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The glacier lanternfish Benthosema glaciale is a key myctophid with a wide distribution in the northern Atlantic. It is a species that has a strong vertical migration capacity and have the potential to move between the surface waters and mesopelagic depths in a diel cycle (DVM), mainly depending on ambient light conditions. We investigated the feeding ecology of B. glaciale across the Norwegian, Iceland, Irminger and Labrador Sea basins. An important component of Benthosema diet was various types of calanoid copepods, but with some additional variability across the deep basins. ‘House’s’ of Appendicularia were only found in stomachs from the Labrador basin and were positively selected for here. The large calanoid Calanus hyperboreus was strongly selected for in the Iceland Sea, while its smaller counterpart C. finmarchicus was negatively selected for here. Fish from the Irminger, Labrador and Norwegian Seas displayed a high number of empty stomachs while no fish stomachs were found empty in the Iceland Sea. Contrary to expectation due to being located at the highest latitude, Benthosema in the Iceland Sea had significantly higher condition factor (for both small and large fish) and liver indices compared to fish from other basins, but the abundance of small fish in the sampled population here was very low. This contrasts with the “light environment exclusion” (LEE) hypothesis, which propose that the extreme light environment at higher latitudes restricts feeding opportunities for mesopelagic fish at high latitudes. It is suggested that improved classification of prey through stomach analyses should aim to allow bioluminescent organisms to be separated from non-bioluminescent prey if feasible. This would allow improved resolution to analyse stomach contents and certainly progress our understanding of the success of myctophids across variable habitats.
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1 Introduction

The glacier lantern fish (Benthosema glaciale, Reinhardt 1837) is widely distributed in the deep-water of the North Atlantic (Gjøsæter and Kawaguchi, 1980; Sameoto, 1988, 1989; Hudson et al., 2014; Klevjer et al., 2020a), the Mediterranean Sea (Goodyear et al., 1972; Contreras et al., 2015), and in fjords of western Norway (Gjøsæter, 1973a; Gjøsæter, 1973b; Giske et al., 1990; Suneetha and Salvanes, 2001; Kristoffersen and Salvanes, 2009). B. glaciale is the most common species of the family Myctophidae in the Atlantic Ocean north of 35°N (Halliday, 1970; Gjøsæter, 1981; Albikovskaya, 1988), and it is abundant from the Davis Strait to Cape Hatteras in the west, and from north of Svalbard to Cape Verde in the South (cf. Albikovskaya, 1988; Sameoto, 1989; Knutsen et al., 2017). In the North Atlantic this species might considerably contribute to the biomass in pelagic trawl catches, especially when sampling includes mesopelagic layers (Themelis and Halliday, 2012; Pepin, 2013; Halliday et al., 2015).

Thus, B. glaciale represent a significant component of the mesopelagic fish fauna across the North Atlantic, and it is possibly one of the most studied mesopelagic fishes. The majority of studies however have limited spatial extents and there are few direct studies on gradients in basic biology and ecology over larger areas (Caiger et al., 2021). Comparative studies across larger areas rely mainly on comparing standardized acoustic backscatter (cf. Klevjer et al., 2016; Klevjer et al., 2020a; Klevjer et al., 2020b), synthesizing published data (e.g., Caiger et al., 2021) or the analyses of diversity and patterns of mesopelagic species distributions (e.g., Olivar et al., 2017; García-Seoane et al., 2021).

As several other mesopelagic fish, B. glaciale performs Diel Vertical Migrations (DVMs) living at mesopelagic depths during daytime and ascending to the surface water at night to feed (Robinson et al., 2010; Dypvik et al., 2012b). B. glaciale often feed more intensively in the late evening or at night, but this species is capable to feed both day and night (cf. Gjøsæter, 1973b; Kinzer, 1977; Sameoto, 1988, 1989; Bagøien et al., 2001; Pepin, 2013). Both Gjøsæter (1973b) and Bagøien et al. (2001) comment on Benthosema feeding, they respectively state that “ … B. glaciale feeds most intensively during the evening, but the diurnal variation is probably not very great” and “Benthosema had little well-digested food in their stomachs at all times of the day, and there was no diel pattern in stomach fullness or degree of digestion”. This suggests that Benthosema daytime feeding do occur in west-Norwegian fjords, similarly so-called inverse vertical migration occurs here, where Benthosema migrate towards the shallower part of the mesopelagic to daytime feed during winter (Dypvik et al., 2012a; Dypvik et al., 2012b).

The Euro-BASIN initiative in 2013 was a cross-Atlantic survey that utilized standardized sampling of plankton and fish species, allowing a comparative study of environmental influences on mesopelagic communities and their dynamics in four major basins; the Norwegian Sea (Nor), the Iceland Sea (Ice), the Irminger Sea (Irm), and the Labrador Sea (Lab) (Drinkwater et al., 2020; Melle et al., 2020; Strand et al., 2020; Klevjer et al., 2020a; Klevjer et al., 2020b). B. glaciale dominated the fish catches in the Norwegian Sea and Iceland Sea, but other species were more important in Irminger and Labrador Seas (Klevjer et al., 2020a). Several studies suggest that B. glaciale in basins covered by these investigations have quite extensive vertical distribution. In the slopes of the Nova Scotia shelf region Benthosema glaciale have been registered in low concentration to 950 m depth (Sameoto, 1988) in the period April till July. In the Norwegian Sea we have extremely few registrations of B. glaciale from MOCNESS stratified tows below 600 m depth (cf. IMR, database), suggesting that the very cold intermediate and deep-waters of this region (Blindheim and Østerhus, 2005), sets some limitations to the vertical depth range of the species here.

While the areas covered by the cruise are frequently implicitly viewed as one unit, the “North Atlantic”, the Atlantic crossing highlighted that gradients are present, both in hydrography (Drinkwater et al., 2020) and biology (Melle et al., 2020; Naustvoll et al., 2020; Strand et al., 2020; Klevjer et al., 2020a). The Norwegian and Iceland Sea basins are colder and fresher than the Irminger and Labrador basins, but all basins are influenced by advection of North Atlantic water from the south and by differing degrees of Arctic waters from the North (Drinkwater et al., 2020). The Norwegian Sea and Iceland Sea also have a different light environment due to their higher latitudes than the Irminger and Labrador Seas, and the crossing showed differences in daytime depths of mesopelagic organisms across the 4 basins (Klevjer et al., 2020b).

Particularly relevant in the present context is the finding that the DVM of the mesopelagic acoustic scattering layer became gradually more restricted from around 63°N in the Norwegian Sea to 67°N in the Iceland Sea (Norheim et al., 2016). At 67°N, the DVM was halted at ~300 m depth at night likely due to a night-time light that at this time (May) was 2-3 orders of magnitude higher than at 63°N. Further studies highlighted large differences in phenology and phytoplankton composition across the areas at the time of crossing (Naustvoll et al., 2020), for zooplankton large differences in composition, abundances, phenological state and vertical distributions were also evident (Strand et al., 2020). For the macroplankton and micronekton components differences were large enough (Klevjer et al., 2020a) that a summary paper suggested differently structured pelagic ecosystems in the eastern and western parts (Melle et al., 2020).

The aim of the present paper is primarily to derive a broader understanding of the feeding ecology of the important mesopelagic species B. glaciale across four distinctly different ocean basins of the North Atlantic beyond the British Isles. We provide a basin-wide comparative analysis of size dependent diet, feeding selectivity and energetic status of B. glaciale in relation to prey availability, gross environmental conditions including the ambient light environment.



2 Materials and methods


2.1 Areas of investigation

Benthosema glaciale were collected along with physical data, zooplankton and echosounder data between 1 May and 14 June 2013 onboard the research vessel RV G.O. Sars during the Euro-BASIN expedition, comprising the westward leg and the return crossings of the North Atlantic Ocean basins between Bergen, western Norway and Nuuk, western Greenland (cf. Drinkwater et al., 2020; Naustvoll et al., 2020; Strand et al., 2020; Klevjer et al., 2020a; Klevjer et al., 2020b) (Figure 1). The deep basins covered during the expedition were the Norwegian Sea (Nor), Iceland Sea (Ice), Irminger Sea (Irm) and Labrador Sea (Lab).




Figure 1 | Map of the surveyed area from the Euro-BASIN expedition in May-June 2013. Coloured circles denote trawl stations from which fish stomachs were collected and processed. Small yellow squares show the position of the MOCNESS sampling stations that subsequently were used to calculate Ivlev’s electivity indices for Benthosema glaciale prey items (see section 2.7).





2.2 Zooplankton samples

Mesozooplankton from each basin was sampled with a MOCNESS (Multiple Opening/Closing Net and Environmental Sensing System; Wiebe et al., 1985) towed obliquely (1000-0 m), acquiring depth stratified samples from eight pre-determined vertical strata: 1000 - 800 m, 800 – 600 m, 600 – 400 m, 400 – 200 m, 200 – 100 m, 100 – 50 m, 50 – 25 m, and 25 – 0m (Strand et al., 2020). The MOCNESS has a 1m2 opening at a towing angle of 45° and was equipped with 9 nets having a mesh size of 180 µm including cod-end buckets with identically meshed filtration gauze. On board the research vessel all samples were fixed in 4% buffered formalin. In the laboratory on land, zooplankton were enumerated and identified to the lowest taxonomic level possible using a stereo microscope, in accordance with the IMR standard taxonomic processing scheme (Hassel et al., 2017). Individuals in all species and groups were staged where possible and counted. Strand et al. (2020) have given a detailed account of the mesozooplankton ecology across the four basins during the same expedition, and also provide further details of gear and methods applied.



2.3 Trawl sampling

Samples of B. glaciale for stomach content analysis were collected from three Harstad trawl hauls and 16 Macroplankton trawl hauls. The Macroplankton trawl has a nominal 6x6 m trawl opening and mesh size of 3 mm square light opening (8 mm stretched, knot to knot) from the trawl mouth along the entire trawl length to the cod-end (Hassel et al., 2017; Klevjer et al., 2020a). The trawl was operated like a single net oblique tow (cf. Wiebe et al., 2015), from the surface to the desired depth and back up (V-haul), while the research vessel moved constantly forward at a speed of about 2 knots (Mjanger et al., 2019). Trawl hauls that were not V-hauls were aimed trawling on acoustic registrations. Due to harsh weather conditions when the expedition was in the Norwegian and Iceland Seas, B. glaciale stomach contents were sampled from only one trawl haul in each of these areas, while it was collected from 8 and 9 trawl hauls in the Labrador and Irminger Seas, respectively (Table 1).


Table 1 | Overview of trawl stations for the collection of B. glaciale stomach data as well as date and time of day (UTC) the trawling took place.



Since the Harstad trawl is a graded trawl, catches from this trawl should not be considered quantitative for mesopelagic fish, and size distributions from this trawl are also biased. To assess in-situ biomass levels and size distributions we therefore use data from the nongraded Macroplankton trawl only (cf. Klevjer et al., 2020a). Abundances and biomasses for B. glaciale are only based on data collected in oblique hauls 0-1000 m with the Macroplankton trawl. To obtain better estimates for all areas we have therefore included data also from trawls not listed in Table 1 (cf. Klevjer et al., 2020a). For quantitative hauls volumes of water filtered were calculated as the product of trawled distance (including vertical excursions), and trawl opening area. Surface integrated abundances per length group were calculated from counts of measured individuals scaled up by subsample sizes, and mass densities were estimated based on the empirical length- weight regression (see below).

Most trawl hauls for B. glaciale stomach contents were conducted during “daytime” (Table 1), with average sun height during the haul above the horizon. In the Irminger Sea three of a total of nine hauls were conducted during night-time (2 and 4 May) where the sun was <-2.5° below the horizon. Of the eight hauls in the Labrador Sea, two on 29 May were night hauls, and in both cases the sun was <-5° below the horizon. The haul in the Norwegian Sea was conducted early afternoon on 12 June, while the most northern haul in the Icelandic Sea at 68.37°N was conducted during midnight sun conditions and early morning hours when the sun was 11.75° above the horizon. For an in depth analysis of DVM in relation to irradiance and water mass absorption properties in the study areas, we refer to Klevjer et al. (2020b).



2.4 Fish preservation and processing

As part of the standard work up of the trawl samples, length measurements of all fish including B. glaciale were conducted, including a total weight of these same specimens. However, occasionally samples had such a high number of fish that sub-sampling was necessary. In addition, a randomly selected subsample of the total trawl catch including B. glaciale, was preserved in 96% ethanol and stored until further processing in the laboratory. A total of 230 B. glaciale individuals from the preserved samples were processed at the zooplankton laboratory, Institute of Marine Research (IMR) (Table 2). For each of the basins, fish were randomly selected from the preserved samples until 30 individuals with non-empty stomachs had been processed from each ocean region. The individuals that were processed from each trawl station, were selected based on an Excel random number generator. Based on the length distribution of all fish captured, we define fish larger and equal to 50 mm as “large”, while fish smaller than 50 mm is called “small”. This is not an entirely arbitrary choice but is supported by findings for instance at the Flemish Cap where fish length at 50% maturity (L50) was 47-49 mm SL (García-Seoane et al., 2014) giving a rough separation between immature and mature individuals.


Table 2 | Overview of number Benthosema glaciale stomachs analyzed per basin, number of empty stomachs, the standard length (SL) and weight ranges (minimum and maximum) in millimeter (mm) and gram (g) respectively.



Individual fish were measured for standard length (SL, mm) from the fish’s snout to the bone knot in the caudal peduncle and for total length (TL, mm) from the fish’s snout to the end of the caudal fin (Figure 2). The fish that had been preserved was dried on paper towels so that excess alcohol could be removed and then weighed to the nearest 0.1 mg using a digital scale, either the A&D GR-200 or the Mettler Toledo xs205 Dual Range balance. Fish were sexed by examining the luminous organ on the caudal peduncle. Males have a dorsal supracaudal light organ while females have 1-2 ventral infracaudal organs. If these were blurred or damaged, the fish were sexed by inspecting the gonads. Liver and gonads were then taken out of the abdomen of the ethanol preserved fish and each were weighed to the nearest 0.1 mg before they were put in pre-weighed aluminium dishes and dried in a drying oven at 60 degrees for 24 hours until constant weight. To obtain a proxy for somatic weight, the fish was weighed also when liver and gonads had been dissected out.




Figure 2 | Glacier lantern fish (Benthosema glaciale). Standard length (SL) is measured from the tip of the snout to the tail root (orange arrow). If total length (TL) is measured the caudal fin (blue arrow) is included. Photo: Espen Strand.





2.5 Adjustments of ethanol preserved samples and determining relative condition factors

Long-term ethanol preservation of B. glaciale generates over 39.4% weight loss and length shrinkage of ~2.3% (Kristoffersen and Salvanes, 1998). The fresh wet weight (g) for each individual (Wf) was converted from ethanol preserved weight (Wp) following Eq. 1 (Kristoffersen and Salvanes, 1998).

 

The fresh standard length (SLf) was converted from ethanol preserved standard length of glacier lantern fish (SLp) following Eq. 2 (Kristoffersen and Salvanes, 1998):

 

The fresh weights and lengths are used in the data analyses. A function of weight (Wf) and length (SLf) relationship for B. glaciale was based on all fish processed for stomach content, liver and gonads (N = 230) from all basins pooled and was obtained using the nls (nonlinear least-squares) function in R (R Core Team, 2021). The predicted overall weight-length relationship is given by the equation: Wreg (g) = 3.391x10-6 × SL(mm)3.287.

From this the relative condition factor (Kn) was calculated following Le Cren (1951) as the ratio of fresh fish weight (Wf) divided by the estimated weight (Wreg) from the fitted regression equation for an individual’s fresh length (SLf). Kn is also considered a simple proxy for the energy status of an individual fish.

The equations above were also used when converting liver and gonad weights to their original fresh weights, LWf and GWf respectively. Gonad and liver indicators were also computed from the Gonad Weight (GWf) and Liver Weight (LWf), often respectively named the gonadosomatic and hepatosomatic indices, GSI = GWf/Wf and HSI = LWf/Wf.



2.6 Stomach content analyses

The fish stomachs were extracted from the anterior end of the oesophagus to the pyloric cecum (pylorus) and then examined using a Leika MZ775 microscope at 6.3-50x magnification. The stomachs were first weighed to the nearest 0.1 mg, opened and the contents were carefully separated from the stomach inside epithelium. Prey were counted and determined to species or the nearest taxonomic group and prey groups with different digestive levels were established, when possible, but later pooled. The remains of a species or group that could not be counted, was weighed separately. Residues of stomach contents that could not be separated into groups were determined to the highest possible taxonomic level and put in pre-weighed aluminium trays (“tare weight”). For each prey group of equal digestion dry weight was determined to the nearest 0.1 mg after drying at 60° C for a minimum of 24 hours to constant weight. Total length of amphipods (Themisto sp.), shrimps (Sergestes sp.) and krill (Euphausiacea) were measured to the nearest mm below. For the ostracods (Ostracoda) the total length of the animal’s shell was measured to the nearest mm below. Arrow worms (Chaetognatha) was rarely found in the fish stomachs. If so, only remnants of the spiny jaws or bristles could be identified. Hence any length and weight measurements are not representative for this prey group. Only prey localized from the anterior end of the oesophagus and fish stomach were included in the present analyses while prey localized in the oral cavity and throat were excluded. Lastly, the empty stomachs were weighed after content removal as a control where a full stomach minus prey contents should equal the empty stomach.



2.7 Diet and prey selection

When comparing diet of B. glaciale between basins separate calculations for small: < 50 mm (n = 134) and large B. glaciale ≥ 50 mm (n = 96), were performed by comparing prey categories expressed as percentage of body weight. The only exception is the calculation of Ivlev’s electivity index when the numbers of prey items are used. To examine if B. glaciale selects some prey over others in the water column in each of the basins, a modified version of Ivlev’s electivity index Di (see Ivlev, 1961; Jacobs, 1974) is used. The index is interpreted to reflect positive selection for a prey i when 0< Di <1 and negative selection -1 < Di < 0. The following equation as modified by Jacobs (1974) is used:

 

where ri is the proportion of prey i found in the predator’s stomach (i.e. number of prey in one category divided by total prey items) and pi = the proportion of prey available in the same area as the fish were caught. This proportion is based on the measured density (individuals m-3) of the same prey categories from the MOCNESS samples.

Based on knowledge of the vertical distribution and feeding of B. glaciale we assumed that feeding occurred irrespective of depth and time of day, and acoustic data from the 38 kHz EK60 echosounder were used to decide on which of the zooplankton samples (depth strata, cf. Table 3) from the MOCNESS hauls that overlapped with the acoustic registrations. This approach allowed us to eliminate zooplankton data from depth ranges with low abundance of B. glaciale. The depth range of residence for B. glaciale was estimated to be the depth range comprising 90% of the total diffuse backscatter (total backscatter minus backscatter from schooling components, see Klevjer et al., 2020a; Klevjer et al., 2020b) as measured from the Simrad 38 kHz frequency transducer. This assumes that B. glaciale is the dominant component of the total backscatter. For more detailed information about acoustic setup and processing, see Klevjer et al., 2020a; Klevjer et al., 2020b.


Table 3 | Weighted Mean Depth (WMD) and estimated depth ranges of B. glaciale in the different basins based on vertical extension of 80% of total 38 kHz backscatter for non-schooling components.



To ensure a reasonable spatial and temporal overlap between fish analysed from trawl catches and MOCNESS samples, only MOCNESS samples from stations that were taken less than 30 nautical miles and less than 2 days prior or after trawls were included in the data analysis. Furthermore, only MOCNESS data from depths where the acoustic registration where observed (Table 3) were used. This meant that zooplankton data from the layers 1000-100 m in the Iceland Sea, 800-100 m in the Irminger Sea and 800-25 m in the Labrador Sea were included. Given that MOCNESS taxonomic analyses are performed on individuals of much better quality (no digestion), all recorded species/group in the zooplankton material were grouped the same way as for the prey categories found in the stomachs of B. glaciale. Thus, the stomach group of e.g. Copepoda will for the similar MOCNESS group contain the sum of numerous species but not species defined in other existing stomach prey groups (e.g. C. finmarchicus) even though it is possible that an item classified as “Copepoda” in the stomach samples in fact were C. finmarchicus. Species/groups that were found in the MOCNESS samples but never recorded in the stomachs were excluded.

Analysed stomachs from trawl catches without a corresponding MOCNESS sample were discarded for the prey electivity analysis. This meant that no data from the Norwegian Sea was available for the analysis since trawl and MOCNESS data were too far apart to be compared. All analysed stomachs, not taking fish length into consideration, corresponding to each MOCNESS sample were pooled in terms of prey items for each prey group. This numerical prey distribution was then used to calculate the Ivlev electivity index by comparing the same prey group densities found in the MOCNESS. In basins where more than one MOCNESS dataset was used, the presented Ivlev index is the mean of each set of calculated indices.

The diet composition of B. glaciale was investigated with multivariate analysis using the PRIMER software v7 and the PERMANOVA package (Anderson et al., 2008; Clarke and Gorley, 2015). Individuals with empty stomachs or with only digested material were not included in these analyses. Prey data (expressed as the ratio between prey weight and predator weight) were square root transformed before the analysis to down-weight the important of the dominant species (Clarke et al., 2014). Bray-Curtis similarities were calculated for each pair of predator to produce a similarity matrix, with prey items as variables (columns) and predators as samples (rows). Unidentified prey and rare prey (i.e., only one or two stomachs among all the stomachs analyzed) were not included in the matrix. In addition, these data were further analyzed with a non-metric Multidimensional Scaling (nMDS) to clarify diet differences. A two-dimensional ordination approach was adopted because the stress level (≤ 0.1) was acceptably low, with no real prospect of a misleading interpretation (Clarke et al., 2014). In addition, to confirm the patterns observed, differences among basins and between small and large individuals (< 50 mm and ≥ 50 mm SL, respectively) were tested with PERMANOVA (with 9999 permutations) upon a Bray-Curtis similarity matrix with prey. When differences were found, pair-wise PERMANOVA tests were accomplished. The PERMANOVA assumes homogeneity of the multivariate dispersion (Anderson et al., 2008). Thus, a PERMDISP test (with 9999 permutations) was applied to test for homogeneity of the multivariate dispersion. The majority of data analysis and visualisation was done using the R library «tidyverse» (Wickham et al., 2019).




3 Results


3.1 Size composition and abundance

The data from all processed 230 fishes, females and males, from all basins were merged for the estimation of the weight-length relationship. Since the condition factor were similar for males and females (127 females, 101 males, 2 indeterminate) with no significant relationships (unpaired t-test; p=0.313), the weight-length relationship combines data from males and females (cf. Figure 3).




Figure 3 | Weight-length relationship for B glaciale. Data from all fish processed for stomach content, liver and gonads (N = 230) from all basins are pooled.



The B. glaciale individuals caught in the Norwegian Sea basin were smaller than those in the other basins with most individuals smaller than 40 mm, while the individuals in the Iceland Sea were larger than 40 mm (Figure 4A). The populations from the Irminger and Labrador Seas had similar size composition with most individuals between 30 and 50 mm length (Figure 4A). Both the measured abundance (number of individuals) and biomass (weight of individuals) of B. glaciale were highest in the Labrador and Irminger Sea basins (Figure 4B). The density of B. glaciale was lowest in the Iceland Sea basin (Figure 4B), but the biomass was lowest in the Norwegian Sea basin, because the samples from the Iceland Sea basin consisted of much larger individuals, with > 50% of the fish being 60 mm or longer (Figure 4C).




Figure 4 | (A) Relative length distributions of B glaciale for each basin by length groups. N is the number fish measured for each basin. (B) Abundance in number of fish by length group per 1000 m3 for each basin. ATOT is summed abundance of B glaciale per 1000 m3 (all length groups). (C) Cumulative biomass versus standard length of B glaciale. BTOT is average biomass (g WW) per 1000 m3. Based on Macroplankton trawl catches (~1000-0 m) from the BASIN cruise (see Klevjer et al. (2020a) close to stations with trawls sampled for stomach contents (Table 1). Minor differences in total biomass levels compared to Klevjer et al. (2020a) is expected due to slightly different subselection of trawls.





3.2 Condition factor, gonad, and liver weights

The energy status measured as the relative condition factor of B. glaciale differed between the basins with fish from the Iceland Sea basin having significantly higher condition factor than all other basins for both small and large B. glaciale (Figure 5). Larger fish (SL ≥ 50 mm) in the Labrador and Irminger basins had median condition values below 1.0 indicating a poorer condition compared to those in the Norwegian and Iceland Seas.




Figure 5 | Relative condition factor (Weight/expected weight given length) for B glaciale from the Labrador Sea (Lab), Irminger Sea (Irm), Icelandic Sea (Ice) and Norwegian Sea (Nor). Numbers refer to p-value of t-test (two-sided unpaired) between groups. Boxplot show median (vertical line) 25 and 75% quartiles (hinges) and whiskers (~95% confidence interval). All data points are shown as dots.



Males had lower gonad weights compared to females with median weights below 0.5% of body weight in all basins and for both length groups (Figure 6). When measuring energy status using the liver indicator, B. glaciale from the Iceland Sea basin had significantly higher values compared to the other 3 basins (t-test; Lab: p < 0.001, Irm: p = 0.015, Nor: p = 0.023; Figure 6) with both length groups pooled. Not enough data were available to run these tests also considering length groups, but the input data were organ weight/total weight and size is thus implicitly considered.




Figure 6 | Liver and gonad weight indicators (females and males) as percentage of body weight, in the four basins for large (SL≥ 50 mm) and small (SL< 50 mm) Benthosema glaciale. Basins are shown along the x-axis: Labrador Sea (Lab), Irminger Sea (Irm), Iceland Sea (Ice) and Norwegian Sea (Nor). Boxplot show median (vertical line) 25 and 75% quartile (hinges) and whiskers (~95% confidence interval). Data falling outside the whiskers are shown as dots. n refers to the number of fish gonads and livers that could be weighed in each group.



The results suggested that there were slightly lower investment in the female gonads of fish from the Iceland Sea basin, particularly for the larger individuals (≥ 50 mm), since median gonad weight relative to body weight was the lowest for this group of females.



3.3 Diet

There were large differences in stomach contents (Figure 7). Most of the individuals in the Irminger Sea had empty stomachs, both for the large (SL ≥ 50 mm) fish (> 60%) and for the small fish (SL < 50 mm) (~ 75%). In fish from the Labrador and Norwegian Sea basins 30-50% were empty for both length groups. Large individuals in the Labrador Sea (SL ≥ 50 mm) had the lowest maximum stomach fullness recorded, with the maximum stomach weight registered being only ~0.5% of body weight (Figure 7). In contrast, no individuals from the Iceland Sea had empty stomachs, and B. glaciale from that basin had the highest maximum stomach weight registered in any fish, with stomach contents measuring > 4.5% of the body weight (Figure 7). For all basins, overall small fish show a higher maximum stomach fullness than larger fish.




Figure 7 | Cumulative distribution of prey weight in the stomachs relative to body weight. Numbers denote sampled individuals in each group.



C. hyperboreus was the dominating prey item in terms of biomass for both size groups of B. glaciale individuals from the Iceland Sea basin (Figure 8A) and made up between 50-75% of the identifiable prey (Figure 8B). Amphipods were common prey items in all basins and this group was especially important for larger B. glaciale individuals. For smaller B. glaciale amphipods were much less important with the exception individuals from the Norwegian Sea. Paraeuchaeta sp. was also a common prey group in all basins and length groups, except for large individuals from the Norwegian Sea. Note however, that around 50% of the stomach contents in large fish from the Norwegian Sea could not be identified, and a large fraction of prey items could only be classified to the Copepoda level due to the level of digestion. Thus, if Paraeuchaeta sp. was present, it might have been part of the Copepoda group, although their large tail (caudal rami) is quite robust and could have been possible to identify even in heavily digested stomach content. Euphausiids were present in fish of all lengths in all basins, except in individuals from the Labrador Sea. Appendicularia were part of the B. glaciale diet only in the Labrador basin. It is noted that most of the appendicularians were registered based on the presence of their ‘house’ in the Benthosema stomachs, while the animal itself is hard to find, presumably because it is small and easily digestible.




Figure 8 | (A) Average stomach weight of prey expressed as percent of body weight. (B) Relative average weight of identified prey items found in the examined stomachs (i.e. unidentified prey not shown). All empty stomachs are excluded. Legend applies to both panels.



There were statistically significant differences in diet among basins (PERMANOVA, p<0.001), but not between length groups (PERMANOVA, p= 0.259) or in the interaction between basin and length groups (PERMANOVA, p= 0.0541). All the basins have different diets (PERMANOVA, pairwise-test, p<0.001), except Irm and Nor (PERMANOVA, pairwise-test, p= 0.0743). In addition, the PERMDISP test showed homogeneity of dispersions for both basin and length groups (PERMDISP, p= 0.1694 and PERMDISP, p= 0.4491, respectively), confirming the PERMANOVA results. When samples were ordinated in MDS plots (Figure 9), most of the samples from the Iceland Sea (Ice) were grouped in the upper left-central part of the plot whereas the samples from the Labrador Sea (Lab) tended to be grouped in the upper right-central part of the plot. Stomach samples from Norwegian and Irminger Seas were mainly located in the lower half of the plot without a clear separation between them.




Figure 9 | Non-metric Multidimensional Scaling (nMDS) of Benthosema glaciale diet. Prey weight as input (expressed as the ratio between prey weight and predator weight). Symbols represent the basins (Lab=Labrador Sea, Irm=Irminger Sea, Ice=Iceland Sea, and Nor=Norwegian Sea) where S and L are fish length groups (S=small fish and L= large fish, SL< 50 mm and SL≥ 50 mm respectively).





3.4 Prey selectivity

A total of eight MOCNESS profiles were deemed to be taken in close enough proximity to the trawl samples with B. glaciale to allow for examination of prey selectivity in B. glaciale (Figure 10). C. finmarchicus and other copepods were numerically the dominating groups on all 8 stations. Appendicularia were numerically important in the upper 50 meters on two of the three Labrador stations.




Figure 10 | The composition of zooplankton taxonomic groups from MOCNESS hauls used for the Ivlev electivity index calculations. The data are grouped using the same categories as those obtained for the stomach contents. Each panel show the basins and the associated CTD station number where the sample was obtained. St 168-171 show data from the westward leg, while st174-198 are data from the eastward return to Norway (see Drinkwater et al., 2020).



The Ivlev’s electivity index (cf. Figure 11) suggest that Chaetognaths, Copepoda, Metridia sp. and ostracods were negatively selected, that is, possibly avoided or not preferred in the Icelandic, Labrador and the Irminger Seas, while Paraeuchaeta sp. were selected in all those basins. The index also suggests that in the Iceland Sea B. glaciale strongly selected for C. hyperboreus but avoided C. finmarchicus and other copepods. Euphausiids were actively selected for in the Iceland Sea and Irminger basin, while Appendicularia were positively selected for in the Labrador Sea. In the Iceland and Irminger Seas the latter group was not recorded in either stomachs or MOCNESS samples, but Appendicularians were present in MOCNESS samples at depths not used to compute the Ivlev index. Further, Amphipods were selected for in the Iceland and Labrador Seas, but with a much higher positive index in the Iceland Sea. The clearly negative index for Amphipods in the Irminger Sea suggests that this group was not preferred here.




Figure 11 | Ivlev’s electivity index calculated based on mean numerical abundance (number of prey items in stomach) for both length groups combined and compared to in situ density of zooplankton aggregated to the same taxonomic groups obtained from vertically stratified MOCNESS samples. Negative index values reflect negative selection and positive values reflect positive selection.






4 Discussion

Glacier lantern fish (Benthosema glaciale, Reinhardt 1837) is probably the most important and most widely distributed myctophid in the northern North Atlantic (Gjøsæter and Kawaguchi, 1980). It is also a key mesopelagic in the deep fjords of western Norway (Gjøsæter, 1973a; Gjøsæter, 1973b; Giske et al., 1990; Baliño and Aksnes, 1993; Suneetha and Salvanes, 2001; Kristoffersen and Salvanes, 2009). A significant characteristic of the species, like in many other mesopelagic fishes, is its diel vertical migration range that might extend close to 700 m depth in some oceanic regions of the North-Atlantic (cf. Halliday, 1970) and even as deep as 950 m (Sameoto, 1988). In the Norwegian Sea however, only very few B. glaciale have been found below 600 m depth in stratified MOCNESS samples (cf. IMR, database), suggesting that the very cold intermediate and deep-waters of this region (Blindheim and Østerhus, 2005), can pose some limitations to the vertical depth range of the species here. Such variability in the depth extension of a key mesopelagic species is possibly also reflected in the vertical extension of the Deep Scattering Layer’s for the examined regions, although admittedly other scatterers can also be involved (cf. Klevjer et al., 2016; Klevjer et al., 2020b).

Another important aspect of the B. glaciale habitat is how its vertical distribution can be directly impacted by the abundance and vertical distribution of associated mesopelagic species, the ambient prey field and abundance of key food organisms. The understanding of ecosystem functioning should take into consideration the elaborate biological interactions that could result in these systems. The somewhat complex and variable acoustics as well as Macroplankton trawl and stratified zooplankton data (cf. Figure 10) across the four basins examined (cf. Strand et al., 2020; Klevjer et al., 2020a; Klevjer et al., 2020b), underlines this potential intricacy.

Also, the vertical migration pattern displayed by B. glaciale varies with season and environmental conditions (Dypvik et al., 2012a; Dypvik et al., 2012b), and does not appear to be identical over the species geographic and environmental range (Klevjer et al., 2020b). Particularly during summer, vertical migration of mesopelagics in the Norwegian and Iceland Seas of which B. glaciale is a key component, is apparently more restricted towards northern latitudes (cf. Norheim et al., 2016). The vertical migration behavior is an important element in the oceans biological carbon pump, as vertical migrants that feed in the epipelagic waters during night-time, bring ingested material back to the depths of the oceans (cf. Davison et al., 2013: Jónasdóttir et al., 2015; St. John et al., 2016; Cavan et al., 2019). At depth carbon could be released as fecal pellets during egestion (particulate organic carbon, POC), as dissolved organic carbon (DOC), dissolved inorganic carbon (DIC) during respiration (Steinberg et al., 2000; Robinson et al., 2010; Cavan et al., 2019; Saba et al., 2021) or as fish gut precipitated carbonate (cf. Wilson et al., 2009). The importance of the latter component is currently largely unknown, but likely to increase in the future and even become a more important component in the inorganic carbon production (Wilson et al., 2009; Foran et al., 2013).

According to the “light exclusion” hypothesis (Kaartvedt, 2008; Langbehn et al., 2022) mesopelagic fish at high latitudes are expected to face adverse feeding conditions, as the absence of periods of sufficient darkness during the polar summer is hypothesized to restrict migration into surface waters at night. Such restricted migration was indeed observed in the Iceland Sea a month before our sampling, i.e., the shallowest nighttime depth of the mesopelagic acoustic scattering layer was around 300 m (Norheim et al., 2016). Our observations, however, do not support that this DVM restriction led to a reduction in the food intake. At the contrary, a surprisingly high proportion of individuals had prey items in their stomachs in the Icelandic Sea at 68°N, and the high condition factor also suggest that high latitude B. glaciale were successful in their feeding activity (Figures 5–7) despite the evidence for restricted DVM (Norheim et al., 2016). Given that the shallowest DVM depth of B. glaciale was around 300 m, which correspond to the main acoustic scattering layer (Figure 3 in Norheim et al., 2016), this means that the zooplankton prey concentration at this depth likely was adequate for feeding. This is in contrast to the assumption of light exclusion hypothesis assuming that sufficient feeding is ensured by DVM into the productive surface layer.


4.1 Size and growth

There is considerable spatial variation in the size distribution of B. glaciale and the diet typically is assumed to change with size (Sameoto, 1988, 1989; García-Seoane et al., 2013; Pepin, 2013), although some changes to these general patterns have been shown (Hudson et al., 2014). The estimated growth rate and maximum length of the species also vary. For instance, in the Norwegian fjords B. glaciale has a higher growth rate (k = 0.38-0.6) and lower asymptotic length (Linf = 65-70 mm) than in the Norwegian Sea (k = 0.18, Linf = 106 mm), but compare to values found for the Flemish Cap population (k=0.47, Linf= 69.5 mm). Such traits can be related to the area’s temperature regime (Kristoffersen and Salvanes, 2009), although other effects might also contribute, such as restricted exchange of organisms between stocks (cf. Suneetha and Salvanes, 2001; Kristoffersen and Salvanes, 2009). This could have restricted gene flow even between closely located “populations” (cf. Song et al., 2016), for instance affecting fjord and regional stocks in the North Atlantic basins differently. However, some interesting differences between the examined basins can be traced, e.g. the smallest individuals dominating the size distribution in the Norwegian Sea, peaking at ~3 cm and between 3-5 cm standard length in the Irminger and Labrador Seas. In the northwest of the Atlantic Ocean previous studies have found comparable size distributions of adult fish (4-7 cm) (Halliday, 1970; García-Seoane et al., 2013, 2014; 2015), while data from the mid-Atlantic ridge (Hudson et al., 2014), suggests a bimodality in the size structure although it might be biased showing just the individuals examined for stomach content (from different trawls), rather than being a true standardized and quantitative size distribution. In the Icelandic Sea (~68°N-70°30’N) north-east of Iceland, the size distribution in our data peaked at 6 cm standard length and very few individuals were found below 4 cm standard length here. A similar tendency towards larger individuals was observed from the region of the Nova Scotian slope to the Davis Strait, while in the upper Baffin Bay (>72°30’N) with a much more restricted light regime and very cold temperatures, no Benthosema were found (Sameoto, 1988, 1989). The low temperatures in the Iceland basin (between 0-2°C in the upper ~180 m, and mainly below 0°C deeper in the water column (cf. Drinkwater et al., 2020) possibly pose challenges to the Benthosema population there. These conditions do not seem to restrict survival of larger and older B. glaciale but possibly affect recruitment, similar to what was suggested for the Davis Strait population (Sameoto, 1989). Whether this happens because adult gonad maturation is affected at some stage or if it could be due to poor survival of eggs and larvae in these more extreme environments, is currently not understood.



4.2 Across basin diet differences, and prey selectivity

Diet and foraging are well studied in B. glaciale from Canadian and Labrador areas, and numerous studies describe diet also in Norwegian fjords and along the mid-Atlantic ridge south of Iceland. However, such data are largely lacking from central areas of the Norwegian, Iceland and Irminger Seas. Our results showed that the most important prey group of glacier lantern fish in the studied areas of the North Atlantic are copepods, which is consistent with previous studies (Gjøsæter, 1973a; Sameoto, 1988, 1989; Dypvik, 2010; Dypvik et al., 2012a; García-Seoane et al., 2013; Pepin, 2013; Hudson et al., 2014). However, significant differences in diet have been detected between basins (with the exception of the Norwegian and the Irminger Sea (cf. Figure 9). In some regions of the Atlantic Ocean, other species are also important prey for B. glaciale (e.g., krill in the Northeast Atlantic and ostracods off Northwest Africa) (Gjøsæter, 1973b; Kinzer, 1977; Roe and Badcock, 1984; Baliño and Aksnes, 1993). During the current study krill were positively selected in the Iceland and Irminger Seas, but negatively selected in the Labrador Sea. In the Flemish Cap, western Atlantic, a very broad spectrum of prey were recorded which also included euphausiids, amphipod, ostracods, chaetognaths, appendicularians, gastropods and polychaetes (García-Seoane et al., 2013). However, during our study the latter two groups were not registered but amphipods were relatively important across all basins for large B. glaciale, and for smaller fish in the Norwegian Sea. In terms of stomach weight relative to body weight amphipods were clearly the most important for large B. glaciale in the Iceland Sea. Arrow worms (Chaetognatha) were probably considerably underrepresented in the stomachs since only remnants of spiny jaws or bristles could be identified. Their importance is therefore very uncertain and that they were negatively selected in all basins could be an artifact of insufficient data. Comparatively in the colder environment of the Davis Strait chaetognath remains in B. glaciale stomachs were much higher compared to the Nova Scotia region (Sameoto, 1988, 1989), probably because the abundance of chaetognaths in the Davis Strait region were much higher compared to the more south-eastern Nova-Scotia population. In the current study appendicularians (Appendicularia) were quite important as prey in the Labrador Sea but were not found in the Iceland and Norwegian Sea fish stomachs. Also, in the western Atlantic, the Grand Bank and Flemish Cap region, appendicularians were represented in the diet (Albikovskaya, 1988; García-Seoane et al., 2013, their Table 1), but their importance seemed minor.

In the Iceland Sea, C. finmarchicus and chaetognaths were not recorded in any stomachs, though these groups were present in the MOCNESS samples. This results in an Ivlev index of -1 independent on the density of these species in situ. This was also the case for chaetognaths and Metridia sp. in the Irminger Sea, as well as for euphausiids in the Labrador Sea. However, the interpretation of the modified Ivlev index should be approached with caution as there are both statistical and ecological concerns regarding such indices, including the modified index by Jacobs (1974), (cf. Strauss, 1979; Gras and Saint-Jean, 1982).

Paraeuchaeta sp. was a quite important prey component in most basins and length groups, except for large B. glaciale in the Norwegian Sea, and positively selected for in all three basins examined (cf. Figures 8, 11). Paraeuchaeta is a genus of carnivorous copepods that has an extensive vertical distribution (cf. Fleddum et al., 2001; Kaartvedt et al., 2002 and references herein) including the species Paraeuchaeta norvegica in the Norwegian Sea, as well as in the deep west-Norwegian fjords (Bagøien, 1999). Thus, it is not surprising that a mesopelagic fish would find this reasonable large (up to ~6 mm adult prosome length, Mauchline, 1999) and visible copepod (Vestheim et al., 2005 and references therein), over a considerable depth range when it is vertically migrating. It is a nearly omnipresent source of food found regularly also deep in the water column which might be preferred to food items that are occasionally less abundant (e.g. Dale et al., 2001) or that at least seems to be preferred by a wide size range of B. glaciale (cf. Kawaguchi and Mauchline, 1982). That this carnivorous copepod has some distinctive features that might make it easier to identify in stomach content, potentially causing a bias in the selectivity pattern is a possibility, although we think in the current material it is less likely.

Benthosema glaciale, like most myctophids, is planktivorous and likely vision is crucial for feeding, predator avoidance and mating (Turner et al., 2009). In its vertical range/habitat light is found both in the form of downwelling light and as light originating from bioluminescent sources, and both “forms” of light may be important to visual feeding (Aksnes and Utne, 1997; Turner et al., 2009; Nilsson et al., 2014). Of the important items found in the diet, Euphausiids, Metridia sp., some other copepods, ostracods and appendicularians are known to produce bioluminescence (cf. Galt and Sykes, 1983; Herring, 1988; Lapota et al., 1989), a distinct feature of many prey organisms and which in some regions during night may increase the encounter rate with bioluminescent zooplankton (cf. Roe and Badcock, 1984 - Metridia; Berge et al., 2012; Cronin et al., 2016).

It is likely that both prey abundance, prey size, bioluminescence and overall visibility, all play an important part of B. glaciale selecting one prey over another during foraging (Kawaguchi and Mauchline, 1982; Roe and Badcock, 1984; Herring, 1988; Sameoto, 1988; Hudson et al., 2014). Secondary issues are geographic location, time of the year, dominant water masses, competitors or lack thereof, and the zooplankton community composition (cf. Gjøsæter, 1973a, b; Gjøsæter and Kawaguchi, 1980; Sameoto, 1988, 1989; Kristoffersen and Salvanes, 2009; García-Seoane et al., 2013). Both Sameoto (1988) and García-Seoane et al. (2013) found that size range of prey increased with fish body length, but Sameoto (1988) also found no significant statistical difference in the length range of prey particles in fish of lengths between 20 to 79 mm total length. These fish continued to feed on the same small prey as smaller fish (see also Gjøsæter, 1973b; Kawaguchi and Mauchline, 1982), while fish between 10-19 mm showed a much higher percent frequency of particle sizes <3 mm compared to larger fish. Fish <30 mm SL were not caught during the investigations by García-Seoane et al. (2013), but the diet of B. glaciale >30 mm varied ontogenetically showing increased prey size with increasing predator size as shown also for a larger span of fish sizes [<15 - 62.5 mm] (Kawaguchi and Mauchline, 1982). Our results seem to show that somewhat larger prey, e.g. amphipods, are common in larger Benthosema, while it is more inconclusive with respect to smaller prey and in particular smaller copepods. Having separate stomach content categories for smaller, intermediate, and larger sized copepods not taxonomically identified, could probably improve B. glaciale future stomach content analyses.

The dominance of older and larger B. glaciale in the Iceland Sea preferentially feeding on one of the largest species of pelagic copepods in the Arctic, C. hyperboreus while B. glaciale recruits (see Kawaguchi and Mauchline, 1982) are basically absent, contrasts what is observed in boreal and more temperate waters. That B. glaciale strongly selected for C. hyperboreus in the Iceland Sea, but avoided C. finmarchicus and other copepods, does indicate that size, fat content, visibility and maybe abundance/availability of C. hyperboreus are superior to any other characteristics of prey otherwise present in the water column here.

The overall observation for all basins, that small fish show a higher maximum stomach fullness than larger fish is intriguing. Ontogenetic variation in DVM patterns have been previously described in mesopelagic fish such as Mueller’s pearlside (Maurolicus muelleri), where juvenile fish stays higher in the water column than their adult counterpart. Giske and Aksnes (1992) argued that this behavior could be explained by juveniles being willing to take higher risk for increased food intake in order to more quickly reach maturity. Since we do not have vertically stratified data on B. glaciale length composition, we can only speculate as to the higher stomach contents seen in smaller fish in our study is related to different DVM strategies.



4.3 Abundance, recruitment, condition factors and the light exclusion hypothesis

Available data suggests that abundances of myctophids declines at high latitudes (Sameoto, 1989; Knutsen et al., 2017) and this has been hypothesized to be an effect of the extreme light environment at these latitudes (Kaartvedt, 2008 “light environment exclusion” (LEE) hypothesis), with continuous daylight during summer “preventing” DVM into the productive upper waters and continuous darkness during winter leaving visual predators less efficient at detecting prey. This mechanism was analysed in a recent model study simulating myctophid feeding, growth and survival along a latitudinal gradient from 50°N to 85°N (Langbehn et al., 2022). Their simulation suggests that because of LEE, myctophids are increasingly unable to accumulate sufficient surplus energy to reproduce, particularly at latitudes higher than ~65°N. While the model reproduces the northward restriction in the DVM range as observed in Norheim et al. (2016), the expectation of summer starvation at latitudes higher than 65°N (Figure 3 in Langbehn et al., 2022) is in error with our observation at 68.37°N in the Iceland Sea. The condition factor and the liver indicator for B. glaciale were clearly higher than in the more southerly basins, even for “small” (in our case defined as <50 mm) individuals (Figures 5, 6). Stomach contents also show that these individuals, probably being sampled at larger depths on average (Table 3) appear to be more successful in finding and ingesting prey (Figures 7, 8), as no fish from the Iceland Sea basin had empty stomachs, and most individuals had much more stomach contents than those in the more southern located basins (Figures 7, 8). The individuals of our sample were obtained at a fishing depth of 330 – 390 m (station 162 in Table 1) with a WMD of 420 m (cf. Table 3) in a region where DVM appears to be constrained to depths deeper than 300 m (Norheim et al., 2016) but nevertheless appear to thrive. The model expectation involving summer starvation in Langbehn et al. (2022) results from an assumed zooplankton prey field largely confined to the upper 100 m which is not in accordance with our observations. In this respect, it should be noted that the highest densities of C. hyperboreus is indeed considered to reside in the upper 100 m in the Iceland Sea in June (cf. Astthorsson and Gislason, 2003). However, our own data from the same basin and month, not far from the stations of Astthorsson and Gislason (2003), do show that C. hyperboreus is clearly present also below 100 m, but at lower densities.

It is possible that B. glaciale in this region could undertake asynchronous excursions (cf. Pearre, 2003) to the upper 100 m with the highest densities of potential prey (see Astthorsson and Gislason, 2003 and our Figure 10), thus minimizing predation risk while covering their energy demand even if light conditions are unfavourable. A similar behaviour for B. glaciale using irregular excursion to the upper 30 m at daytime has been suggested by Sameoto (1988). Such “bold” behaviour has been documented for a small fraction of the population of the mesopelagic fish Maurolicus muelleri in Norwegian fjords (Christiansen, 2021; Christiansen et al., 2021). However, we currently have no evidence from acoustic or net data that B. glaciale does undertake such excursions, and previous studies have described B. glaciale as having sluggish behaviour during daytime (Kaartvedt et al., 2009), typically showing small, intermittent vertical relocations (ascent/descent) with pauses between vertical steps (Kaartvedt et al., 2008; Dypvik et al., 2012b).

What our data show is that the fishes that have managed to cope with the high latitude environment are doing fine, but that very few smaller B. glaciale are among these. This may suggest that it is the recruitment that is affected, i.e. that the constraint(s) affects spawning or the smaller life-stages of the B. glaciale. Smaller individuals require smaller food items potentially being distributed higher in the water column and higher mortality in smaller life stages might reflect higher DVM risk exposure as expressed in the LEE hypothesis (Kaartvedt, 2008; Langbehn et al., 2022). There is an indication in our data that the relative gonad size of both large (SL≥ 50 mm) and small B. glaciale (SL< 50 mm) is lower in the Iceland and Norwegian Seas (Figure 6), which may suggest that less energy is diverted to reproduction here. The condition factor for both the small and large B. glaciale (cf. Figure 5) and the liver indicator (Figure 6) for both length groups combined, indicate that energy stored were significantly higher for fish in the Iceland Sea compared to the other basins. High condition factors (liver indicator, relative weight and amount of fat stored) have been related to the period just prior to the subsequent spawning season (e.g., Nunes et al., 2011). In the Northwest Atlantic the spawning period for B. glaciale occurs from January to April (Mazhirina, 1988), while in the Northeast Atlantic from June to July (Gjøsæter, 1981). Thus, the samples in the Irminger and Labrador Seas were possibly collected after the spawning period. Samples in the Iceland Sea were collected on 8 June, maybe just in the beginning of the spawning season, whereas the Norwegian Sea was sampled 4 days thereafter, probably also very early on in the maturation cycle. This seems to be supported by the condition, gonad and liver indices of the fish in these basins (Figures 5, 6). Spawning period or not, the stomach fullness of B. glaciale in the Iceland Sea was much higher than what was observed for fish in the other basins (Figure 7). No fish in the Iceland Sea was found with an empty stomach. The dominating prey of B. glaciale in the Iceland Sea is the large copepod, Calanus hyperboreus, very rich in fat – as determined from the size of the lipid sacs of some key Calanus species and copepodite stages (cf. Vogedes et al., 2010), and our data shows directly that B. glaciale are successfully feeding in this area during the summer.

However, the number of fish investigated is restricted, and there is also the possibility of differences in phenology, but the patterns revealed above, clearly warrants further investigation. The estimated abundance of large B. glaciale was higher in the Iceland Sea (Figure 4) than in the Norwegian Sea, which is hard to reconcile with increased mortality. Previous studies have shown that B. glaciale in the Norwegian Sea had slower growth, attained a larger size and showed a similar mortality rate compared to populations in western Norwegian fjords further south (Kristoffersen and Salvanes, 2009). Similar patterns are evident in distributions of myctophids in both the Northern Atlantic (Klevjer et al., 2020a) and the Southern Ocean, Scotia-Weddel sector [~48-62°S] (Saunders et al., 2017; Dornan et al., 2019; Escobar-Flores et al., 2020): poleward ecosystems show decreased abundances of small individuals but despite the drop in abundance implied by this, biomass levels across comparable gradients appear similar (Escobar-Flores et al., 2020; Klevjer et al., 2020a). These patterns are all consistent with low mortality rates for larger individuals. Large myctophids have larger energy stores, may feed on larger zooplankton (cf. Sameoto, 1988; García-Seoane et al., 2013) and may consequently show different vertical distribution and migration patterns than smaller individuals (Giske et al., 1990; Dypvik et al., 2012b). Hence, the LEE hypothesis may still be valid for smaller myctophids as well as for the younger life-stages of the larger myctophids, but the hypothesis does not appear to be compatible with patterns seen for large individuals in either the North Atlantic or the Southern Ocean. Furthermore, since parts of the Antarctic zone is also at “somewhat lower latitudes” [~48-62°S] (Saunders et al., 2017), and lack of recruitment is also indicated for parts of the Antarctic zone at considerably lower latitudes than in the north (e.g. where the light environment is not as extreme), other factors are likely to be important. In the Norwegian Sea ecosystem high backscattering levels from mesopelagic organisms are restricted to the relatively warm Atlantic water-masses (Dale et al., 1999; Knutsen et al., 2017), while for instance in the northern reaches of Baffin Bay having very low water temperatures neither larvae nor adults of B. glaciale could be traced (Sameoto, 1989). Since the latitudinal gradients in both the northern and southern Atlantic are also characterised by transitions towards colder temperatures, a relationship between water temperature and myctophid recruitment is a possibility. Based on samples from 12 research cruises spanning a 10-year period, Karaseva (1986) suggested that the thermal niche of larval B. glaciale is restricted to 6.0 to 14.5°C, with the realised niche expanding for young, post-metamorphose stages (5.0 to 16.0°C, Karaseva, 1986). A recent study has found a clear correlation between temperature and distribution of mesopelagic components across polar fronts in both hemispheres (Chawarski et al., 2022), suggesting a link between temperatures and trophic structure in the mesopelagic zone.

Interestingly, in the southern regions of Baffin Bay (~67°30’N-70°30’N) both myctophids Benthosema and Lampanyctus have been found in stomachs of feeding northern fulmars/black-legged kittiwakes during early summer (9 June-12 July), in a period with a prevailing midnight sun in the whole region (LeBlanc et al., 2019). These birds are visual feeders and are only capable of diving less than 2 m (cf. Wahl, 1984; Garthe and Furness, 2001), it is therefore highly surprising that they have access to mesopelagic fish. However, this might suggest that current understanding of mesopelagic vertical migration is inadequate, and that the LEE-hypothesis needs further scrutiny and associated refinement. Sameoto (1988) also found that B. glaciale off the Nova Scotian shelf could undertake brief excursions to the copepod rich layer in the upper 30 m of the water column during daytime. This find is an additional hint that the species could undertake brief excursions towards the surface layers as needed.



4.4 Methodological issues

Most of the relevant literature on Benthosema feeding (Gjøsæter, 1973b; Roe and Badcock, 1984; Sameoto, 1988, 1989; Dypvik et al., 2012b; García-Seoane et al., 2013) suggest that this fish is a dynamic forager, its main feeding period being in the epipelagic domain during night, but that it could also feed at depth during the day, although some variation to this theme is indicated for some investigations (cf. Dypvik et al., 2012a; Dypvik et al., 2012b). Stomach contents are therefore expected to contain a mix of freshly consumed prey and older contents. Another issue that has been raised regarding feeding, is micro-scale aggregation or patchiness of prey that can be important at the individual level as it has been documented that a single myctophid fish could have a monospecific or monosexual prey in the stomach (Scotto di Carlo et al., 1982). Individuals feeding directly on such aggregated prey, could lead to biased feeding patterns within an analysed depth range. To “follow-the-fish” like done during this study and sample also the water column for key prey organisms and according to the vertical extension of the acoustic representation of the fish, seems like a worthwhile approach, but is still not perfect since collecting both the fish and its potential prey simultaneously is difficult. Applying a vertical stratified sampling program using a pelagic trawl where a remotely controlled trawl opening or cod-end closure could have increased the opportunity to better detail where in the water column feeding occurred at the time of sampling. However, this is a an very time-consuming approach that was not possible to undertake with a pelagic trawl during the current expedition. Using a traditional pelagic trawl as outlined above has also some methodological pitfalls, because you cannot simultaneously undertake a vertically stratified sampling of Benthosema’s zooplankton prey, which would likely be the preferred approach. Interestingly, a combined sampling of Benthosema and its prey was however conducted way back in the 1980’s (Sameoto, 1988, 1989), then using the recently developed BIONESS system (Sameoto et al., 1980), a multiple net sampler with ten 1-m2 nets of mesh size 243 µm towed at speed of ~3 knots.

Timing of trawling in relation to timing of ingestion is and will possibly continue to be a challenge although metabarcoding based on stomach content DNA (scDNA, cf. Mychek-Londer et al., 2020) could help determine which types of prey might additionally be present in the undetermined fraction of fish stomachs examined. Such an approach could also aid the documentation of prey bioluminescence. However, stomach content analyses allow the taxonomic examination of the prey including its weight and abundance. If having at hand information on the bioluminescence characteristics of Benthosema prey found in situ, would maybe be a better way to progress the analyses of mesopelagic fish stomach content.
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