.6

Relationships between acoustic based estimates and the hydro-
graphical variables:

We investigated correlations (Pearson product moment correlation)
between vertical distribution properties and the measured environ-
mental variables. The distributional variables used were weighted mean
depth (day and night), depth of peak scattering (day and night),
migration amplitude based both on weighted mean depth and depth of
peak scattering, and migrating proportion (MP). The environmental
variables were surface salinity, temperature and fluorescence from the
underway system, as well as NASC weighted salinity, temperature and
oxygen from the CTD profile closest in time. In a first exploratory
analysis only salinity came up as significantly correlated (Pearson cor-
relation, Table SI 3) to any of our vertical distribution properties, and
only surface light came up as significantly correlated to migrating pro-
portion, when tested across the entire dataset (e.g. inter-regionally). The
gradients in the hydrographical environment across the North Atlantic
are small (at least when compared to what could be expected for a
similar distance directly north-south), and our response variable esti-
mates were noisy, with a relatively low number of day-night cycles (18)
observed in total. Since this first analysis did not identify any convincing
correlations, we focused in on the relationship between the response
variables (e.g. vertical distribution and migration) and an environ-
mental variable where our environment data spanned a strong gradient,
in situ light levels.

2.4. Light measurements and estimation of attenuation coefficients

A TriOS Ramses hyperspectral irradiance sensor was mounted at the
ship and registered incoming irradiance every 5 min. A similar hyper-
spectral sensor was also used to collect vertical profiles of downwelling
irradiance, generally deployed as close as possible to solar noon. Un-
fortunately, we did not have the possibility of obtaining simultaneous
measurements with the TriOS surface reference sensor when the vertical
profiles were undertaken. Instead, potential fluctuations in surface light
during the vertical profiles were estimated by interpolation of light in-
tensities recorded by a deck mounted PAR sensor, and subsurface light
intensities were then scaled by surface PAR fluctuations prior to esti-
mation of light extinction coefficients. We utilized light measurements
down to a depth of ~250 m. Since these measurements were taken close
to noon and at relatively high light intensities, we assume that biolu-
minescence has minimal influence on the results, though at low light
intensities the sensor requires long integration times, and does not allow
us to assess the influence of bioluminescence directly.

The TriOS instrument has a spectral resolution of approximately 3.3
nm, and measures light intensities from ~310 to 1150 nm. For our
analysis, we initially selected the wavelengths from 350 to 700 nm. Prior
to any analysis, light intensities were converted from energy units (mW
m 2 nm ) to quantum flux (mol photons m 2 s ! nmY) for each
wavelength channel. For each station depth, as well as wavelength ()),

specific attenuation coefficients (Kops()), m™ 1) for downwelling irradi-
ance were determined from the slopes of regression analyses of natural
log transformed irradiance versus depth, after scaling the underwater
light measurements for variations in surface PAR irradiance during
lowering of the radiometer. We assumed that a relative change in PAR,
during the underwater measurements, gave rise to the same relative
change in the light measurement of all the wavelength channels. The
depth specific K,p5(A) estimates were based on at least 3 measurements,
and measurements spanning at least 2.5 m in the vertical. Kps(A) esti-
mates (i.e. slopes from the regression analyses) with a coefficient of
determination lower than 0.9 were considered too uncertain and
removed from the dataset. We also filtered out estimates that were less
than the estimated attenuation coefficient of pure seawater (K,,(\) from
Morel and Maritorena, 2001). Wavelengths higher than ~550 nm and
lower than 380 nm provided low coefficients of determination, we
therefore truncated our dataset and dealt only with photon fluxes in the
spectral region from 400 to 550 nm.

2.5. A proxy model for attenuation

Light extinction is highly dependent on chlorophyll content. In a
previous study involving North Atlantic Water and Norwegian Coastal
Water (Aksnes, 2015), it was found that the light attenuation also varied
with salinity and oxygen levels. In order to assess in situ light conditions
at times and in areas where we had no underwater light measurements,
we derived a proxy, Kproxy(\), from in situ CTD measurements of chlo-
rophyll a, salinities and oxygen. As a basis for our proxy we used an
empirical wavelength specific model developed for Type I waters (Morel
and Maritorena (2001)):

Kyoret(4) = K, (2) + 1 (2) (Chi)*™ )

where K, (1) is the influence of pure water at wavelength A and the last
term is an empirical fit to the non-linear relationship between attenua-
tion and chlorophyll for each wavelength.

Our Kproxy (M) added a variable component, Kyq(A), which was related
to salinity, chlorophyll and oxygen, such that:

Kvpmxy (l) = KMureI (ﬂ) + Kvar (l) (2)

where
_ o) Sal
K,or(A) = Intercept(A) + CChl(A)(Chl)*" 4+ CSal(4) | 1 — 35298

+Cox(2) <@> 3)
7.1

The relationship between attenuation and chlorophyll is here not

linear, and the wavelength specific exponents, e(4), were assumed to

follow Morel and Maritorena (2001). Following the reasoning of Aksnes

(2015), we assumed that attenuation would be dependent on the degree
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of mixing in of freshwater, and scaled salinities by the maximum salinity
(35.298) found in the Norwegian Sea. Oxygen was scaled to reflect
reduction from highly oxygenated water. We then estimated the four
other coefficients, Intercept()), CChl(), CSal(A), and COx(A), of this
model by fitting the modelled Kprox,()) to the observed Kops(1) from all
stations and depths while using the corresponding observed values of
chlorophyll (Chl), salinity (Sal) and oxygen (Ox). We initially wanted to
fit 1 empirical model per basin, but mixing high and low chlorophyll
data tended to give unrealistically low values of Kproxy(A) at low chlo-
rophyll concentrations. We therefore split the dataset at an arbitrary
value of 0.25 mg Chlorophyll a m~>. The reduced amount of data per
basin forced us to pool the measurements from low chlorophyll envi-
ronments into 2 regions, an eastern region containing the Norwegian
and Iceland Seas, and a western region consisting of Irminger and Lab-
rador Seas. In instances where the results still were based on regressions
of fewer than 20 datapoints, we estimated parameters using the results
of a global (i.e. all regions combined) regression. For the eastern regions
there were few datapoints also at the high levels of chlorophyll, so data
for the Norwegian and Iceland seas were pooled also for high (>0.25 mg
Chlorophyll a m~2) chlorophyll concentrations.

The proxy model (Egs. (1) and (2)) was used to approximate un-
derwater irradiance (E(z)) in the wavelength band 400-550 nm from the
continuously measured surface irradiance and the salinity and fluores-
cence measurements from CTD casts:

E(z)=F* io: Eo(A)*exp < — /0 Kprox (4, D‘)d()’) 4

24=400

where Eg(}) is measured surface light at wavelength A. The exponential
expression of Eq. (4) calculates the attenuation between surface and
depth z. F is a factor correcting for reflection of light in the air-water
interface, based on local height of sun. We used formulas from Kirk
(1994) to model this, and in this formula reduced the total modelled
reflectance by 25% to reflect that we in general had rough water sur-
faces. In order to assess overall goodness of fit of the output from the
model, we compared output from the proxy model (Eq. (4)) with
measured photon flux for the band 400-550 nm at the stations where we
had data available. Since the input data for the proxy model estimates
did not overlap in time with the measurements, both estimated and
measured photon fluxes were normalized by levels estimated or
measured at 50 m. The depth of 50 m for normalization was chosen
partially to minimize potential effects of ship-shadows and
wave-focusing of light (Silveira et al., 2014), and partially because we
primarily are interested in irradiances in deep waters anyway.
Root-mean-square (rms) errors were then calculated as the deviations
between the model estimated and the measured photon flux (deeper
than 50 m), normalized by the absolute (normalized) measured value,
and reported in percent. We additionally report Pearson correlations (R)
between log10 transformed estimates and measurements deeper than
50 m.

2.6. Assessing light available to organisms at depth

Using spectrally resolved surface light, the empirical models for
Kops(\) and results from CTD casts, we estimated light levels (by use of
Eq. (4)) for all 600 s intervals by 5-m vertical bins, which corresponded
to the resolution of the acoustic analysis. The resulting irradiance matrix
(depth and time) estimate the total ambient irradiance of the acoustic
scatterers (also represented in depth and time). The visual pigments of
the mesopelagic organisms however also have absorption coefficients
that vary with the wavelength of the light, the light actually available to
the animals depends on the spectral overlap of the visual pigments with
the total ambient light level. Myctophids were an important component
of the mesopelagic micronekton in all the basins (Klevjer et al., 2019),
and probably are a major component of the scattering layers. In order to
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assess light levels available to mesopelagic organisms we used mycto-
phids as a model organism, and further convolved total ambient irra-
diances with a model of myctophid visual pigment spectral response
following Turner et al. (2009). Myctophids typically have absorption
maxima in the region 480-492 nm (Turner et al., 2009). We followed the
parameterizations used in Turner et al., (2009), using a wavelength of
maximum absorption of 480 nm, and report the resulting unit as
“myctophid lux” (mylux), which is spectral photon catch rate of an area
of a myctophid retina, in pmol photons m 2 s~ 1.

3. Results

To simplify comparison of the environmental variables with the
acoustical data, we present vertical profiles showing median values per
1 m depth strata for each basin (Fig. 2). In general, environmental
conditions in deeper strata were similar for NS and ICS, and for IRS and
LS, though conditions at shallow depths were different. Deep waters in
NS and ICS had temperatures of ~ -0.5 °C and salinities greater than
34.9 PSU, whereas deep waters in IRS and LS had temperatures
approaching 4 °C. In NS, ICS and IRS temperatures increased towards
the surface, whereas LS was characterized by fresher and colder tem-
peratures towards the surface (Fig. 2). In ICS and particularly LS salin-
ities also decreased towards the surface. Oxygen levels were above 6 mL
L 1inall basins, down to a depth of 1000 m (Fig. 2).

3.1. In situ light levels and the proxy model

The results of the proxy model for the photon flux in the 400-550 nm
band is given in Fig. 3, with full parameter sets and individual goodness
of fit values per area, chlorophyll level and wavelength given in the
supplementary information (Table SI 1,2). The light profile measure-
ments and CTD casts, which formed the basis for the empirical model,
were not concurrent. Both datasets were therefore normalized with
respect to irradiance levels at 50 m depth. For most of the stations, the
results of the proxy model reproduces general patterns in the attenua-
tion of measured in situ irradiance levels reasonably well (Fig. 3, Fig. SI
1). Deeper than 50 m the Pearson correlation between logl0 trans-
formed measured and estimated irradiances ranged from 0.83 to 0.98,
with root-mean-squared errors in the range 9-213%, suggesting that
even if the model manages to account for most of the variability in light
levels with depth, some unexplained variation remains.

Light at depth is often estimated through total (i.e. wavelength in-
tegrated) irradiances, but the spectral distribution of the available light
affects what is actually available to the organisms. Fig. 4 shows
measured spectral distribution at depths where the integrated light in-
tensity for the 4 basins were approximately equal, along with the
modelled spectral sensitivity of a myctophid with maximum sensitivity
at 487 nm. Based on this model (Turner et al., 2009), for the given light
intensity range, the ratio of “myctophid” available (e.g. mylux) to total
irradiance varies from 26% (LS) to 78% (ICS).

3.2. Vertical distribution and diel vertical migration

Total backscattering levels (NASC) varied between the areas with the
highest daytime levels found in IRS (1310 m? nmi~2) and the lowest in
ICS (66 m? nmi~2) (Table 1), with LS (741 m? nmi~2) and NS (395 m?
nmi~?) at intermediate levels. Most of the backscatter (e.g. 38 kHz
backscatter difference, see methods) originated from mesopelagic
depths (e.g. here defined as 200-950 m) during daytime (ICS 99%, IRS
99%, LS 77%, NS 95%). During daytime the weighted mean depth of
average backscatter was shallowest in LS, followed by NS and ICS
(Figs. 5, 6, Table 1), with IRS having the deepest distribution. The LS
data (Figs. 5, 6) show a relatively shallow center of distribution of
daytime 38 kHz backscatter, with the upper edge of the scattering layer
found shallower than 200 m throughout the diel cycle. The presence of a
weak non-migrating layer at ~700 m depth coincides with the
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Fig. 2. Hydrographical vertical profiles per basin, based on median values per depth range.

approximate depth of the lower edge of the scattering layer in IRS
(Fig. 5). In both NS and ICS only small amounts of 38 kHz backscatter
occurred below ~600 m regardless of time of day.

In all areas weighted mean depths (WMD) shifted upwards during
night (Table 1), but the magnitude of the upwards shift in WMD varied.
Diel variations in WMD were most pronounced in the NS (172 m), with
much lower values estimated in LS (35 m) and IRS (35 m) and the ICS
(25 m). In both NS and ICS the diel vertical migrations (DVM) appear to
include a high proportion of the total 38 kHz backscatter, but very little
of this migrating backscatter in ICS actually reaches 200 m (Figs. 5, 6). In
IRS and LS only a proportion of the 38 kHz backscatter appears to shift
upwards during nighttime (Figs. 5, 6). Migrating proportion from the
mesopelagial (MP) estimated from the 38 kHz data therefore varied
between the areas, with an estimated 9% of backscatter migrating in IRS
and ICS, 18% in LS, and 78% in NS. The estimated backscatter flux at 38
kHz from mesopelagic to the epipelagic depths therefore actually peaked
in the NS (migrating NASC: 293 m? nmi’z), was lowest in the ICS (6 m?
nmi~2) and was reasonably similar in ICS and LS (respectively, 112 and
104 m? nmi’z).

The 120 kHz backscatter flux, estimated from the diel changes in

backscatter in the upper 200 m, showed a high variability in the paired
day-night samples (mean NASC night to day difference/standard devi-
ation in NASC difference, in units of m? nmi~2), with the lowest esti-
mated flux into the upper 200 m in the Labrador Sea (—0.1/1.4), very
similar results for Irminger Sea (0.9/1) and Iceland Sea (0.9/1.6), and
slightly higher values in the Norwegian Sea (4.6/5.1).

For all areas daytime peak backscattering levels were found between
the 1.3*1077 and 8*10® pmol m~2 s~ mylux, and for ICS more than
50% of the backscatter were found within those same light levels
(Fig. 6). In all 4 areas nighttime peaks of backscattering are also close to
the same light levels. In the NS the daytime distribution has an addi-
tional peak at higher light intensities (Fig. 6), but 50% of backscatter
was found at light intensities lower than ~10~® pmol m~2 s™! mylux
(Fig. 6). There are hints of bimodality also in the IRS distribution
(Fig. 6), in both these cases the echograms suggests the presence of an
additional scattering layer separated from the main layer (Fig. 5). While
peak backscatter in LS occurs at light intensities similar to the other
areas, the distribution is wide, and has more backscatter at lower light
intensities compared with the other areas (Fig. 6).

The daytime irradiance for the mesopelagic scattering layers,
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171 was from IRS, while the corresponding CTD profile was from LS.

estimated as in situ light from the proxy model weighted by a theoretical
myctophid eye spectral response, suggests that the migrating mesope-
lagic layers centered on a narrow range of light intensities, common to
all the basins (Fig. 6). In ICS, nocturnal surface light levels were high
enough, and in situ attenuation (Fig. 3) was low enough, that this
“myctophid isolume” never came above 200 m (Figs. 5, 6). Conse-
quently, during the diel vertical migration, only ~10% of backscatter
reached the upper ocean (Table 1), in this work defined as the upper 200
m. This despite an apparently high fraction of backscatter migrating
upwards in ICS (e.g. Figs. 5, 6). In contrast, the combination of lower
nighttime surface light intensities and higher in situ attenuation
(Figs. 3-5) found just south of the ICS in the NS allowed the “myctophid
isolume” to enter the upper 200 m of the ocean, resulting in ~78% of
backscatter migrating up from below (Figs. 5, 6). As a result of the
combination of the large variation in proportion of backscatter
migrating into the upper ocean, as well as a higher mesopelagic back-
scatter, the backscatter flux between the upper and lower ocean was
almost 50 times higher in the NS than in the ICS, which could have

profound impacts for the active flux here. A high proportion of back-
scatter shifted upwards from its daytime depth in both the NS and ICS
(Figs. 5, 6), while in LS and ICS a smaller fraction of the total backscatter
appeared to participate in diel migrations. Thus, despite higher total
backscattering levels in LS and ICS, estimated 38 kHz backscatter fluxes
between the meso- and epipelagic habitats (defined as 200 m depth)
were lower than in NS (Table 1).

4. Discussion

Carbon transported by vertically migrating animals form the active
component of the biological carbon pump (Turner, 2015 and references
therein), therefore understanding the factors that influence vertical
migration is essential to understanding the active transport of carbon to
depth (Bianchi et al., 2013, 2013b; Klevjer et al., 2016). Studies have
reached widely different conclusions when it comes to the relative
importance of active flux, with the contribution of zooplankton active
transport ranging from 4 to 70% of POC passive flux (Turner, 2015, and
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references therein). The contributions of micronekton to active flux has
traditionally received less attention, but since biomasses of mesopelagic
micronekton are huge (Gjgsater and Kawaguchi, 1980; Irigoien et al.,
2014), and these organisms often show DVM with large amplitudes
(Klevjer et al., 2016), the contribution to the active pump is potentially
large (Davison et al., 2013).

Since the daytime depth of vertical migrators is an important factor
in determining where in the water-column the actively transported
carbon is injected, changes in vertical structure will also influence the
overall export of carbon from the upper ocean. During the initial phase
of applying acoustic methods in scientific studies, several large-scale
visualizations of vertical distribution in the oceans were produced
(Dickson, 1972; Beklemishev, 1981). The increased focus on the
importance of vertical distribution and vertical migratory behaviour of
mesopelagic organisms to vertical carbon flux (Davison et al., 2013;
Hudson et al., 2014) have led to a renewed interest in such large-scale
studies, and also high-lighted the correlation between hydrographic
variables and vertical distribution (Bianchi et al., 2013; Irigoien et al.,
2014; Klevjer et al., 2016; Béhagle et al., 2016).

While carbon flux to the mesopelagic zone is often studied in the
context of carbon sequestration, this carbon flux also represents an
important energy input to the mesopelagic ecosystems. The combined
flux mediated through vertical migration and passively sinking flux
determine how much energy is available to the organisms here, and non-
migrating organisms fully depend on energy input from either passively
sinking particles (Turner, 2015), from active migrators (Hernande-
z-Leon et al., 2001; Davison et al., 2013), or from material either sub-
ducted or mixed down to mesopelagic depths (Calleja et al., 2019). For
the 2 first mechanisms, the energy reaching the mesopelagic has been
subject to respiration losses on the way, which will serve to lower the
fraction of primary production that is available to mesopelagic organ-
isms. Bacterial metabolism is believed to be the most important energy
sink at mesopelagic depths, and the metabolic requirements of other
mesopelagic organisms, including at least 1 billion tonnes of

550 600

mesopelagic fish globally (Gjgsaeter and Kawaguchi, 1980), comes in
addition to the bacterial metabolic requirements.

The data from this study document large variations in both vertical
distributions and proportion and total level of backscatter vertically
migrating into the epipelagic across four North Atlantic basins. This
implies that the strength of the “micronektonic” active pump varies
across these basins. Our results suggest that light levels available at
depth had a very strong influence on both the vertical distribution and
the proportion of backscatter migrating into the epipelagic zone, high-
lighting the importance of light in the mesopelagic zone.

4.1. Vertical distribution

On a global scale, which includes hypoxic and anoxic areas, oxygen
levels have been found to correlate with both migration amplitude
(Bianchi et al., 2013) and migrating proportions (Klevjer et al., 2016) of
scattering layers as well as with light penetration (Aksnes et al., 2017).
In our study, dissolved oxygen was always higher than 6 mL L™! and
effects of oxygen variations are unlikely. Even if distribution and mi-
grations for deep scattering layers have been found to correlate with
temperature or temperature differences on a global scale (Bianchi et al.,
2013a; Klevjer et al., 2016), the relatively minor gradient across the 4
basins may not have a strong (i.e. detectable in our case) effect. Tor-
gersen et al. (1997) concluded that temperature regimes were likely of
minor influence on the vertical structure and migration of Mueller’s
pearlside in oceanic areas of the NS, and Magntisson (1996) found no
influence of temperature on vertical distribution of scattering layers in
the IRS. Measures of salinity were correlated with some aspects of
mesopelagic distribution and behaviour (Table SI 3), but the salinity
measures are likely to be a proxy for watermasses in this case: we are not
aware of any ecological studies or theories linking mesopelagic behav-
iour mechanistically to salinity.

While daytime backscatter originated from a wide depth range across
the basins (Fig. 6 A), in terms of estimated light intensities, peak daytime
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Fig. 5. Echograms of acoustic backscattering difference (38 kHz, sy@-90 - sy@-60, see methods), averaged over apparent time (solar noon is at 12:00 apparent
time). Panel A shows first crossing of NS, panel B ICS (together covering the period from 04/05/2013 to 12/05/2013), panel C shows first crossing of IRS (from 15/
05/2013 to 18/05/2013), while panel D shows second crossing of LS (from 25/05/2013 to 30/05/2013). Black lines and points show the averaged surface irradiance
(400-700 nm) measured by the surface reference hyperspectral TriOS sensor (note scale on right hand side), outlining the daily cycle of light variation. Red lines and
points indicate the depth of 4.5x Z, (e.g. Lehodey et al., 2015) for all regions, estimated from the ratio of surface irradiance 400-700 nm and proxy model estimated
light at depth (400-550 nm). Black horizontal lines indicate 200 m depth, used to separate meso- and epipelagic zones.

backscatter was found close to the 1077 pmol m~2 s} mylux isolume
across all four basins (Fig. 6 B). Similar patterns have recently been
reported by Aksnes et al. (2017), who found a correlation between op-
tical properties of water masses and vertical daytime distribution of
scattering layers, so that globally distributed scattering layers occupied
a relatively narrow range of light intensities (25 and 75 percentiles of
mesopelagic backscatter spanned 10~ to 10~° pmol m~2 s~1 (400-700
nm), Aksnes et al., 2017). This range has been dubbed a mesopelagic
“light comfort zone” (LCZ), and emerges if animals actively avoid too
high and too low light intensities (Dupont et al., 2009). According to the
“antipredation window” hypothesis (Clark and Levy, 1988), such
proximate light induced behavior is expected to evolve as a compromise
between the need for light to forage, yet avoiding light intensities high
enough to let their predators efficiently detect them.

Regardless of the ultimate cause, organisms that swim within a LCZ
will perform DVM in synchrony with diel changes in incoming light
(Dupont et al., 2009). They are also expected to change vertical position
on other time scales, e.g. as consequence of changes in light caused by
cloudiness and solar eclipses, or rapid fluctuations in light attenuation
(Kaartvedt et al., 2012b). Furthermore, individuals confined to a certain
LCZ are expected to distribute shallower along spatial gradients with
decreased water column light penetration (e.g. Torgersen et al., 1997).

Peak daytime backscatter across all four basins (Fig. 4) during our
cruise was found within a narrow window of light intensities, supporting
the hypothesis that daytime vertical distribution follows light-levels,
and is strongly correlated with the light attenuation of the water-
column above. Euphotic zone depth (Z,) is sometimes used as a proxy
for light at mesopelagic depths (e.g. Lehodey et al., 2015). Satellite es-
timates of Z., are readily available and provide large-scale quantifica-
tions of in situ optical properties. The euphotic zone depth is however

determined by attenuation in the very upper ocean, and the optical
conditions here will be more influenced by chlorophyll attenuation than
in the deeper watermasses. Extrapolation of Z, to mesopelagic depths is
also problematic as while the light level at Z,, is clearly defined (e.g. 1%
of surface light), the light at multiples of Z¢, will directly depend on in
situ diffuse attenuation coefficients. Consequently the light at multiples
of Ze, cannot be related to any “general” ratio of surface light. In our
data multiples of euphotic zone depth were poor predictors of mesope-
lagic backscatter distribution (Fig. 6).

Previous studies (e.g. Aksnes et al., 2017) have also had to rely on
integrated measures of light intensity to describe mesopelagic scattering
layer preferences. In the deep sea, this is relatively unproblematic, since
light at depth usually has a narrow spectral distribution, with good
overlap with the spectral sensitivity of the mesopelagic organisms
(Turner et al., 2009). In other words, at large depths, the spectral
composition of the light is determined primarily by the attenuation of
water itself, in addition to CDOM components. However, at shallower
depth, photosynthetic pigments will modify the spectral composition of
the light (Fig. 4), which may decrease the proportion of total light
“available” to the organisms. While these effects can be predicted to be
minimal deep in the mesopelagic zone, they will be important to or-
ganisms migrating vertically into the upper ocean. In our case, whereas
~80% of the total light (400-600 nm) was available to a myctophid at
145 m depth in the ICS, only about 25% was available at 55 m in LS.
Previous studies (e.g. Irigoien et al., 2014) have suggested that trophic
transfer efficiencies for mesopelagic fish may be higher in oligotrophic
waters. Increasing amounts of chlorophyll leads to both increased
overall attenuation, and will also lead to decreasing spectral overlap
between mesopelagic fish eye sensitivity and in situ light, and both these
factors decrease the visual range at which a predator can spot a prey
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based on natural illumination. Increasing chlorophyll levels may
correlate with increasing prey densities, but for visual predators this
increase may not result in increased encounter rates, due to deteriora-
tion of the optical environment.

4.2. Migrating proportion of backscatter

None of the typical oceanographic variables were significantly
correlated with the migrating proportion in our case. However, our re-
sults suggest that in the ICS, migration into the epipelagic was limited by
the levels of nocturnal light (Figs. 5 and 6 and Table 1). It has been
previously suggested that the light climate at high latitudes restricts the
northward extension of larger populations of mesopelagic fishes
(Kaartvedt, 2008), as both the light summer nights and dark winter
limits food availability. In a previous study, it was shown that during the
Norwegian Euro-Basin cruise nocturnal depths deepened from NS to ICS
(Norheim et al., 2016). Depending on the latitude and optical conditions
in the watermass, systematic annual patterns in the magnitude of active
flux across 200 m can be predicted. While the light summer nights are
most pronounced at high latitudes, effects of changes in nocturnal

illumination on migration depths have been reported also from
low-latitude systems (Linkowski, 1996; Hernandez-Leon et al., 2002;
Hernandez-Leon et al., 2010; Prihartato et al., 2016). Since the light
levels perceived by the organisms are controlled by both the surface
light and the in situ attenuation, optical properties of the water-column
modulate the active flux globally.

For the vertically migrating components across the basins, nighttime
peak backscatter was also found close to the levels of the daytime peak
(Fig. 6), which would be predicted if the animals follow a LCZ. In both LS
and ICS a relatively large proportion of the total backscatter remains at
depth during night-time, so they are obviously not distributing accord-
ing to a LCZ. During daytime both migrators and non-migrators are
found within the same depth range, and it is not possible to separate
these components using hull-mounted acoustics (Figs. 5 and 6). How-
ever, the data shows that peak daytime vertical backscatter is found at
the same light levels across basins (Fig. 6), regardless of actual depth
range. This strongly suggests that at a larger scale, both migrators and
non-migrators, distribute according to similar daytime light levels.
Similarly, Aksnes et al. (2017) found a strong link between daytime
vertical distribution of 38 kHz scattering layers and estimated light
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levels in a circumglobal tropical and mid-latitude dataset, but also in
their data ~50% of the backscatter remained at depth during night-time
(Klevjer et al., 2016). The overall differences in vertical structure and
migrations observed between the basins are likely influenced by dif-
ferences in the species compositions. Myctophids are recognized as an
important group among the mesopelagic fishes and are frequently ver-
tical migrators. This group made up virtually all fish biomass in catches
from ICS, and 70% in NS, but made up only respectively 50 and 23% of
catches in LS and IRS. In IRS Gonostomatids constituted ~30% of the
biomass (Klevjer et al., 2019), and this is a group where many of the
species are described as non-migratory (Gjgsater and Kawaguchi, 1980;
Olivar et al., 2017). Previous studies have highlighted that the rela-
tionship between 38 kHz backscatter and biomass can vary with latitude
(Escobar-Flores et al., 2018; Dornan et al., 2019). In these cases de-
creases in backscatter were not reflected in decreases in biomass. Due to
differences in taxonomic and size composition, 1 unit NASC is unlikely
to represent the same biomass across our 4 basins (e.g. results in Klevjer
et al., 2019). The results from the 120 kHz data are too noisy to draw
strong inference on, but they do not contradict the 38 kHz data, and
show a marginally higher increase in 120 kHz in the NS.

While taxonomic differences are likely to be important, previous
studies of acoustic scattering layers have found pronounced seasonal
variation in migration behaviour of mesopelagic fishes normally
described as diel migrators, e.g. Maurolicus muelleri and Benthosema
glaciale (Dypvik et al., 2012; Staby et al, 2013). The Norwegian
Euro-Basin cruise covered a wide geographic range, making it chal-
lenging to separate spatial and temporal patterns. We do not know
whether the low migrating proportions observed in LS and IRS repre-
sents a typical situation, or whether it is a behavioral feature of short
temporal duration. Our data is also not capable of documenting asyn-
chronous migration (Pearre, 2003). If asynchronous migrations are
important in these areas, it would serve to increase the vertical trans-
port, but while asynchronous migration of mesopelagic micronekton
have been documented in fjords (Kaartvedt et al., 2007, 2008), it has not
received enough attention in open ocean environments.

Adherence to a LCZ seems a good fit for the synchronously migrating
mesopelagic micronekton, but it falls short when it comes to explaining
why both migrating and non-migrating components are found at the
same daytime light intensities across the basins. As many “non-
migrating” species (e.g. species and individuals not migrating into the
epipelagic on a daily basis) are likely to prey on vertical migrators, a
vertical shift to track the daytime depth of the vertical migrators seems a
reasonable explanation, but we do not have data with the vertical and
taxonomic resolution needed to test that hypothesis. Recent modelling
studies have addressed the amount of carbon transported by vertically
migrating micronekton (Davison et al., 2013; Hudson et al., 2014;
Aumont et al., 2018), but a better understanding of the processes
influencing both the vertical distributions and the migrations are needed
to scale these models realistically to global and annual scales.

Differences in vertically migrating biomasses therefore have direct
implications for the transport of energy and carbon to depth. Based on
the higher levels of migrating backscatter (Table 1) in the Norwegian
Sea, one would expect an overall higher mesopelagic energy input here,
if levels of input from primary production are comparable. Mesopelagic
secondary production is hard to estimate, but it may be a paradox in our
data that IRS and LS have both higher diversity and biomass levels
(Klevjer et al., 2019), despite a lower fraction of migrating backscatter.
It could be that we missed important processes, source or sink, either due
to our limited visit, or it could be that our analysis is not suited to study
some of the important processes (e.g. for instance asynchronous
migrations).

Our data documents the need for a better understanding of the
ecological processes involved. Although the daytime vertical distribu-
tion was found to correlate well with estimated in situ irradiance levels,
and in situ light levels could explain differences observed in the
migrating flux in the eastern basins, more studies are certainly needed to
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explain the observed east-west horizontal patterns in both biomasses,
diversity and vertical migration.
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