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Abstract 

Mesopelagic fish are considered a major group of fishes in the global oceans and are 

typically observed in the water as acoustic scattering layers. Their biomass has recently been 

suggested to be severely underestimated, and they might be a major component in the 

transport of organic material in the water column. 

I observed the mesopelagic scattering layer (MSL) in the Norwegian Sea and in the Icelandic 

Sea. I investigated which physical forces might affect diel-vertical migration (DVM) behavior 

of the MSL. These factors included light, temperature, oxygen and salinity. On the basis of 

some simplifying assumptions I have approximated the biomass of the MSL and discussed its 

potential role in the Norwegian Sea ecosystem. 

My results suggest that the changes in the mean depth (  ) of the MSL was consistent with 

DVM. The variation in      correlated with the variation in surface irradiance. The ambient 

light of the    showed far less variation than the surface irradiance. These observations 

suggest that DVM of the MSL emerges from a tendency of the organisms of the MSL to stay 

within a certain light regime which appears consistent with the antipredation window 

hypothesis. Other physical factors did not seem to affect the DVM patterns.  

Benthosema glaciale were present in the trawl catches and might have been an important 

component of the MSL. The density, and thereby the approximated biomass, of the MSL 

decreased along the track concurrently with a decrease in temperature. The approximated 

biomass appeared to be larger than indicated in previous studies based on net sampling. My 

estimate, however, is subject to large uncertainties which include species composition, 

target strength and weight values.  
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1.0 Introduction 

The mesopelagic zone, between 200 and 1000 m depths (Kaiser et al., 2005), includes a 

variety of organisms across the animalia kingdom (Gjosaeter and Kawaguchi, 1980, Shea and 

Vecchione, 2010, Siokou et al., 2013).  Many mesopelagic fishes have been associated with 

the deep-scattering layer (DSL).  They are known to be feeding on zooplankton (Kaartvedt, 

2000, Bagoien et al., 2001, Eiane et al., 2002, Dypvik et al., 2012a, Pepin, 2013) and preyed 

upon by predators, usually visually predators (Hopkins et al., 1996, Marchal and Lebourges, 

1996). These predators include epipelagic fishes (Marchal and Lebourges, 1996), marine 

mammals (Pauly et al., 1998) and seabirds (Barrett, 2002).  

Mesopelagic fishes often engage in diel-vertical migration (Barham, 1966, Balino and Aksnes, 

1993), where they migrate and distribute vertically in the water column. This migrational 

pattern were observed early by Barham (1966) and later linked to foraging behaviour (Isaacs 

et al., 1974). This vertical migration has been seen to differ seasonally and diurnally in some 

regions (Staby et al., 2011). Mesopelagic fish have also been observed conducting Inverse 

DVM (IDVM) (Dypvik et al., 2012a), non-migration (Staby et al. 2013), and other migratory 

behaviors like midnight sinking (Staby et al., 2011). Many of the studies concerning the 

migration behavior of mesopelagic fish have been done in fjords (Kaartvedt et al., 2008, 

Kaartvedt et al., 2009, Staby et al., 2011, Staby and Aksnes, 2011, Dypvik et al., 2012b). 

There are several factors that have been suggested to influence DVM. Ultimate factors such 

as bioenergetics (Brett, 1971), foraging opportunity (Janssen and Brandt, 1980), and anti-

predation behavior (Eggers, 1978) have been the primary hypotheses (Clark and Levy, 1988). 

Several studies have brought up the importance of light for DVM, mostly in light of predation 

risk (Clark and Levy, 1988, Cohen and Forward, 2009). The antipredation window hypothesis 

is perhaps the most complete of these hypotheses. It combines the ultimate factors of 

forage opportunities and predator risk and proximate factor of light, in sense of optical visual 

properties (Clark and Levy, 1988). Water layers with low oxygen contents might act as anti-

predation refugias for mesopelagic organism, and thereby facilitate DVM (Bianchi et al., 

2013). 

There have been studies attempting to estimate biomass of mesopelagic fishes in local areas 

(McClatchie and Dunford, 2003, Sutton et al., 2008, Lara-Lopez et al., 2012). Gjosaeter and 
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Kawaguchi (1980), estimated mesopelagic fish biomass on a global scale. They presented an 

estimate of 945 million tons (wet weight), which were slightly corrected to 999 million tons 

by Lam & Pauly, 2005. These estimates were mainly based on trawl catches. Use of acoustic 

equipment has uncovered potential bias in the trawl estimates (Kaartvedt et al., 2012).   

Gjosaeter and Kawaguchi (1980) suggested in their study that trawl avoidance behaviour 

might cause underestimation. Kaartvedt et al. (2012) supported this and presented local 

biomass estimates in a fjord. The acoustic biomass estimates 1-2 order of magnitude higher 

than the trawl estimates. Irigoien et al. (2014) presented global estimates that were an order 

of magnitude higher than the estimate from Gjøsæter and Kawaguchi.  

 

The influence mesopelagic fishes have on marine ecosystems would obviously depend on 

their actual biomass. Several studies suggest that mesopelagic fishes are an important 

consumer of zooplankton (Hopkins et al., 1996, Bagoien et al., 2001), and Benthosema 

glaciale is known to severely affect Calanus mortality and abundance, at least in a fjord 

system (Bagoien et al., 2001). How this group of fish may affect zooplankton in the 

Norwegian Sea is unclear. The influence of mesopelagic fishes in the food-web and oceanic 

ecosystems has been discussed over the last decades. Gjosaeter and Kawaguchi (1980), 

argued for their importance already then, but acknowledged the lack of data concerning 

their ecology. This in contrast with other more studied groups, such as zooplankton (Hays, 

2003) and epipelagic fish (Palomera et al., 2007). The role of mesopelagic fishes in the 

oceanic carbon cycle may be larger than previously thought (del Giorgio and Duarte, 2002, 

Wilson et al., 2009, Irigoien et al., 2014). Hernandez-Leon et al. (2010), argued that migrant 

predators may be an important factor in the biological pump. 

There are some studies that have shown presence of the mesopelagic fishes Benthosema 

glaciale (Glacier lanternfish), Maurolicus muelleri (Pearlside), and Arctozenus risso in the 

Norwegian Sea (Torgersen et al., 1997, Dalpadado et al., 1998, Dale et al., 1999) (Gjosaeter, 

1981). B. glaciale belong to the myctophids, which are considered to be the most 

widespread mesopelagic fishes (Catul et al., 2011) both taxonomically and geographically. 

Gjosaeter (1981), studied the life histories of B. glaciale, focusing on age, growth, fecundity 

and reproduction in the Norwegian shelf. Kaartvedt et al. (1998) found schooling behaviour 
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in mesopelagic fish in the Norwegian Sea. They ascribed the scattering layer to Maurolicus 

muelleri.  

The aims of this study is to (1) observe the mesopelagic distribution patterns in the 

Norwegian Sea  and the Icelandic Sea, specifically the diel-vertical migration patterns, and (2) 

to identify which physical factors may affect the distribution and behavior. I observed the 

spatio-temporal vertical distribution of a mesopelagic scattering layer (MSL) along a track 

from the Norwegian Sea, to the Icelandic Sea.  
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2.0 Methods 

2.1 The sampling area  

The data were sampled in the Norwegian Sea and the Icelandic Sea, along a transect with 

the research vessel G.O Sars. The sampling took place between the 4 th May and the 12th 

May 2013. It was a part of a large integrated scientific program, EURO-BASIN. The G.O Sars 

was set to survey from Bergen to Nuuk, and back again, over a period of 6 weeks, from 1 th 

May to the 14 th  June 2013. The data used for this study were sampled in the first leg from 

Bergen, Norway, to Reykjavik, Iceland. The cruise followed a track across the Norwegian Sea 

into the Icelandic Sea (Figure 1).  

 

Figure 1. Map of the cruise track. Pin head symbols represent CTD stations (153-165) along the track. 

Starting in the eastern Norwegian Sea 4th May, and ending in the western Norwegian Sea/Icelandic 

Sea 12th May. Red pin head symbols represent CTD stations were underwater light was measured. 
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2.2 Hydrographical observations  

The hydrographical data includes temperature, salinity, Sigma-t (  ), oxygen, and 

fluorescence. These measurements were acquired by the CTD (Conductivity, temperature 

and depth) water sampling package. The hydrographical data were sampled by lowering the 

CTD-package down the water column. Throughout the first leg, there are 13 CTD-stations 

(Table 1). The hydrographical variables were interpolated between the stations to create 

isoplot diagrams along the track. Mean values of the hydrographical variables, were 

calculated for every nautical mile in the upper 600 meters.                                                                                                                               

Table 1. Overview of the CTD stations.  

Station Date & 
Time 

Latitude Longitude CTD Depth 
(m) 

Depth (m) for 
measurement of 
underwater light 

Underwater 
light  

153 04.05.2013 
10:24:23  

63 45.81 N 2 45.81 E 1002  102.6 
 

X 

154 04.05.2013 
17:45:57  

64 7.75 N 1 7.75 E 155    

155 05.05.2013 
7:49:11  

65 3.33 N  3.33 W 2870  167.2 
 

X 

156 06.05.2013 
01:06:52  

65 34.15 N 2 34.15 W 503    

157 06.05.2013 
05:07:38  

65 45.86 N 3 45.86 W 3120    

158 07.05.2013 
10:50:53  

65 40.1 N 3 40.1 W 1002  186.7 X 

159 07.05.2013 
20:35:57  

65 51.75 N 3 51.75 W 201    

160 08.05.2013 
09:00:46  

66 42.25 N 7 42.25 W 1000  220.8 X 

161 09.05.2013 
08:21:43  

67 3.28 N 9 3.28 W 1000  231.4 X 

162 10.05.2013 
06:31:35  

67 33.8 N 12 33.8 W 1000  230.8 X 

163 11.05.2013 
08:54:09  

68 10.44 N 15 10.44 W 1350    

164 11.05.2013 
20:37:02  

68 39.39 N 17 39.39 W 502    

165 11.05.2013 
22:59:52  

68 47.65 N 18 47.65 W 1063    
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2.3 Acoustic observations 

The acoustic data were sampled using the calibrated EK60 Simrad echo sounder. There were 

6 different frequencies in use: 18, 38, 70, 120, 200 and 333 kHz with 1 ms pulse duration. 

The acoustical data are presented as    values (Nautical area backscattering, nautical mile2 

m-2) which are the average amount of sound backscattered from the water column. These    

values are given for 1 nautical mile by 10 m vertical segments.  Only the 38 kHz data were 

used in this study, a common frequency for observations on mesopelagic fishes (Kaartvedt et 

al., 2009, Irigoien et al., 2014). The data were scrutinized by IMR personnel during the 

survey, with the LSSS software (Large Scale Survey System). This procedure included removal 

of false sea bottoms, and assignments of the acoustic scattering into different classes based 

on target strength and other characteristics. I used the class of mesopelagic organisms and 

the total backscattering. I concentrated on the mesopelagic scattering layer (MSL). In the 

literature it has often been referred to as either the deep scattering layer (DSL) (Barham, 

1966). The density of the MSL in the present study is given by the backscattering values (  ) 

at 38 kHz. I will also present results for the total scattering, i.e. the sum of all groups. The 

time between was defined as night time. Day time was determined approximately between 

05:00 - 21:00, 2 h after sunrise and 2 hours before sunset. The time between (21:00 - 05:00) 

was defined as night time. 

2.3.1 Characterization of the Mesopelagic Scattering Layer (MSL) 

 The following characteristics of the mesopelagic scattering layer were calculated according 

to Dupont and Aksnes (2012): The depth integrated abundance (A) and the mean depth (Zm) 

of the vertical distribution in    

A =       
 
    ,                                                                                                                                  Eq. 1 

n is the number of depth layers,     is the the specific sampled depth layer, and    is the 

density (i.e. the sA value) of the MSL in    . 

The mean depth of the MSL: 
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   :      
   

       

 
  ,                                               Eq. 2 

The quantity ZS has unit meters and indicates the vertical extension of the vertical 

distribution. Thus, a small and a large ZS indicate a narrow and a wide MSL respectively. The 

depth layer,    , was always 10 m.  

2.3.2 Estimation of MSL biomass 

I conducted a rough estimate of biomass (kg) of the MSL. To estimate biomass of the MSL, 

three factors is needed: (1) the Area Backscatter coefficient (   , (2) the backscattering 

cross-section (    , and (3) the average weight per individual (      ).  I also converted the    

values to volume backscattering coefficient (             ). 

To compute the area backscattering coefficient, I converted    to    . This is the backscatter 

from 1    over the entire integrated depth which is 1000 m. 

   
  

                                                                                                                                              Eq. 3 

Then we need the backscattering cross-section,    : 

       
      

                                                                                                                                           Eq. 4 

              average target strength used from literature (Irigoien et al., 2014), in this case the 

average TS from Benthosema glaciale, which was -58.0 dB. Target strength from B. glaciale 

was used since it was the only mesopelagic fish present in the trawl hauls, and since it is one 

of the dominant species in the Norwegian Sea (Gjosaeter and Kawaguchi, 1980).  Target 

strength is the measure of proportion of energy which is backscattered (Simmonds & 

Maclennan 2005).  

    and    is necessary to determine the number of individuals for 1    per 1000 m (  ). 

    
  

   
                                                                                                                                              Eq. 5 

From literature I used an average weight for converting to biomass, kg wet weight per    

integrated over 1000 m (
  

  ). Here I use an average weight measure from literature (Irigoien 
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et al., 2014), in this case the average weight (       ) from Benthosema glaciale, which is 0.003 

kg. 

  

   =    *                                                                                                                                              Eq. 6 

The volume backscattering coefficient (             ) was calculated. The nautical area 

backscattering coefficient is divided on the   , the entire integrated depth of 1000 m 

         
  

  
)                                                                                                                               Eq. 7 

2.4 Light measurements 

The CTD water sampler package was equipped with a underwater PAR (photosynthetic 

active radiation) sensor. This sensor was not used in the present study due to technical 

problems. The PAR observations would give unreliable measurements at larger depths in the 

ocean. In contrast to monochromatic irradiance (i.e light on a narrow band), the PAR 

observations are the summed irradiance between 400 to 700 nm. Some wavelengths are 

absorbed more strongly than others (Kirk, 1983), and the attenuation would decrease with 

increased depth. By using PAR I would get different attenuation coefficients than if I used 

monochromatic irradiance. PAR was thereby not relevant for measurements.  Instead I used 

the wavelength prevailing at the mesopelagic depths, which is around 500 nm (Figure 2). The 

ship was also equipped with an atmospheric PAR sensor located at deck that stored 

information on incoming irradiance for each 10 min.   

Instead of the PAR sensor attached to the CTD a Trios RAMSES ACC hyperspectral radiometer 

was used for measurements of downwelling irradiance at the CTD stations. Atmospheric 

irradiance was measured through the entire survey with 5 minute intervals, except when 

underwater irradiance was measured. Due to lack of cabling between the upper and the 

lower deck at the ship the atmospheric sensor had to be disconnected when the underwater 

measurements were taken.  Therefore simultaneous measurements of both atmospheric – 

and underwater irradiance were not available with the radiometer. This resulted in some 

uncertainties for calculation of the attenuation coefficient, since changes in atmospheric 

light (such as increased sky cover) during the underwater measurements could not be 

accounted for properly. The PAR sensor on deck however, was measuring data continuously, 
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with an interval of 10 min. This gave some guidance whether irradiance changed during the 

underwater measurements (See appendix for more detail). Underwater light measurements 

could not be taken at all CTD stations due to rough weather conditions and a total of 6 

underwater light stations were obtained during leg 1. 

 

Figure 2. Downwelling irradiance as a function of wavelength and depth (m). Unit of irradiance is mW 

        at 500 nm and is given as colour codes in log scale. NA-values are represented in white.  

2.5 Calculation of the light attenuation coefficient 

The attenuation coefficient for downwelling irradiance was estimated at the 6 stations from 

the underwater measurements by using regression analysis. I used the measurements at 500 

nm in the electromagnetic spectrum, since it penetrates deepest in the water column (Figure 

2.).  

The regression equation was obtained from the equation for the attenuation of downwelling 

irradiance with depth: 

  (z) =                                                                                                                                   Eq. 8 

Where        and       are the downwelling irradiance (at 500 nm) just below the sea 

surface and at depth z respectively, and Kd is the attenuation coefficient for the downwelling 

irradiance at 500 nm.  

On logarithmic form: 

ln   (z) = ln                                                                                                                       Eq. 9 
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Where ln        is the intercept and    is the slope of the linear regression equation. If the 

logarithmic transformed observations of      shows a linear decrease down the water 

column, the estimated slope of this line corresponds to the light attenuation coefficient. 

There were at times necessary to separate the downwelling irradiance measurements into 

two groups denoted as the upper layer    and lower layer    due to attenuation coefficient 

changing with depth (See appendix for more detail). 

Since measurements of atmospheric PAR varied under some of the underwater 

measurements (See appendix for more detail),        varied accordingly. To determine the 

effect fluctuations in atmospheric light might have had on the uncertainty on the estimated 

light attenuation, I rearranged Eq. 9. The effect of         fluctuations will be reflected in the 

variation of the      .  

      = 
     

     

      
 

 
                                                                                                                            Eq. 10 

The largest variation in       as a result of variation in         was 8 % at station 153. It 

ranged between 0.25 and 4.8 % at the other stations. See appendix for more detail. 

2.6 Calculation of ambient irradiance at    

To determine the underwater downwelling irradiance along the cruise track I Interpolated 

the estimated attenuation coefficients between stations. Downwelling irradiance was then 

calculated with Eq. 8.  In some cases the attenuation coefficient of the upper layer was 

different from that of the lower layer, and the following expression was used. 

  (z) =                 *                                                                                                   Eq. 11 

Where   represent the upper layer, while    represent the lower layer, and     and     are 

attenuation coefficients of the two layers.       represents here the continuously measured 

atmospheric light. 

2.7 Comparison of acoustics and light measurements 

Linear regression analysis was conducted on the acoustic data, both MSL    and total 

backscatter against log transformed surface irradiance. This was necessary since surface 
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irradiance varied from 0.0005 to over 1400 mW         at 500 nm. I calculated the 

ambient light irradiance at    for the entire leg. Downwelling irradiance was measured 

down to around 230 meters at the deepest station (see Table. 2). Therefore downwelling 

irradiance was extrapolated deeper than this depth with the assumption that the 

attenuation coefficient was constant. 

2.8 Biological catches 

Biological catches were obtained with the Harstad trawl and macrozooplancton trawl. The 

data is based on catches from 4 Harstad trawl hauls and 8 Macrozooplankton hauls. The 

Macrozooplankton trawl had an opening size of 6 X 6 meters, and the net had a mesh of 

equal size (3mm) from trawl opening to cod end. The Harstad trawl had an opening of 400 

    Mesopelagic fishes were all measured by length and a smaller subset by weight. The 

subset measured by weight came from one haul. Catches from the macrozooplankton trawl 

were measured in wet weight. The sampling capacity was severely reduced due to time 

constraints and technical problems onboard. The multisampler on the Macrozooplankton 

trawl did not function properly. It was originally supposed to sample independently at 

several depths, but all the samples were stored in the last net, making it impossible to 

distinguish depths. 

2.9 Data Analysis 

The statistical package R i386 3.0.2 and Microsoft Office Excel 2007 were used to prepare, 

plot and analyze the data in the present study. Google Earth was used to create a map over 

the survey area.  

 

 

 

 

 



13 
 

 

3.0 Results 

3.1 Hydrographical observations 

Sigma-t (    is determined by temperature and salinity (Kaiser et al., 2005). Water with high 

salinity (PSU) and low temperature (˚C) will be most dense and vice versa.    increased along 

the track, from 27.5 to 28. The water column became more stratified (Figure 3), with    

ranging from 27.5 - 28.0 early in the survey, to 27.8 - 28.0 in the end. The temperature 

decreased in the upper 600 meters along the leg, from 6 -7 ˚C in the beginning at the east 

Norwegian Sea, down to 0-1 ˚C in the west, i.e Icelandic Sea. Salinity (PSU) decreased in the 

upper 600 meters, from 35.3 to 34.6 PSU. Oxygen levels (ml/l) increased from 6.2 to 7.8 ml/l 

in the upper 600 meters. Fluorescence both decreased and increased along the track, 

fluctuating from 0.2 to 0.8 mg chl m-3 in the upper 150-200 meters. Figure 4 shows the 

vertical profile of all the physical factors down to 2800 m at station 155. 
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Figure 3. Vertical distribution of hydrographical factors interpolated along the cruise track.    (upper 

left), temperature (˚C, upper right), salinity (PSU, middle left), oxygen (ml/l, middle right) and 

fluorescence (mg chl m-3, lower left) and across the leg. The track begins in the eastern Norwegian 

Sea at 4th May and ends at the Icelandic Sea at 12th May. 

   

Figure 4. Vertical profiles of temperature (˚C), oxygen (ml/l), salinity (PSU),    and fluorescence (mg 

chl m-3) down to 2800 meters at station 155.  
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3.2 Spatial and temporal variation in surface irradiance 

The measurements of surface irradiance showed diel variations of 3 to 6 orders of 

magnitude during the leg (Figure 5).  The surface irradiance are highest during the day and 

lowest during night. The irradiance at night time increased by 2 - 3 orders of magnitude 

along the track. The daytime irradiance on the other hand, decreased by nearly 1 order of 

magnitude along the track.   

 

Figure 5. Surface irradiance (mW         at 500 nm), log transformed, during the leg. The track 

begins in the eastern Norwegian Sea at 4th May and ends at the Icelandic Sea at 12th May. 

3.2.2 Calculation of the attenuation coefficient for downwelling 

irradiance  

The estimated attenuation coefficients are given in Table 2. Details are presented in the 

Appendix. The attenuation coefficient increased from 0.0495 at station 153 to 0.0647 at 

station 158, and then decreased to 0.0470 at station 162.  
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Table 2. Calculated light attenuation coefficients for 500 nm.   and    represent the upper and 

lower layer. The table also contain the potential errors in K due to change in atmospheric light during 

the measurements. 

Station Max depth 
(m) 

Number of 
measurements 

Attenuation 
Coefficient 

   Potential 
errors in K due 
to change  in 
atmospheric 
light 

153 
0 – 103 m 

102.6  
8 

 
0.0495 ± 
0.0015 

 
0.9989 

 
8 % 

155 

   (0 – 90 m) 
 

   (90–170 m) 

167.2  
6 
 
14 

 
0.0553± 
0.0015 
0.0464 ± 
0.0006 

 
0.996 

 
0.997 

0.4 % 

158 

   (0 – 90 m) 
 

   (90 – 190 m) 

186.7  
13 
 
9 

 
0.0674± 
0.0019 
0.0387± 
0.0012 

 
0.998 
 
0.9985 

3.8 % 

160 

   (0 – 110 m) 
 

   (110 – 220 m) 

220.8  
5 
 
4 

 
0.0541 ± 
0.0033 
0.0357 ± 
0.0010 

 
0.9957 
 
0.9987 

2.2 % 

161 

   (0 – 135 m) 
 

   (135 – 230 m) 

231.4  
10 
 
9 

 
0.0427 ± 
0.0012 
0.0367 ± 
0.0016 

 
0.9986 
 

 0.9972 

0.25 % 

162 

   (0 – 100 m) 
 

   (100 – 230 m) 

230.8  
11 
 
10 

 
0.0470 ± 
0.0011 
0.0369 ± 
0.0015 

 
0.9987 
 
0.9969 

4.8 % 
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3.3 Acoustic observations 

The MSL is located in the upper 600 meters (Figure 6, 7). During the day the MSL is located 

between 300 and 600 m, while during night it was located between 50 and 300 m. During 

dusk and dawn, the MSL was located between these depths. This is consistent with diel 

vertical migration (DVM) patterns, with ascent during dusk and descent during dawn. The 

MSL became deeper along the track, descending deeper during dawn and ascending deeper 

during dusk. The Nautical area scattering coefficient (    of the MSL are more dense in the 

first part of the track, and then decreases towards the end (Figure 6, Table 3). It decreased 

by 1-2 orders of magnitude. The    values for the MSL ranged from 1.16 – 54486     

      . The Total backscatter is seen in Figure 8. Combined Total backscatter (   ) were 

between 1.05 and 3.9 times higher than mesopelagic scattering across the track. (Table 3).  

     The MSL biomass estimate which were denoted as 
  

   of the upper 1000 m, varied 

between 0.00005 and 2.4 
  

  , with a mean biomass of 0.067 
  

   ± 0.062. The biomass 

decreased along the track (Table 4), by 1 order of magnitude. The MSL biomass was between 

1.2 and 7 times higher during day than night. The mean    at day- and night time and 

throughout the day are located in Table 5. 

Figure 6. Mesopelagic volume backscattering strength (  , dB re    ) from 4th to 12th May. The two 

vertical white bands represent lack of observations. The track begins in the eastern Norwegian Sea at 

4th May and ends at the Icelandic Sea at 12th May. 
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Figure 7. Mean depth (Zm in Eq. 1) of the mesopelagic scattering layer from 4th to 12th May. The track 

begins in the eastern Norwegian Sea at 4th May and ends at the Icelandic Sea at 12th May. 

Figure 8. Total volume backscattering strength (  , dB re    ) from 4th to 12th May. The two vertical 

white bands represent lack of observations. The track begins in the eastern Norwegian Sea at 4th May 

and ends at the Icelandic Sea at 12th May. 

Table 3. Overview of daily mean    values for 1 nautical mile, for mesopelagic backscatter and total 

backscatter, with the standard deviation of the mean for each sample. 

Day Mesopelagic    (                            Total    (         ) 
4th  5846 ± 3522 7466 ±4718 
5th  3519 ± 1034 5299 ±1819 
6th  1163 ± 362 4513 ±1421 
7th  1364 ± 471 5129 ±2101 
8th  1063 ± 396 2422 ±2764 
9th  490 ± 154 542 ± 173 
10th  464 ± 88 491 ± 90 
11th  184 ± 70 218 ± 72 
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Table 4 Mean biomass (kg/   of the upper 1000 m) of the MSL, for each day from 4th to 12th May, 

with the standard deviation of the mean for each sample. Mean value at daytime, night time and 

entire day combined. Day and night was defined in the time frames 05:00 – 21:00 and 21:00 – 05:00 

respectively. 0.055 ± 0.010 

Day Mean biomass at 

day (kg/   ) 
Mean biomass at 

night (kg/   ) 

Mean diel biomass 

(kg/   ) 

4th 0.382 ± 0.194 0.138 ±0.036 0.260 ± 0.154 

5th 0.201 ±0.063 0.079 ±0.024 0.140 ± 0.045 

6th 0.055 ± 0.010 0.044 ±0.018 0.050 ± 0.015 

7th 0.081 ±0.024 0.048 ±0.016 0.064 ± 0.020 

8th 0.045 ±0.010 0.014 ±0.006 0.030 ± 0.017 

9th 0.025 ±0.006 0.016 ±0.004 0.021 ± 0.006 

10th 0.021 ±0.002 0.016 ±0.004 0.018 ± 0.003 

11th 0.007 ±0.001 0.001 ±0.0001 0.004 ± 0.003 

 

Table 5. Mean Mesopelagic    (           of the MSL, for each day from 4th to 11th May, with the 

standard deviation of the mean for each sample. Mean value at daytime, night time and entire day 

combined. Day and night was defined in the time frames 05:00 – 21:00 and 21:00 – 05:00 

respectively.  

Days 
 

Mean day time 
Mesopelagic    

(            

Mean night time  
Mesopelagic    

(            

Mean Mesopelagic 

   (           
for entire day. 

4th  8713 ± 4435 3157 ± 832 5846 ± 3522 
5th 4579 ± 1437 1796 ± 559 3519 ± 1034 

6th 1271 ± 229 1020 ± 417 1163 ± 362 
7th 1847 ± 568 1095 ± 375 1364 ± 471 
8th 1030 ± 239 335 ± 145 1063 ± 396 
9th 580 ±155 379 ± 101 490 ± 154 
10th 490 ± 65 367 ± 99 464 ± 88 
11th 168 ± 39 8 ±4 184 ± 70 

3.4 Comparison of irradiance and acoustics 

3.4.1 Surface irradiance and MSL    

There is an inverse relationship between surface irradiance and MSL    . At low 

illumination, the MSL    was shallowest and at high illumination the MSL    was deepest 

(Figure 9). A linear regression analysis was conducted between the MSL    and the log 

surface irradiance. It showed a significant negative correlation between the two variables 
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(Figure. 10), with an   = 0.69.  A similar analysis was made for the mean depth of the total 

backscatter and surface irradiance (Figure 11). The coefficient of determination for the total 

backscatter,   (0.51), was lower than for the MSL.  The nigh time depth was correlated with surface 

irradiance (  = 0.69 ) (Figure 12). The MSL    depths at night were distributed deeper with 

increased surface irradiance at night.  

 

Figure. 9. Timeseries of the mean depth (blue,   ( Eq. 1)) of the mesopelagic scattering layer and 

observed surface irradiance (red, mW         at 500 nm ), log transformed, during the 

investigated period from 4th to 12th May. The track begins in the eastern Norwegian Sea at 4th May 

and ends at the Icelandic Sea at 12th May. 

Figure 10. Linear regression between the mean depth (  , Eq. 1) of the mesopelagic scattering layer 

and surface irradiance ( mW         at 500 nm), log transformed. (   = -25.9*log10(E) + 335.1, 

   = 0.69, Pr(>|t|) <2x     , n = 730  
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Figure 11. Linear regression between the mean depth (  , Eq. 1) of total scattering , and surface 

irradiance (mW         at 500 nm), log transformed.(    = -25.9*log10(E)+ 259.2, R2 = 0.51, 

Pr(>|t|) <2 x 10-16 , n= 730) 

 

Figure 12. Linear regression between the mean depth at night time  (  , Eq. 1) of MSL  , and surface 

irradiance(mW         at 500 nm),  log transformed. (    = - 60.4*log10(E)+ 333.0, R2 = 0.54, 

Pr(>|t|) <2 x 10-16 , n= 396) 

3.4.2 Calculated ambient irradiance at    

The ambient irradiance at    ranged between        and       mW         at 500 nm 

(Figure 13). The geometrical mean was about      mW         at 500 nm. A scatterplot 

of ambient irradiance at    and the MSL    as a function of time is shown in Figure 14. 
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From 4th to 12th May the ambient irradiance at    showed less variation than the surface 

irradiance.  

 

Figure 13 Distribution of ambient irradiance values at    (mW         at 500 nm). 
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Figure 14. Diurnal distribution of log transformed surface irradiance (mW         at 500 nm, 

blue), ambient irradiance levels at     (mW         at 500 nm, black) and    (meters, red) for 

days, from upper left to lower right: 4th, 5th, 6th, 7th, 8th, 9th, 10th, 11th and 12th of May. The track 

begins in the eastern Norwegian Sea at 4th May and ends at the Icelandic Sea at 12th May. 

3.5 Acoustics in relation to hydrographical data 

I observed a decrease in mesopelagic biomass in parallel with a decrease in mean 

temperature and salinity (PSU) in the upper 600 m (Figure 15), and an increase in oxygen. 

Mean temperature decreases from 6 to 0 ˚C along the leg, while salinity (PSU) decreased 

from 35.1 to 34.9 PSU. Mean oxygen increased along the leg from 6.2 to 7.2 ml/l, but is close 

to saturation. Full saturation with temperature and salinity (PSU) composition similar to the 
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Norwegian Sea, corresponds to oxygen values between 8 and 10 ml/l (Green & Carritt, 

1967).  

Figure 15. Mesopelagic    values, log transformed (black) and mean of temperature (˚C, red), Oxygen 

(ml/l, blue), and Salinity (PSU, green) during the leg for the upper 600 m.  The track begins in the 

eastern Norwegian Sea at 4th May and ends at the Icelandic Sea at 12th May. 

 

3.6 Biological catches from Harstad- and 

macrozooplankton trawl. 

Benthosema glaciale dominated the mesopelagic fish caught in the trawl hauls, both the 

macrozooplankton trawl and the Harstad trawl. Mesopelagic fish specimens were caught at 

stations 102, 104, 105, 106, 110, 111 and 112. Details from the trawls are seen in Table 6.  B. 

glaciale represented 82 % of mesopelagic fish caught by the Harstad trawl, and 68 % of 

mesopelagic fish caught by the Macrozooplankton trawl. Notolepis sp represented 18 % and 

32 % respectively. Maurolicus muelleri was caught in the the Macrozooplankton trawl and 

represented less than 0.1 % and were considered negligible. The catches from the Harstad- 

and the macrozooplankton trawl in Table 7 are based on 4 hauls from the harstad trawl and 

8 hauls from the Macrozooplankton trawl, and weighted in wet weight (g) (Table 6). 159 

individuals of B. glaciale were sampled by 5 trawl hauls, 2 hauls from the Harstad trawl and 3 

hauls from the Macrozooplankton trawl. All B. glaciale from the 5 trawl hauls was measured 

by length to nearest mm. 30 individuals from one trawl haul were weighted to nearest 
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decigram (Table 7, Figure 16). The mean length and weight from the all the catches was 52.6 

mm and 2.3 g.  

Table 6. Overview of biomass composition from the Macrozooplankton trawl and the Harstad trawl. 

Catches from the Macrozooplankton trawl comes from 8 hauls, while catches from the Harstad trawl 

comes from 4 hauls. 

Group Biomass (g wet weight) from 
Makrozooplankton trawl  

Biomass (g wet weight) from 
Harstad trawl 

Amphipoda 440.5                                                   172 
Epipelagic fish 0 280 
Cephalopoda 1273 1341 
Chaeotognatha 1198.25 40.5 
Cnidaria 2878.95 340 
Copepoda 123.5 57.5 
Ctenophora 2063.3 778.5 
Gastropoda 32                                                        0 
Euphausiacea 494.005 106.255 
Mesopelagic fish 863.5 403.9 
Nematoda 0 25.5 
Shrimp 667.5 169.05 

   
Table 7. Overview of Benthosema glaciale catches from the Macrozooplankton  trawl and the 

Harstad trawls. Based on 5 hauls 

Trawl 

station 

Trawl type Time of 

sampling 

Latitude Longitu

de 

Depth 
(m) 

Number 

of ind. 

Mean 
length 
(mm) 

102 Harstad trawl 19:26 65 15.82 

N 

0.54.43 

W 

310 - 
290 m 

20 57.9 

104 Macrozooplankton 

trawl 

00:50 – 

01:58 

65 39.70 

N 

2 53.58 

W 

1028 - 
0 m 
 

16 43.1 

105 Macrozooplankton 

trawl 

18:39 – 

18:59 

65 50.63 

N 

 3 54.60 

W 

500 - 
500 m 
 

57 48.7 

106 Macrozooplankton 

trawl 

11:44 – 

12:30 

66 43.66 

N 

7 51.16 

W 

1000 - 
0 m 
 

36 55.9 

112 Harstad trawl 12:42 – 

13:12 

68 12.73 

N 

15 

31.50 W 

510 - 
490 m 

30 57.7 
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Figure 16. Length and weight distribution of Benthosema glaciale. Left: Length (mm) distribution of 

all trawl catches from stations 102, 104, 105, 106 and 112 (n = 159). Right: Weight (g) distribution of 

a subset, trawl station 112 (n = 30). 
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4.0 Discussion 

The three main results in the present study are: (1) the depth variations of the MSL are 

consistent with DVM. (2) Night time distribution of the MSL became gradually deeper. (3) 

Lastly, the MSL biomass decreased along the track, as indicated by acoustics and subsequent 

conversion. The MSL was distributed deep during the day, shallow during the night and in 

between during dusk and dawn. This corresponds to a DVM pattern (Staby et al., 2011, 

Klevjer et al., 2012).  The trawl catches showed the presence of the mesopelagic fish 

Benthosema glaciale that is known for conducting DVM (Dypvik et al., 2012a).  

4.1 Factors governing the daily spatial patterns of the MSL 

The study showed that the MSL have a spatio-temporal distribution that is interpreted as 

diel-vertical migration. There are several hypotheses attempting to explain what initiates 

diel-vertical migration. These hypotheses includes predator-avoidance (Eggers, 1978), 

foraging opportunities (Janssen and Brandt, 1980), bioenergetic (Brett, 1971), different 

hypotheses concerning light (Cohen and Forward, 2009) and oxygen minimum zones (OMZ) 

(Bianchi et al., 2013). My observations will be discussed accordingly with light regime, 

temperature gradients and oxygen minimum zones.  

 4.1.1 Light intensity as a governing factor for DVM 

The role of light as a proximate for DVM was early studied in Daphnia (Ringelberg, 1964). 

Light has earlier been predicted to affect DVM behavior (Clark and Levy, 1988, Rosland and 

Giske, 1997, Han and Straskraba, 1998). Light regime was observed (Scheuerell and 

Schindler, 2003) to affect how diel vertical migrants hunt and avoid prey and predator, due 

to the importance of visual predation. There are four main hypothesis for light as a stimulus 

and predictor for DVM: (1) The isolume hypothesis, (2) aboslute intensity threshold 

hypothesis, (3) the rate-of-change hypothesis (Cohen and Forward, 2009), and (4) the 

antipredation window (Clark and Levy, 1988). 

The results in the present study showed a correlation between surface irradiance and the 

MSL   . This kind of relation has been observed in zooplankton (Frank and Widder, 1997) 

and mesopelagic fishes (Staby and Aksnes, 2011). My observations showed that the 
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distribution of the MSL    were consistent with the surface irradiance patterns, in 

accordance with the characteristics of DVM.  

My results showed that the ambient irradiance at the MSL    had much less variation than 

the surface irradiance. 

The isolume hypothesis, also known as the preferendum hypothesis, predicts that organisms 

follow a preferred, optimal light level, an isolume. DVM in M. muelleri was discussed in 

relation to a preferred isolume of light intensity by Balino and Aksnes (1993). 

Meganyctiphanes norvegica is observed conducting diel-vertical migration (Buchholz et al., 

1995, Onsrud and Kaartvedt, 1998, Onsrud et al., 2004). The ambient light showed little 

variation in the upper spatial boundaries of the scattering layer that was comprised of  M. 

Norvegica (Onsrud and Kaartvedt, 1998). The population seemed to follow an isolume across 

seasons, regardless of changes in temperature, oxygen and prey abundance. In Staby and 

Aksnes (2011), it was observed that the scattering layer ascribed for M. muelleri,  was 

distributed within a preferred range of light intensity.  

My observations did not show any consistency with the isolume hypothesis per se, since the 

ambient irradiance was not composed of a single light level. The observations showed that 

the ambient irradiance were within a large range of irradiance, which were several orders of 

magnitude. 

The absolute intensity threshold hypothesis says that ascent and descent by an organism is 

initiated when the ambient light intensity changes below or above a specific threshold. Swift 

and Forward (1988) suggested that the absolute threshold might govern DVM in the 

freshwater insect larvae Chaoborus punctipennis. My observations found no evidence of a 

certain absolute threshold initiating DVM in the MSL   , and the observations are therefore 

not consistent with this hypothesis.  

The rate-of-change hypothesis states that the change in rate and direction of ambient light 

acts as cues for vertical movements. Instead of following an isolume, the organisms respond 

in situ to the relative rate of change in light. Several studies have attempted to determine 

the effect of this hypothesis (Ringelberg, 1964, Haney et al., 1990). According to Haney et al. 

(1990) the speed during ascent for Chaoborus punctipennis was proportional to the change 
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in light intensity. It were difficult to determine what effect rate-of-change might have in this 

study, since I do not have measurements in situ. Earlier studies rely mostly upon ponds and 

lakes were the populations and physical factors could be measured more effectively.  

The antipredation window is another hypothesis attempting to explain the cues that initiate 

and govern DVM (Clark and Levy, 1988). The antipredation window is a more complete 

hypothesis than the three former since it is derived of evolutionary reasoning. It combines 

the effect of visual foraging opportunities and predation risk, as a function of the light 

regime. This means that the hypothesis combines both proximate and ultimate factors 

(Ringelberg and Van Gool, 2003), and centers around the trade-off between foraging and 

predator avoidance, and old and important element of ecology (Begon et al., 2006). 

In the antipredation window hypothesis, vision and consequently light intensity and water 

clarity, is predicted to play a major role facilitating DVM behavior. The hypothesis predicts 

ambient light as proxy for the trade-off between predator avoidance and foraging 

opportunities, since the diel vertical migrant is both hunting and being hunted visually. The 

migrants are thereby predicted to distribute in accordance with the visual range, which again 

is a function of light. It is known that improved visual conditions can increase risk of 

predation from predators (Clark and Levy, 1988, Gregory and Northcote, 1993, Mazur and 

Beauchamp, 2003).  Results from Mazur and Beauchamp (2003), showed that the migrants 

experienced highest predation risk by visual predators in waters with intermediate visual 

conditions. Poor visual conditions would thereby decrease success for both the migrants and 

predators to hunt, but if the visual condition improves too much, the prey would be forced 

to initiate DVM as an antipredation tactic (Zaret and Suffern, 1976, Clark and Levy, 1988). 

Gliwicz (1986) observed that in lakes with longer presence of visual planktivorous predators, 

the copepods would display more distinct vertical distribution. It was observed that 

copepods did not perform DVM in lakes lacking predators. These results suggest that the 

presence of visual predators selects for DVM behavior. Scheuerell and Schindler (2003) 

observed that juvenile sockeye salmon distributed in accordance with a preferred light 

intensity range, and linked this to piscivorous predators. During observations in 

summertime, the variation of ambient light was greatly reduced compared to the variation 

of surface light. The autumn observation showed less discrepancy between the ambient and 
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surface light variations, but the variation of ambient light was still lower than the variation of 

surface irradiance.  

My observations showed that the vertical distribution of the MSL    was correlated to 

variation in surface irradiance. I also observed that the ambient irradiance at    had less 

variation than the incident light. These observations are consistent with the antipredation 

window hypothesis, since the antipredation window hypothesis predicts that the migrants 

will occupy a specific range of visibility.  

My observations suggest that the organisms of the MSL migrate and distribute in accordance 

with a preferred range of visibility, which is a function of the light regime. My observations 

suggest that this migration then caused the reduced variation in ambient irradiance. This 

would be consistent with the antipredation window hypothesis (Clark and Levy, 1988). 

The variation in ambient irradiance was highest during dusk and dawn. There are several 

sources of error that affects underwater irradiance measurements. Wave actions, 

fluctuations of incident light by clouds, and solar elevation (Kirk, 1983).  Waves can focus 

light to certain depths in the water column, causing increased variation of downwelling light. 

Short-term increase in cloud cover could facilitate greater variation in ambient light. It might 

not be enough time for the animals to migrate, instead causing short-term variation in 

ambient light. Solar elevation affects K, and thereby downwelling irradiance (Zheng et al., 

2002). The solar elevation is low at dusk and dawn, and the attenuation coefficient thereby 

increases as the light beam must travel a longer distance in the water column.  

Of these factors, solar elevation is likely causing most variation of ambient irradiance at dusk 

and dawn. Wave focusing and cloud cover would likely reinforce this variation even more. 

There might be unknown biological causes for the high variation in ambient light at dusk and 

dawn. My observations however, cannot explain any such biological causes for this increased 

variation.   

There is also the possibility that the interpolated attenuation coefficient might suffer from 

errors. The extrapolated attenuation coefficients are questionable, since downwelling 

irradiance was only measured at 6 stations. If the in situ attenuation coefficients differed 

from the extrapolated values, the real ambient light levels would differ. The variation 
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throughout the time series however would likely not differ much, and the ambient light at 

   would propably still vary much less than the surface irradiance. 

4.1.2 Oxygen minimum zones as refuge for vertical migrants 

It has been proposed that zones with low oxygen concentrations may act as refuge habitat 

against predators (Wishner et al., 1998). Bianchi et al. (2013) found that DVM daytime 

depths correlated with low oxygenated zones. They suggested that low oxygenated zones 

might serve as a refuge against predators. Their results included oxygen data on a global 

scale, with values varying between 40 – 200 mmol     . These are levels well below the 

saturation points (Green and Carritt, 1967). Observations in habitat with low oxygen 

content, showed that several independent scattering layers had different daytime depths 

(Klevjer et al., 2012), some of the scattering layers occupied above the oxygen minimum 

zone (OMZ), others in the vicinity of the OMZ or below it. Mesopelagic fishes were also 

found at depths close to the hypoxic boundaries (Koslow et al., 2011), with oxygen content 

between 0.5 and 1.5 ml/l, which is quite extreme conditions which is close to hypoxia. It was 

speculated by Bianchi et al. (2013) that in absence of oxygen minimum zones, the vertical 

migrants may descend deeper to avoid predators. Due to the fact that my sampling area was 

nearly saturated with oxygen, there is no evidence that oxygen affected the spatio-temporal 

distribution of the MSL. I therefore rule oxygen out as a factor affecting vertical distribution 

of the MSL in the Norwegian Sea and Icelandic Sea.  

4.1.3 The deeper night time distribution of the MSL along the 

track 

The increased surface irradiance affected the DVM pattern of the MSL.  My results showed 

that the MSL    were distributed gradually deeper along the cruise track. The distribution of 

night time depths correlated with surface irradiance. The solar irradiance during night time 

increased with as much as 2 - 3 orders of magnitude along the track, while the attenuation 

coefficient decreased along the last part of the track. Water clarity affects the light regime 

through vertical extinction of light (Mobley, 1990, Kaiser et al. 2005). The observed decrease 

in attenuation coefficient will result in deeper penetration of light in the water column. My 

observations showed a correlation between the increased depths at night time and the 
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increased surface irradiance. These observations are consistent with the predictions of the 

antipredation window hypothesis  

  4.1.4 The diel-vertical migration of the MSL in relation to 

temperature 

I cannot exclude the effect of temperature on either the DVM patterns or the increased 

depths of the MSL. The bioenergetic hypothesis states that temperature affects diel-vertical 

migration (Brett, 1971). The hypothesis predicts that metabolic costs and benefits initiate 

DVM in an animal by migrating through temperature gradients. Water masses or 

temperature trends might also force the MSL deeper along the track. I found no patterns 

between DVM and temperature gradients or water masses. 

4.2 The decrease of biomass of the MSL in relation to 

water masses and light regime 

The density and estimated biomass of the MSL decreased along the track. The mean    

decreased from 5940           at the 4th May to 185           at the 11th May. The 

estimated biomass decreased from 260 
 

   to 4 
 

   during the same period. 

There was a strong correlation between oxygen content in the mesopelagic zone and 

abundance of mesopelagic fishes in Koslow et al. (2011). Due to my results however, it is 

unlikely that oxygen affected the decrease in biomass along the track, due to the near 

oxygen saturation everywhere.  

The decrease in biomass of the MSL was concurrent with a decrease in temperature along 

the cruise track. It was also observed that the biomass decreased westwards along a 

longitudinal gradient, by 24 longitudinal degrees. My observations showed hydrographical 

characteristics similar to previous studies in the Norwegian Sea (Skjoldal et al. 2004). Ocean 

currents are one of the major oceanographic factors affecting such composition and change 

(Pinet, P. 2009).  Nordic Seas (Composed of the Norwegian Sea, Icelandic Sea and Greenland 

Sea) have two large currents, the Norwegian-Atlantic current (NAC) and the East Greenland 

current (EGC). The NAC contributes inflow of warm water from the south into the eastern 

Norwegian Sea, while the EGC brings colder water into the Icelandic Sea and western 
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Norwegian Sea from the arctic north (Skjoldal et al. 2004). The study area included Atlantic 

water (AW), Modified East Icelandic Water (MEIW), and Norwegian Sea Arctic Intermediate 

Water (NSDW). 

The temperature change observed in this study seems to be in accordance with the change 

of inflowing AW, MEIW, NSDW (Skjoldal et al. 2004). Station 153 to 155 seems to be within 

the AW, with upper water temperature from 5 to 8 ˚C.  From station 156 to 159 it seems to 

be in the MEIW, with temperatures between 4 to 2 ˚C. From station 160 to 165 it seems to 

be within NSDW, with temperatures between 1.5 to -0.5 ˚C. The first part of the track shows 

more distinct vertical gradients of temperature than the later parts, and seems consistent 

with AW. 

There have been observed changes in mesopelagic community along temperature gradients 

(Collins et al., 2012). There was also speculated that the absence of Benthosema glaciale in 

the northern parts of the Labrador Sea might be due to colder water (Sameoto, 1989). 

O’Driscoll et al. (2011) observed that mesopelagic fish biomass in the southern Pacific Ocean 

and sub-Antarctic Ocean peaked at surface temperature of 15 – 16 ˚C.  Figueroa et al. (1998) 

observed a change in mesopelagic fish community in accordance with water masses. The 

hydrographical data were sampled simultaneously, which could make it difficult to 

differentiate the effect of one physical factor from another, except from obviously oxygen.  

In this study, the solar irradiance at night time increased by 2-3 orders of magnitude along 

the track, while the biomass decreased. Both the increased illumination and decrease in 

biomass were observed on a latitudinal gradient, as the cruise traveled north by 5 latitudinal 

degrees. Previous studies showed that zooplankton biomass at intermediate and higher 

latitudes decreased during summer (Brodeur and Ware, 1992). Decrease in biomass has 

been linked to latitude, both with zooplankton (Brodeur and Ware, 1992) and mesopelagic 

fish (O’Driscoll et al. 2011). Kaartvedt et al. (1998) speculated that presence of mesopealgic 

fishes in the Norwegian Sea decreases northwards due to more extreme light regimes like 

longer daylight during summer. There were also speculated that B. glaciale might be 

restricted by longer days and less dark hours (Sameoto, 1989). The area sampled in Sameoto 

(1989) are located on similar latitudes as my observations. It is also known that increased 

water clarity will result in better optical conditions for visual predation. Aksnes et al. (2004) 
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showed an inverse relationship between mesopelagic fish abundance and light absorbance 

in fjord systems.   

The biomass decreased concurrently with a decrease in temperature and an increase in 

surface irradiance at night. As mentioned earlier it is difficult to determine which factor has 

the largest effect on biomass. This would require more than one survey. However, the 

attenuation coefficients did not differ greatly, and did not seem to show any patterns in 

accordance with Aksnes et al. (2004).  Cold water and change in light regime could both 

facilitate an environment that might be less hospitable for the MSL occupants. My 

observations showed that the decrease in biomass was consistent with reduced 

temperature. My observations could not however, explain any potential effect of water 

clarity on the decrease in biomass.  

4.3 The composition of the MSL  

Benthosema glaciale was found on several stations, and is known to inhabit the Norwegian 

Sea (Torgersen et al., 1997, Dalpadado et al., 1998). The mesopelagic fishes in the biological 

sampling were dominated by B. glaciale, representing 68 % and 82 % of the weight (g) of the 

mesopelagic fish caught in the macrozooplankton trawl and the Harstad trawl respectively. 

Specimens of Notolepis sp. was also caught, representing 32 % (macrozooplankton trawl) 

and 18 % (Harstad trawl) of the weight (g) of all mesopelagic fish caught in the hauls. 

Jellyfish, krill, shrimp and copepods were also caught in the Harstad trawl and 

macrozooplankton trawl. The sampling capacity was severely reduced. The multisampler of 

the Harstad trawl did not function, which meant the samples could not be separated by 

depth. The number of hauls was also reduced due to time constraints and technical 

problems onboard. Past studies in the Norwegian Sea have indicated a dominance of 

Benthosema glaciale and Maurolicus muelleri. Arctozenus risso was also found, but in less 

abundance (Gjøsæter 1981, Toregersen et al 1997, Dalpadado et al. 1998).  

Due to the reduced sampling capabilities, the composition of the MSL could not be 

established with confidence. It is reasonable that B. glaciale was a component of the MSL. B. 

glaciale was observed in the Norwegian Sea during this survey and in past surveys. However, 

it does not exclude the other mesopelagic fishes as components, and there might be other 

components in the MSL than mesopelagic fish. There are some jellyfish and zooplankton 
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which have been observed conducting DVM in the mesopelagic zone (Onsrud et al., 2004, 

Dupont et al., 2009). Mesopelagic fishes have been observed earlier to dominate the 

backscatter from 38 kHz (Kloser et al., 2009).  There are also other animals that could have 

strong acoustic backscatter from 38 kHz. Many jellyfish have a much weaker backscatter at 

38 kHz than mesopelagic fishes (Eiane et al., 1999). There are exceptions. Siphonophores 

and krill are known to inhabit scattering layers in the mesopelagic zone (Barham, 1966), and 

siphonephores has shown strong scattering strength from the lower frequencies 24 and 38 

kHz (Warren, 2001, Trevorrow et al., 2005, Klevjer and Kaartvedt, 2006).                                                     

Siphonophores are known to occur in the Norwegian Sea (Bamstedt et al., 1998) and it was 

found in the present study in the western Norwegian/Icelandic Sea. Krill, copepods and 

shrimp were all present in the trawl catches. Likely candidates aside from mesopelagic fishes 

are gas-bearing jellyfish, zooplankton and larger crustaceans. The MSL is likely to have been 

composed by B.glaciale, yet other animals such as other jellyfish, zooplankton and larger 

crustaceans could possibly also be components.  

4.4 The potential role of the MSL in the Norwegian Sea 

ecosystem 

There are recent studies which suggests that biomass of mesopelagic fish are 1-2 order of 

magnitude higher (Irigoien et al., 2014) than previously estimated (Gjosaeter and Kawaguchi, 

1980). Gjosaeter and Kawaguchi (1980) estimated a mean biomass of mesopelagic fishes in 

the Norwegian Sea between 0.5 – 2.0 
 

   , based on trawl catches. If we in the present study 

assume that the MSL is composed of B glaciale, then a mean biomass of 67 
 

   ± 62 is 

indicated, which is between 1 – 2 orders of magnitude higher than the former estimates. 

This biomass estimate is based upon the assumption that the MSL constitutes B. glaciale. 

Species composition, target strength and weight values are critical assumptions to this 

estimate (Gjøsæter and Kawaguchi 1980, Irigoien et al 2014). Thus there are quite large 

uncertainties in the biomass estimates.  

Diel vertical migration is considered an important element in export of different substances 

from surface waters (Hays et al., 2001), which can be carbon (Takahashi et al., 2009) and 

nitrogen (Steinberg et al., 2002). Steinberg et al. (2000) showed that migrant zooplankton 
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through active transport, were responsible for a large portion of carbon export. It has been 

suggested that diel-vertical migrants like mesopelagic fishes play a much larger role in the 

carbon flux than previously thought (Hernandez-Leon et al., 2010, Irigoien et al., 2014). 

Vertical migrants can affect the ecosystem by transporting carbon over hundred of meters 

(Irigoien et al., 2014). The migrants could consume food near surface during night and then 

within hours migrate to deeper water hundreds of meters below, were the animals die, 

defecate or are eaten. Without vertical migration, the organisms would be consumed in the 

shallow depths. With vertical migration the carbon would be transported directly to the 

deep water. The DVM could thereby contribute to ecosystem by transpassing a large part of 

the water column when transporting carbon or nitrogen. 

To give an impression of what role the MSL might have in the Norwegian Sea, we have to 

make a few assumptions: (1) that the MSL distribution is DVM, (2) that it consists of mainly 

of Benthosema glaciale and (3) that earlier biomass estimates have been underestimated. 

Given these assumptions, the MSL appears to be quite important for the organic transport in 

the Norwegian Sea.  

5.0 Conclusion 

My observations suggested that B. glaciale is a major component of the MSL. My 

estimations showed that the MSL might be underestimated. This is however under certain 

assumptions and will suffer from several errors. The MSL distribution seemed to be 

governed by light regime. The mean depth of the MSL (  ) appeared to be within a certain 

range of ambient irradiance. Due to migration this ambient irradiance showed far less 

variation than the surface irradiance along the track. Other physical factors did not seem to 

correlate with the DVM pattern. These results suggest that DVM of the mesopelagic 

scattering layer emerges from a tendency for the organisms of the layer to stay in a certain 

light regime. Based on predictions from the antipredation window hypothesis, one might 

speculate that the observed DVM is an adaption of the MSL organisms that emerges from 

the trade-off between predation risk and foraging opportunities.  
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Appendix 

1. Estimation of attenuation coefficient 

It was decided to use the irradiance measurements obtained during lowering. There were 

several reasons for this. First, the horizontal drift of the instrument away from the ship was 

smallest during lowering, which ensured the least possible deviation from a vertical 

movement, and thereby minimizing deviations from an ideal upward facing light sensor. 

Secondly it seemed reasonable to minimizing the time used to measure the underwater 

irradiance by not using measurements from both lowering and when pulling up. For some 

stations attenuation coefficients were calculated for separate parts of the water column. The 

rationales for these choices are given, for each of the stations, in the next. 

Station 153 

The observations of the logarithm of the downwelling irradiances (Figure 1A) fits a straight 

line with a R2 = 0.998 and Kd  of 0.0495 m-1 is indicated. The data points in red indicate PAR 

measurements within the time of underwater measuring with the spectroradiometer (Figure 

1B).  We see a change of atmospheric PAR during the period of measuring, around 45 % 

increase. This correspond to a a relatively small error in the calculated attenuation by 8 %, 

from 0.050 to 0.054     (See eq. 10). Thus, changing incoming atmospheric light during the 

registrations might have introduced some uncertainty in the estimated attenuation 

coefficient at this station. The vertical profile of σt  (Figure 1C) shows small    variation down 

to around 100 m (the deepest irradiance measurement). The fluorescence, however, 

dropped between 70 and 100 m to less than 0.2 mg chl m-3.    
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Figure 1. Left:  Linear regression of downwelling irradiance at Station 153, downwards. X-axis 

represent depth, y-axis represent downwelling irradiance.  -0.0495X + 4.7738,   = 0.9989, SD error : 

0.0006, Right: Time series of PAR measurements before, during and after station 153. Red indicates 

PAR values during downwelling irradiance measurements. Under:    and Fluorescence (mg chl m-3) 

along depth (m), station 153. 

Station 155: 

The observations of the logarithm of the downwelling irradiance (Figure 2A) fits a straight 

line with a R2 = 0.997 and Kd  of 0.0498 m-1  is indicated. The data points in red indicate 

change in atmospheric PAR measurements during the underwater measurements with the 

spectroradiometer (Figure 2B). We see a relatively small change in attenuation by 0.4 %, 

from 0.0499 to 0.0501     (See eq. 10), which seems reasonable with the time of the day. 

The vertical profile of σt  (Figure 2C) shows a larger variation than station 153, yet small one. 

The fluorescence showed fluctuating changes for much of the depth, but at relatively small 

levels (chlorophyll < 0.2 mg chl m-3) 

 

Figure 2. Left:  Linear regression of downwelling irradiance, at Station 155, downwards. X-axis 

represent depth, y-axis represent downwelling irradiance.  -0.0498X + 5.4851,   =  0.997, SD error : 

0.0006. Right: Time series of PAR measurements before, during and after station 155. Red indicates 

PAR values during downwelling irradiance measurements. Under:    and Fluorescence (mg chl m-3) 

along depth (m), at station 155. 
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Station 158:  

The observations of the logarithm of the downwelling irradiance (Figure 3A) are isolated in 

to straight lines over and under 90 meters, with R2 = 0.998 and Kd  of 0.0674 m-1   and R2 = 

0.998 and Kd  of 0.0387 m-1 . The data points in red indicate atmospheric PAR measurements 

within the time of underwater measuring with the spectroradiometer (Figure 3B). We see a 

large decrease, by nearly 47 %, when lowering. This corresponds to a relatively small change 

in attenuation by 3.8 %, from 0.052 to 0.054     (See eq. 10). We see a change in the 

vertical profile of σt  (Figure 3C) around 90 meters, which is considerable. Fluorescence 

shows a large decrease in the same depth, at slightly larger levels than the other stations 

(chlorophyll < 0.4 mg chl m-3). It was therefore decided to split into two linear regressions of 

downwelling irradiance. 

 

Figure 3. Left: Linear regression of downwelling irradiance at Station 158, downwards. X-axis 

represent depth, y-axis represent downwelling irradiance.  -0.0674X + 5.0212, R2: 0.998, SD error: 

0.0008, -0.0387X + 2.4617, R2: 0.9985, SD error: 0.0005. Right: Time series of PAR measurements 

before, during and after station 158. Red indicates PAR values during downwelling irradiance 

measurements. Under:    and fluorescence (mg chl m-3) along depth (m), at station 158. 

 

Station 160: 

The observations of the logarithm of the downwelling irradiance (Figure 4A) are isolated in 

to straight lines over and under 110 meters, with R2 = 0.995 and Kd  of 0.0541 m-1   and R2 = 

0.998 and Kd  of 0.0357 m-1 . The data points in red indicate atmospheric PAR measurements 

within the time of underwater measuring with the spectroradiometer (Figure 4B). It shows 
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changes in during lowering, around 36 % decrease in PAR. This corresponds to a relatively 

small change in attenuation by 2.2 %, from 0.045 to 0.046     (See eq. 10). The vertical 

profile of σt  (Figure 4C) shows a large change around 110 meters, while fluorescence have a 

large change around 40-60 meters, and later at the same depth as σt  (chlorophyll < 0.2 mg 

chl m-3).. It was therefore decided to split into two linear regressions of downwelling 

irradiance. 

 

Figure 4. Left: Linear regression of downwelling irradiance at Station 160, downwards. X-axis 

represent depth, y-axis represent downwelling irradiance. -0.0541X + 5.2419, R2: 0.9957,  Sd error: 

0.0013 

-0.0357X +  3.4101, R2: 0.9987,  Sd error: 0.0004. Middle: Time series of PAR measurements before, 

during and after station 160. Red indicates PAR values during downwelling irradiance measurements. 

Right:    and fluorescence (mg chl m-3 ) along depth (m), at station 160. 

 

Station 161: 

The observations of the logarithm of the downwelling irradiance (Figure 5A) are isolated in 

to straight lines over and under 135 meters, with R2 = 0.998 and Kd  of 0.0427 m-1   and R2 = 

0.997 and Kd  of 0.0367 m-1 . The data points in red indicate atmospheric PAR measurements 

within the time of underwater measuring with the spectroradiometer (Figure 5B). It 

indicates little change, around 2.5 %, and a small and steady increase of atmospheric PAR.  

This corresponds to a relatively small change in attenuation by 0.25 %, from 0.0396 to 

0.0397     (See eq. 10). While the vertical profile of σt  (Figure 5C) shows a large change 

around 135 meters. Fluorescence shows changes at the same depth, and much higher up, at 

around 30-40 meters (chlorophyll < 0.2 mg chl m-3).  It was therefore decided to split into two 

linear regressions of downwelling irradiance. 
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Figure 5. Left: Linear regression of downwelling irradiance at Station 161, downwards. X-axis 

represent depth, y-axis represent downwelling irradiance. - 0.0427334X + 4.6128096,   =  

0.9986, SD error:  0.0005411.  -0.0367344X + 3.8504714,    0.9972, SD error: 0.0006859. 

Middle: Time series of PAR measurements before, during and after station 161. Red indicates 

PAR values during downwelling irradiance measurements. Right:     and fluroscence (mg chl 

m-3 )along depth (m), at station 161. 

Station 162: 

The observations of the logarithm of the downwelling irradiance (Figure 6A) are isolated in 

to straight lines over and under 100 meters, with R2 = 0.998 and Kd  of 0.0470 m-1   and R2 = 

0.996 and Kd  of 0.0369 m-1 . The data points in red indicate atmospheric PAR measurements 

within the time of underwater measuring with the spectroradiometer (Figure 6B). It shows a 

large, but steady change of atmospheric PAR during the period of measuring, around 54 %. 

This corresponds to a relatively small change in attenuation by 4.8 %, from 0.041 to 0.043 

    (See eq. 10).The vertical profile of σt  (Figure 6C) shows a large change around 100 

meters. It was therefore decided to split into two linear regressions of downwelling 

irradiance. 
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Figure 6. Left Linear regression of downwelling irradiance at Station 162, downwards. X-axis 

represent depth, y-axis represent downwelling irradiance. -0.0470X + 4.5959,   =  0.9987, 

SD error:  : 0.0005, -0.0369X +  3.5337,   =  0.9969, SD error: 0.0006. Middle: Time series of 

PAR measurements before, during and after station 162. Red indicates PAR values during 

downwelling irradiance measurements. Right:    and fluorescence (mg chl m-3) along depth 

(m), at station 162. 
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2 Supplementary tables 

Table 1. Overview of hauls from Harstad trawl and Makrozooplankton trawl along the leg. Based on 

12 hauls. 

Station  Trawl type Date Latitude Longitude Time Depth 
(m) 

Distan
ce 
(Nauti
cal 
miles) 

Total wet 
weight (g) 

101 Macrozoopla
nkton trawl 

05/05/
2013 

 

65 155 N 
 

0.80 73333 
W 

 

17:24 
– 
18:36 

310 – 
290 m 
 

2.92 
 

3200 
 

102 Harstad 
trawl 

05/05/20
13 

65 263664 
N 

0.90 716666 W 19:26 
– 
20:27 

700 – 
0 m 
 

2.39 2756 

104 Macrozoopla
nkton trawl 

07/05/20
13 

65 66167 N 2 8930001 W 00:50 
– 
01:58 

1028 – 
0 m 
 

2.1 942 

105 Macrozoopla
nkton trawl 

07/05/20
13 

65 843834 
N 

3 9099998 W 18:39 
– 
18:59 

500 – 
500 m 

0.97 2710.5 

106 Macrozoopla
nkton trawl 

08/05/20
13 

66 72767 N 7 852667 W 11:44 
– 
12:30 

1000 – 
0 m 
 

0.89 1740 

107 Macrozoopla
nkton trawl 

09/05/20
13 

67 068 N 9 964833 W 10:49 
– 
11:19 

70 – 
40 m 

1.32 1689 

108 Macrozoopla
nkton trawl 

10/05/20
13 

67 6055 N 12 654333 W 10:52 
– 
11:22 

38 – 
30 m 

1.37 15722 

109 Harstad 
trawl 

10/05/20
13 

67 668686 
N 

12 9365835 W 13:08 
– 
13:38 

420 – 
400 m 
 

1.57 562 

110 Harstad 
trawl 

10/05/20
13 

67 70433 N 13 102333 W 14:33 
– 
15:03 

510 – 
490 m 

1.56 600.6 

111 Macrozoopla
nkton trawl 

11/05/20
13 

68 1915 N 15 401333 W 11:35 
– 
12:12 

1000 – 
0 m 

1.04 2254 

112 Harstad 
trawl 

11/05/20
13 

68 212166 
N 

15 525 W 12:42 
– 
13:12 

510 – 
490 m 

1.73 1143 

114 Macrozoopla
nkton trawl 

11/05/20
13 

68 64484 N 17 675667 W 19:55 
– 
20:15 

50 – 
49 m 

0.97 4916 

 

 

 


