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ABSTRACT 

Behavioral Strategies of Lanternfishes (Family Myctophidae) in a High-Latitude Fjord 

and the Tropical Red Sea 

Eivind Dypvik 

The diel vertical migration (DVM) and feeding periodicity of myctophids (lanternfishes) 

were studied in the high-latitude Masfjorden, Norway, and the tropical Red Sea. In 

Masfjorden, a bottom-mounted echo sounder permitted continuous studies throughout the 

year, and revealed a diverse seasonal DVM behavior. During spring and summer, when 

zooplankton peaks in the epipelagic zone, migrating glacier lanternfish performed normal 

DVM (NDVM), ascending to the epipelagic zone during night and residing below ~200 

m during daytime. During autumn and winter, when Calanus overwinters between ~150–

300 m, migrating glacier lanternfish mainly performed inverse DVM (IDVM), ascending 

to feed on Calanus in mid-waters during daytime. Non migrating (NoDVM) individuals 

were present all year below ~300 m in Masfjorden. In the Red Sea, where zooplankton 

has an epipelagic distribution, the whole population of skinnycheek lanternfish performed 

NDVM, feeding in the epipelagic zone at night, while residing at ~500–750 m during 

daytime. The warm waters of the Red Sea were hypothesized to limit the time individuals 

can stay in the mesopelagic zone without migrating to feed in the epipelagic layers. The 

DVM behavior of myctophids largely seemed to relate to the distribution of zooplankton, 

and it was hypothesized that NDVM will prevail with epipelagic distribution of prey, 

while IDVM and NoDVM are common in areas where zooplankton migrate seasonally to 

mesopelagic depths. Potential predators were continuously present, found to apparently 

attack glacier lanternfish, at mesopelagic depth in Masfjorden. Thus, myctophids are 

under threat of predation even at mesopelagic depth.  
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SUMMARY 

The main objective of this thesis was to describe and understand the behavior of 

myctophids (lanternfishes) based on comparative studies in a high-latitude mesotrophic 

environment and in a tropical oligotrophic environment. The diel vertical migration 

(DVM) and feeding-behavior of glacier lanternfish in Masfjorden, Norway, and 

skinnycheek lanternfish in the central Red Sea were studied by use of acoustic sampling 

accompanied by standard trawl-sampling, video footage, zooplankton sampling and CTD 

casts. The observed DVM patterns of myctophids were related to factors such as prey-

distribution, oxygen, temperature, light and potential predators, and knowledge from 

previous studies contributed in interpreting observed seasonal patterns. 

Myctophids are distributed in scattering layers (SLs) in all the world’s oceans, where they 

play an important ecological role as a trophic link between zooplankton and piscivores. 

The typical DVM of myctophids is the normal DVM (NDVM). Through NDVM, 

myctophids ascend to feed in surface layers during night while they hide from visual 

predators at mesopelagic depths (200–1000 m) during daytime. These daily migrations 

make myctophids an apparent important contributor to the biological pump of the oceans, 

bringing organic material from the epipelagic (0–200 m) to the mesopelagic parts of the 

water column. However, the proportion of a population carrying out DVM may vary, and 

several studies have found myctophids distributed in the mesopelagic zone throughout 

the day, and concluded that these are parts of a non-migrating (NoDVM) component of 

the populations. Yet, to what extent a bi-modal nocturnal distribution indeed reflects the 

presence of a non-migrating part of the population, or rather asynchronous migrations, 

remains to be settled. Furthermore, recent findings indicate that inverse DVM (IDVM) is 
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part of the behavioral repertoire of myctophids, but the possible reason for such behavior 

has not been established. Predators are believed to be important for myctophid behavior, 

but since in situ observations of behavior and predator-prey relationships are normally 

constrained at mesopelagic depths, information on the behavior of predators and their 

possible influence on the myctophids is largely lacking. Through this thesis I aimed to 

gain further knowledge about the various aspects of myctophid behavior and their driving 

forces.  

In Masfjorden, Norway, the glacier lanternfish is subject to seasonally changing abiotic 

and biotic factors such as temperature, light, and prey vertical distribution and 

abundance. Seasonal variations in DVM behavior might therefore be expected, yet so far 

no study of myctophids covering a full year has been carried out. In this thesis, a bottom-

mounted split-beam echo sounder was deployed from July 2007–October 2008 and 

cabled to shore for continuous measurements, resulting in a 16-month data-series with 

high-resolution acoustic information from mesopelagic depth. This data series was 

complemented by sampling during research cruises in autumn 2007 and 2008. In the 

central Red Sea, the skinnycheek lanternfish is subject to limited seasonality, unusual 

warm water and epipelagic distribution of prey. This population was studied using a hull-

mounted echo sounder during a research cruise in the central Red Sea during autumn 

2011, complemented by sampling of biotic and abiotic data. From these data, the DVM 

patterns and feeding behavior of the respective myctophids species were identified and 

described through days, months and/or seasons in both Masfjorden (Chapter I & II) and 

in the central Red Sea (Chapter III). Furthermore, the daily, monthly, and seasonal 
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presence and behavioral patterns of potential predators on glacier lanternfish in 

Masfjorden were studied in Chapter IV.   

Chapter I addresses the DVM and feeding behavior of glacier lanternfish in Masfjorden 

during autumn. Three different DVM patterns were observed: young individuals of the 0- 

and 1-year class performed NDVM, while adults performed IDVM, or were distributed 

below ~300 m throughout the day with NoDVM. Individuals performing IDVM were the 

main focus of Chapter I. They ascended from below ~270 m during night towards ~200–

270 m and were feeding on overwintering Calanus during day. It was hypothesized that 

visually searching glacier lanternfish perform IDVM during autumn and winter when 

overwintering Calanus sp. are common at depth (and food sources in upper waters may 

be scarce), and that by feeding on overwintering Calanus sp. during daytime, they benefit 

from the faint daytime light in mid-waters, while they digest in deeper waters during 

night.  

Chapter II describes seasonal variations of glacier lanternfish DVM behavior based on 

the 16-month acoustic data series (July 2007–October 2008). IDVM was the prevailing 

migration mode during autumn and winter, as migrating individuals ascended from below 

~250 m during night towards ~200–250 m during day. NDVM was the prevailing 

migration mode during spring and summer, as migrating individuals ascended towards 

the surface at night and descended back to below ~200 m during daytime. Individuals 

with NoDVM were present all year below ~300 m. They were observed to perform 

intermittent vertical relocations in a step-wise fashion. Most of these movements seemed 

to represent infrequent re-locations within the layer, but the possibility that some of these 

individuals took part in the migrating layers could not be rejected. The seasonal 
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differences in DVM behavior seemed to correlate with the seasonal distribution of 

zooplankton and glacier lanternfish favored prey, Calanus sp. as established from other 

studies. During autumn and winter, zooplankton biomass is at a seasonal low in the 

surface layers while Calanus sp. overwinters in mid-waters, the depth interval in which 

IDVM individuals ascended during daytime. During spring and summer, the 

concentration of zooplankton peaks in the surface layers, and glacier lanternfish 

performed NDVM ascending to this layer during night. It was hypothesized that IDVM 

and NoDVM are common behavioral patterns of myctophids in areas where zooplankton 

migrate seasonally. 

In Chapter III the vertical migration and diel feeding periodicity of the skinnycheek 

lanternfish (Benthosema pterotum) were studied in the central Red Sea during autumn. In 

this setting, the myctophid was faced with very high temperatures and low prey 

concentrations in their mesopelagic daytime habitat, while zooplankton concentrations 

increased ~25-fold at epipelagic depths. The whole population performed NDVM from 

~500–750 m during daytime to the epipelagic zone at night. Correspondingly, a strict 

feeding periodicity occurred; individuals foraged on zooplankton throughout the night, 

while digesting the preceding nocturnal meal in the warm mesopelagic region. It was 

hypothesized that constrained epipelagic distribution of zooplankton and unusual warm 

mesopelagic temperatures in the Red Sea forced the whole population to ascend and feed 

in epipelagic waters every night, as the prey-ration eaten each night is fully digested at 

mesopelagic depths during daytime. A previous study observed the same DVM behavior 

in the Red Sea during spring, and it was hypothesized that due to restricted seasonality in 
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the area, this DVM behavior remains throughout the year, in contrast to what was 

observed for myctophids in the high latitude habitat in Masfjorden. 

In Chapter IV the behavior of organisms larger than glacier lanternfish (potential 

predators) were studied below ~200 m in Masfjorden. Potential predators were present 

throughout the year, and their seasonal abundance variation was positively correlated to 

that of glacier lanternfish. Five different behavioral modes of potential predators were 

identified, with individuals appearing independently and in social groups. Groups of the 

potential predators were found to ascend/descend below or within the migrating NDVM 

layer of glacier lanternfish, likely targeting migrating individuals from below. 

Additionally, several potential predators were present below ~250 m throughout the day. 

Apparent attacks were registered by individuals in schools at these depths, and glacier 

lanternfish induced a vertical avoidance behavior when approached by these schools. The 

study concludes that glacier lanternfish are under risk of predation in mesopelagic regions 

of the water column throughout the day, and that mesopelagic fish do not completely 

escape predation even though they perform DVM to, or distribute in, the mesopelagic 

zone. 

The work of this thesis has shown that the dynamics of myctophid populations are more 

complex than previously believed, with the prevalence of different behavioral strategies 

varying between regions, and possibly seasons, depending on the environment. This has 

implications for the efficiency of the biological pump and the behavior of their potential 

predators, which are often of commercial importance. However, more work is needed in 

order to fully understand the contribution and importance of myctophids to marine 

systems around the world. 

11



 

 

 

SYNTHESIS 

1.0 INTRODUCTION 

The mesopelagic zone of the water column, 200–1000 m, is characterized by too little 

light for photosynthesis, but sufficient light for visual detection of prey by fish with light 

sensitive eyes (Robinson et al. 2010). Planktivorous fish distributed in this part of the 

water column is commonly referred to as mesopelagic fish. Mesopelagic fish form 

acoustic scattering layers (SLs) and their behavior can be studied by using echo sounders 

(Giske et al. 1990, Torgersen & Kaartvedt 2001, Kaartvedt et al. 2008, Kaartvedt et al. 

2009, O'Driscoll et al. 2009). Myctophids (Myctophidae) are the most abundant family of 

mesopelagic fish (Moser & Ahlstrom 1974, Gjøsӕter & Kawaguchi 1980, Valinassab et 

al. 2007). They are an ancient family of fish present on earth since at least the early 

Eocene period (≤ 55.8 million years ago) (Miller et al. 2002, Prokofiev 2006), now 

comprising 230-300 species (Moser & Ahlstrom 1974, Balu & Menon 2006, Catul et al. 

2011) distributed in all of the world’s oceans (Gjøsӕter & Kawaguchi 1980, Dalpadado 

& Gjøsӕter 1988, Cherel et al. 2010). 

Myctophids are currently of little economic importance, although to a limited extent they 

are used as raw material in fish-food industries (Catul et al. 2011). However, due to 

overexploiting in several fisheries the focus has turned to new resource possibilities, with 

myctophids being such a potential resource (Balu & Menon 2006). Their larvae make up 

~50% of all larvae caught in pelagic plankton tows (Moser & Ahlstrom 1974), and the 

global biomass of myctophids is estimated to be ~600 million t wet weight (Gjøsӕter & 

Kawaguchi 1980, Catul et al. 2011). However, a recent study indicated that the actual 

global biomass could be one order of magnitude higher (Kaartvedt et al. 2012). Thus, 
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knowledge on myctophid biology is of importance for future harvesting and ecological 

management. 

Individuals of myctophids are commonly smaller than 10 cm (Clarke 1978, Kinzer & 

Schulz 1985, Dalpadado & Gjøsӕter 1987, Gartner Jr et al. 1987, Collins et al. 2008), but 

species ˃15 cm exist (Balu & Menon 2006, Collins et al. 2008, Shreeve et al. 2009). 

They have a lifespan from one year (Catul et al. 2011) to more than five years (Gjøsæter 

1973a). The characteristic large eyes of myctophids are adapted to visual detection of 

prey and predators, and communication through bioluminescent flashes in dark waters at 

several hundred meters depth (Warrant & Locket 2004). The fish abdomen is covered in 

bioluminescent photophores used for counter illumination (Case et al. 1977), intraspecific 

communication such as sexual signaling (Herring 2007, Haddock et al. 2010), 

illuminating their surroundings and/or inducing bioluminescent signals by their prey 

(Haddock et al. 2010). These photophores are important species/genus-specific 

characteristics of the myctophids (Moser & Ahlstrom 1974).  

Myctophids are important parts of marine food webs worldwide (Tyler & Pearcy 1975, 

Shreeve et al. 2009, Cherel et al. 2010), feeding on zooplankton and other pelagic 

organisms (Gjøsæter 1973b, Kinzer & Schulz 1985, Dalpadado & Gjøsӕter 1987, 1988, 

Giske et al. 1990, Baliño & Aksnes 1993, Moku et al. 2000, Shreeve et al. 2009), while 

being a part of the diet of several piscivorous predators such as fish (Hansen & Pethon 

1985, Giske et al. 1990, Walker & Nichols 1993), cephalopods (Silas et al. 1985), sea 

birds (Hedd et al. 2009, Cherel et al. 2010) and marine mammals (Doksæter et al. 2008). 

In order to reduce their predation risk from visually foraging piscivores, myctophids can 

stay in the dark waters of the mesopelagic zone throughout the day (Gartner Jr et al. 
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1987, Collins et al. 2008, Kaartvedt et al. 2009). However, the mesopelagic zone may be 

inhospitable compared to the epipelagic zone due to abiotic and biotic factors, such as 

low prey abundance and low oxygen levels (Weikert 1982, Kinzer et al. 1993). 

Planktivorous organisms, such as myctophids, can solve this trade-off by performing diel 

vertical migrations (DVM) (Holton 1969, Kinzer & Schulz 1985, Kinzer et al. 1993, 

Scheuerell & Schindler 2003).  

DVM is performed by a wide range of taxa (Neilson & Perry 1990, Pearre 2003), 

commonly referred to as a trade-off between feeding opportunities and predation risk 

induced by changes in light levels (Clark & Levy 1988, Cohen & Forward Jr 2009, 

Ringelberg 2010). However, factors such as hunger (Pearre 2003), size (Busch & Mehner 

2012), oxygen levels (Kinzer et al. 1993), energy reserves (Hays et al. 2001), currents 

(Bennett et al. 2002) and temperature (Wurtsbaugh & Neverman 1988, Sogard & Olla 

1996) may further influence the migration and vertical distribution of individuals.  

In normal DVM (NDVM), organisms hide from visual predators in deep and dark waters 

during daytime, before ascending towards the surface to feed during night (Neilson & 

Perry 1990). Myctophids are known to perform NDVM from daytime depths of several 

hundred meters towards the surface at night (Holton 1969, Dalpadado & Gjøsӕter 1987, 

1988, Moku et al. 2000, Collins et al. 2012, Olivar et al. 2012). Through NDVM, 

myctophids and other mesopelagic fish are likely important components of the biological 

pump, transporting particulate organic material from the euphotic zone to deeper parts of 

the water column (Pakhomov et al. 1996, Radchenko 2007, Hernandez-Leon et al. 2010, 

Robinson et al. 2010). However, non-migrating components (NoDVM) of myctophid 

populations are also commonly found in the mesopelagic zone of the world’s oceans 
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(Pearcy et al. 1979, Gjøsӕter 1984, Gartner Jr et al. 1987, Moku et al. 2000, Collins et al. 

2008, Godø et al. 2009, Olivar et al. 2012). Many of these NoDVM components of 

myctophid populations have been identified through use of trawl sampling and/or hull-

mounted echo sounders in short-term studies (Pearcy et al. 1979, Gjøsӕter 1984, Gartner 

Jr et al. 1987, Moku et al. 2000, Collins et al. 2008, Olivar et al. 2012), which may fail to 

detect small-scale migrations and seasonal variations in DVM behavior. The first 

documentation of inverse DVM (IDVM) in myctophids distributed in the mesopelagic 

zone throughout day and night was recently published (Kaartvedt et al. 2009). The group 

of individuals performing IDVM ascended towards the upper mesopelagic zone during 

daytime and descended towards deeper waters during night, and it was hypothesized that 

this was due to daytime feeding on Calanus overwintering between ~200–300 m 

(Kaartvedt et al. 2009). IDVM is most frequently observed in zooplankton, but has also 

been described for several fish species (Ohman et al. 1983, Neilson & Perry 1990, Pearre 

2003, Tester et al. 2004), although rarely (Jensen et al. 2011).  

Extensive work has been done on DVM in myctophids, mainly in relation to their diet, 

distribution of prey or swimming behavior (Clarke 1978, Kinzer & Schulz 1985, Moku et 

al. 2000, Kaartvedt et al. 2008, Dypvik et al. 2012a, b). However, with the exceptions of 

Kaartvedt et al. (2009) and Staby (2010), who addressed the behavior of potential 

predators on mesopelagic fish, and findings of mesopelagic fish in the stomach content of 

piscivores, predator behavior and the predation risk experienced by myctophids and other 

mesopelagic fish has seldom been studied in detail. Piscivorous predators have frequently 

been observed in the habitat of myctophids (Giske et al. 1990, Staby 2010), but except for 
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an apparent attack on myctophids at mesopelagic depths (Kaartvedt et al. 2012), 

knowledge on their behavior and influence on myctophid behavior is limited. 

The use of moored echo sounders facilitates sampling of long-term acoustic data series 

(Brierley et al. 2006, Staby et al. 2011). Through this thesis, I took advantage of the 

unique opportunity for long-term acoustic sampling by use of a bottom-mounted echo 

sounder cabled to shore for continuous measurements in the high-latitude Masfjorden, 

Norway. The resulting data series covering July 2007–October 2008 was used to study 

the behavior of glacier lanternfish and their potential predators as the environment 

fluctuated through days, months and seasons (Chapter I, II and IV). Furthermore, the 

DVM behavior of skinnycheek lanternfish in the tropical Red Sea was studied in Chapter 

III. As the tropical Red Sea environment is largely different from the high latitude 

Masfjorden (see below), identifying and describing the governing factors of DVM 

behavior of myctophids in the two study sites gives a comprehensive picture of 

myctophid behavior in different environments. 

2.0 STUDY ORGANISMS AND STUDY SITES 

2.1 GLACIER LANTERNFISH IN MASFJORDEN, NORWAY 

Masfjorden (~60º52’ N, ~5º24’ E) is approximately 20 km long and 1 km wide (Fig. 1a), 

with a sill of 75 m and a max depth of 494 m (Aksnes et al. 1989). Masfjorden has been 

extensively studied in relation to hydrography (Aksnes et al. 1989, Asplin et al. 1999, 

Sørnes & Aksnes 2006), zooplankton (Kaartvedt et al. 1988, Baliño & Aksnes 1993, 

Bagøien et al. 2001), mesopelagic fish (Kaartvedt et al. 2008, Kaartvedt et al. 2009, Staby 

2010) and piscivorous fish (Salvanes & Nordeide 1993, Heino et al. 2012).  
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In- and outflowing currents transport surface-distributed plankton in Masfjorden, but 

below the sill depth of 75 m the water masses are generally not influence by such currents 

(Aksnes et al. 1989, Asplin et al. 1999). Above the sill depth, the temperature and salinity 

varies seasonally between 5–15 ºC and 30–34 psu, respectively (Aksnes et al. 1989, 

Giske et al. 1990, Bagøien et al. 2001), while the temperature and salinity is stable 

throughout the year below the sill depth, mostly within a range of 7–8 ºC and 34–35 psu 

(Aksnes et al. 1989, Giske et al. 1990, Bagøien et al. 2001).  

Glacier lanternfish (Benthosema glaciale) (Fig. 2) is the most abundant myctophid in the 

Atlantic Ocean north of 35º N, and together with the Sternoptychidae pearlside 

(Maurolicus muelleri), it is the dominating mesopelagic fish in fjords along the coast of 

western Norway (Aksnes et al. 2004, Kristoffersen & Salvanes 2009). In Masfjorden, 

pearlside dominates the SLs shallower than 200 m during daytime, while glacier 

lanternfish dominates SLs deeper than 200 m (Giske et al. 1990, Rasmussen & Giske 

1994, Bagøien et al. 2001, Kaartvedt et al. 2009). The size range of glacier lanternfish is 

usually between 1.5 cm (0-year age class) and 6 cm (4-year age class), with length 

corresponding to different age groups (Gjøsæter 1973a). However, individuals of up to 8 

year old with a standard length up to ~10 cm are known (Gjøsæter 1973a). Through 

genetic analyses, the population of glacier lanternfish in Masfjorden has been found to be 

partly isolated from other populations, indicating that they spawn and stay in Masfjorden 

throughout their lives (Suneetha & Salvanes 2001, Kristoffersen & Salvanes 2009). 
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Fig. 1 Map of Masfjorden depicting the location of the bottom-mounted echo sounder at 392 m used in 

Chapter I, II and IV. 

Glacier lanternfish feeds primarily on zooplankton, with calanoid copepods, especially 

Calanus, as their favored prey (Sameoto 1988, Sameoto 1989, Baliño & Aksnes 1993, 

Bagøien et al. 2001). In Masfjorden, the zooplankton has seasonal variations in biomass 

and distribution; during spring and summer, the zooplankton are mainly distributed in the 

surface layers (~0–50 m) (Rasmussen & Giske 1994), while during autumn and winter 

there is a peak in zooplankton, such as overwintering Calanus, between ~150–300 m 

(Baliño & Aksnes 1993, Bagøien et al. 2001). At this time, the biomass of zooplankton is 

at its seasonal low in the surface layers (e.g., Giske et al. 1990, Baliño & Aksnes 1993, 

Rasmussen & Giske 1994). 

A wide variety of predators are known to feed on glacier lanternfish (Hansen & Pethon 

1985, Giske et al. 1990, Walker & Nichols 1993, Doksæter et al. 2008, Hedd et al. 2009), 

but gadoids, such as blue whiting (Micromesistius poutassou) and saithe (Pollachius 

virens), are the most common piscivorous predators in Masfjorden (Giske et al. 1990, 
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Staby 2010). Such piscivorous fish have been frequently observed at depths 

corresponding to where glacier lanternfish dominate (Giske et al. 1990, Kaartvedt et al. 

2009). However, there is a seasonal fluctuation in their abundance (Salvanes & Nordeide 

1993, Heino et al. 2012), potentially causing a seasonal flux in the predation pressure on 

glacier lanternfish. 

 

Fig. 2 Adult specimen of glacier lanternfish. The arrow indicates a light organ (photophore). 

Photophores cover most of the abdomen of myctophids in species specific patterns. Note also the large eye 

and that most of the silvering fish scales have been torn off (in the trawl). 

Glacier lanternfish perform DVM’s (Gjøsæter 1973b, Sameoto 1988, Giske et al. 1990, 

Kaartvedt et al. 2008). Kaartvedt et al. (2009) observed three different DVM modes in a 

population of glacier lanternfish in a study encompassing summer and autumn. During 

both summer and autumn, a group with NoDVM was present at mesopelagic depths. In 

summer, migratory individuals performed NDVM, ascending towards the surface at 

night, and descending to below ~250 m during daytime (Kaartvedt et al. 2009). During 

autumn, migratory glacier lanternfish performed IDVM, ascending towards ~200 m in 

the morning and descending to below ~250 m at night (Kaartvedt et al. 2009). These 

DVM behaviors were hypothesized to be linked with the seasonal changes in zooplankton 

distribution (e.g., Rasmussen & Giske 1994, Bagøien et al. 2001, Kaartvedt et al. 2009), 

yet no data on feeding in relation to migration behavior was available. 
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2.2 SKINNYCHEEK LANTERNFISH IN THE RED SEA 

The tropical and oligotrophic Red Sea is 1600 km long and 240 km wide (Fig. 3) with a 

sill of 125 m at the southern end (Neumann & McGill 1961). The circulation of the Red 

Sea is mainly restricted to layers above the sill depth (Neumann & McGill 1961), and an 

oxygen minimum layer is present between ~300–600 m (e.g., Weikert 1982, Böttger-

Schnack 1990a). The temperature of the surface water varies from ~23–31 ºC throughout 

the year, while the uniquely warm deep water is stable at ~22 ºC below ~200 m 

(Neumann & McGill 1961, Weikert 1982, Böttger-Schnack et al. 2008, Klevjer et al. 

2012).  

 

Fig. 3 Map depicting the two study localities, Kebrit and Atlantis II, of Chapter III and R/V “Aegaeo” 

anchored next to a reef in the Red Sea. 

Few studies have targeted mesopelagic fish in the Red Sea, with the exception of 

Dalpadado & Gjøsӕter (1987) and Klevjer et al. (2012). Thiel (1979) and van Couwelaar 

(1997) also made acoustic observations of the SLs in the Red Sea. Mesopelagic fish 

occur in SLs where bottom depths are deeper than ~200 m, and sometimes along the 
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break of the shelf in the Red Sea (Dalpadado & Gjøsӕter 1987). The skinnycheek 

lanternfish (Benthosema pterotum) (Fig. 4) is together with pearlside the most abundant 

mesopelagic fish (Dalpadado & Gjøsӕter 1987). The minimum length of mature 

skinnycheek lanternfish in the Red Sea is 4.3 cm for females and 2.2 cm for males 

(Dalpadado & Gjøsӕter 1987). Spawning occurs most likely throughout the year, but 

individuals are believed to spawn only once (Dalpadado & Gjøsӕter 1987). This 

myctophid species has an Indo-Pacific geographic distribution (Gjøsӕter 1984, 

Dalpadado & Gjøsӕter 1988, Valinassab et al. 2007, Sassa 2010), and co-occurs with 

several other myctophid species in the adjacent Arabian Sea (Gjøsӕter 1984, Kinzer et al. 

1993).  

 

Fig. 4 An adult specimen of skinnycheek lanternfish. Note the big eye, the light organs, and the 

size and color difference from glacier lanternfish (e.g., Fig. 2). 

In the Red Sea, zooplankton are mainly distributed in the upper ~200 m of the water 

column, with very low concentrations below ~250 m (Weikert 1982, Böttger-Schnack 

1990b, Böttger-Schnack et al. 2008). Skinnycheek lanternfish perform NDVM, likely 

feeding on surface-distributed zooplankton at night, while descending to more than 350 

m during daytime (e.g., Thiel 1979, Dalpadado & Gjøsӕter 1987, van Couwelaar 1997, 

Klevjer et al. 2012). Due to limited seasonal variations of temperature and light in the 

region, there is restricted seasonality in the vertical distribution of zooplankton (e.g., 
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Weikert 1982, Böttger-Schnack 1990a, 1995). However, seasonal differences could occur 

due to inflow of water from the Gulf of Aden, containing species not able to reproduce 

and survive across generations in the Red Sea (Halim 1984). Accordingly, a higher 

frequency of zooplankton carcasses has been reported during autumn than winter 

(Böttger-Schnack 1990b).  

Several predators, such as sharks (Waller & Baranes 1994) and squids (Silas et al. 1985), 

are known to feed on myctophids in the Red Sea, and species of fish, such as lizardfish 

and anglerfish, which are known to occur in the Red Sea, can also have myctophids as a 

part of their diet (as referred to in Sassa (2010)). However, little is known about the 

presence of other potential predators. 

3.0 OBJECTIVES 

The main objective of this thesis was to gain insight in the behavior of myctophids under 

contrasting environmental conditions at different times of year in a high-latitude 

mesotrophic fjord (Masfjorden), and to address the similarities and differences of 

migration behavior in this fjord and a tropic oligotrophic water basin (the Red Sea). By 

identifying the driving forces of the DVM behavior of myctophids under different 

environmental conditions, I hoped to improve general knowledge of myctophid behavior 

and illuminate how varying abiotic and biotic factors might affect myctophid behavior 

during different seasons and between different regions of the world’s oceans. 

The main objective of Chapter I was to investigate the motivation of a myctophid to 

perform IDVM by using glacier lanternfish as the model organism. The study was based 

on acoustic data from autumn 2008, sampling of hydrographical data, zooplankton and 

mesopelagic organisms, and investigations of the stomach contents of glacier lanternfish. 
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In Chapter II the objective was to exploit a 16-month acoustic data series from 

Masfjorden to identify and explain seasonal differences in the DVM behavior of a 

myctophid in a seasonally changing mesotrophic environment. 

The diel feeding periodicity and DVM behavior of a myctophid in the very different, 

tropical environment of the Red Sea was explored in Chapter III. This study was based 

on acoustic data, video recordings, sampling of hydrographical data, zooplankton and 

mesopelagic organisms, and investigations of the stomach contents of the study organism 

(skinnycheek lanternfish) caught during a research cruise in autumn 2011. 

In Chapter IV the behavior of piscivorous predators was studied based on a long-term 

acoustic data series (same as in Chapter II) and described in relation to the behavior of 

glacier lanternfish throughout the year. The main objective was to identify abundance 

variations and different behavioral strategies of potential predators, and their effect on the 

behavior of myctophids, with glacier lanternfish as the model organism. 

Important subjects covered in this thesis are as follows: 

- Population vertical migration behavior (Chapter I-IV) 

- Vertical distribution in relation to biological and physical environment (Chapter 

I-III) 

- Feeding behavior (Chapter I and III) 

- Behavior of possible myctophid predators (Chapter IV) 

- Anti-predation behavior of myctophids (Chapter IV) 

- Individual swimming behavior (Chapter II and IV) 
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4.0 MATERIALS AND METHODS 

The vertical distribution, feeding behavior and swimming behavior of planktivorous fish 

can be studied by combining acoustic data with trawl-sampling, zooplankton sampling 

and/or sampling for abiotic factors such as temperature (Gjøsӕter 1984, Sameoto 1989, 

Kaartvedt et al. 2009, Olivar et al. 2012, Chapter I-IV). Hull-mounted echo sounders 

have normally been used in acoustic studies (Kaartvedt et al. 2009), but such a sampling 

method requires costly research vessels often resulting in short-term studies (e.g., Kinzer 

& Schulz 1985, Collins et al. 2008, Chapter III). In contrast, the use of stationary echo 

sounders are increasingly popular and can sample continuous long-term data series 

(Brierley et al. 2006, Kaartvedt et al. 2009, Staby et al. 2011, Chapter I, II and IV), with 

lower operational costs and limited work effort (Kaartvedt 2009, Staby 2010). Fjords 

provide a good environment for deployments of moored echo sounders in studies of 

mesopelagic organisms, as they are deep with water masses and species resembling those 

of the adjacent ocean, and the echo sounders can be deployed in close proximity to land 

(Kaartvedt et al. 2009). 

Split-beam echo sounders can be used to study the behavior of individuals and SLs in situ 

(Torgersen & Kaartvedt 2001, Kaartvedt et al. 2008, Godø et al. 2009, Chapter I-IV). In 

Masfjorden, a bottom-mounted 38-kHz split-beam echo sounder was deployed at 392 m 

in July 2007 (Fig. 5a, b) and retrieved in October 2008 (Chapter I, II and IV). The echo 

sounder was cabled to shore for power and continuous data transmission (Chapter I, II 

and IV). Parts, or all, of the resulting 16-month data-series formed the basis for Chapter I, 

II and IV. In the Red Sea, a hull-mounted 38-kHz split-beam echo sounder was 
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continuously transmitting during a research cruise in autumn 2011. The resulting data 

formed the basis for Chapter III.  

 

Figure 5. Preparation (a) and deployment (b) of the 38-kHz split beam echo sounder in Masfjorden. 

Target strength (TS; dB) is a proxy for the size of an insonified organism, depending on 

the swimming behavior and anatomy of the organism and the frequency of the echo 

sounder (MacLennan & Simmonds 1992). The TS, swimming speed and direction of 

insonified organisms, assigned to several consecutive echoes within a set depth and time 

interval, can be obtained through target tracking (TT) (Ehrenberg & Torkelson 1996, 

Torgersen & Kaartvedt 2001, Klevjer & Kaartvedt 2003, Balk & Lindem 2007, Chapter 

I, II and IV). In Chapter I, II and IV, TT was performed in order to identify the swimming 

behavior and TS distribution of glacier lanternfish and piscivorous predators, based on 

previously known TS distributions (i.e., Nakken & Olsen 1977, Foote 1980, Foote 1986, 

MacLennan & Simmonds 1992, Torgersen & Kaartvedt 2001). Moreover, speed of 

migration and vertical drifting by internal waves were estimated by evaluating the 

ascent/descent of individuals over time (Chapter I, II and IV).  

The volume backscattering (Sv; dB) is the accumulated TS of organisms in a given time 

and depth interval, visualized in echograms (Kaartvedt et al. 2008, Kaartvedt et al. 2009, 

Staby et al. 2011, Chapter I-IV) (Fig. 6). Visual analyses of such echograms can be used 
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in studies of the vertical distribution and DVM behavior of organisms, such as 

mesopelagic fish in SLs (Gjøsӕter 1984, Collins et al. 2008, Godø et al. 2009, Staby et al. 

2011, Chapter I-IV) (Fig. 6). A more detailed analyzing process of acoustic data is echo 

integration, in which Sv values of given depth and time intervals can be calculated to 

estimate the abundance variations of organisms (Balk & Lindem 2007, O'Driscoll et al. 

2009, Chapter I, II and IV). The abundance variations of glacier lanternfish (and potential 

predators) were estimated in different depth intervals in Chapter I, II and IV. These 

estimations were compared with migration patterns, as assessed from echograms, to 

determine the relative proportion of glacier lanternfish with different DVM behaviors 

(Chapter II).  

The acoustic data were complemented by trawl sampling to identify species in SLs, get 

information on size distributions and analyze stomach contents of myctophids (Chapter I 

and III). For periods when no complementary sampling was performed for the year-round 

acoustic measurements in Masfjorden, previous studies covering spring and summer 

(Rasmussen & Giske 1994, Kaartvedt et al. unpublished), autumn (Bagøien et al. 2001, 

Kaartvedt et al. 2009) and winter (Giske et al. 1990, Baliño & Aksnes 1993, Bagøien et 

al. 2001) were used to help identify the organisms distributed in different SLs. 

During field campaigns in Masfjorden, trawling was performed with a modified fry trawl 

with a multisampler opening and closing cod-end permitting depth stratified sampling 

(Engås et al. 1997). In order to determine the diel vertical distribution and feeding 

chronology of glacier lanternfish, trawling was performed during day and night (Chapter 

I). In order to determine the vertical distribution and feeding of skinnycheek lanternfish 

in the Red Sea, trawling was performed with a Hamburg net during day and night 
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(Chapter III). In both cases, the trawls were equipped with Scanmar depth sensors, 

permitting monitoring of sampling depth (Chapter I and III). The myctophids in trawl 

catches were measured for length, and dissected for stomach content analyses (Chapter I 

and III). Additionally, in the Red Sea, a remotely operated vehicle (ROV) equipped with 

three video cameras was deployed and recorded continuously as it descended towards the 

bottom (Chapter III). The resulting videos were analyzed for detection of skinnycheek 

lanternfish, identified based on morphology and a characteristic stop-and-go swimming 

pattern, corresponding to that observed from submersibles (Barham 1966) and recorded 

acoustically (Kaartvedt et al. 2008) in other myctophid species (Chapter III).  

Furthermore, hydrographical data, such as temperature, salinity and oxygen, were 

obtained through series of CTD casts in Masfjorden and the Red Sea (Chapter I and III), 

while depth stratified zooplankton sampling was performed with nets (WP-2 net in 

Masfjorden and Multinet in the Red Sea) (Chapter I and III). 

 

Fig. 6 Echograms from Masfjorden (November 2007) and the central Red Sea (November 2011). DVM 

patterns are noted; NDVM – normal DVM, IDVM – inverse DVM and NoDVM – no DVM. Species 

distributions are depicted (Chapter I and III) and the black line in the echogram from Masfjorden indicates 

the depth of which pearlside dominate above, and glacier lanternfish dominate below. Black and white lines 

above echograms depict time for sunrise and sunset. Note the different depth scales, Sv-thresholds and time. 

Time is given as UTC (local standard time -1h) in the Masfjorden echogram and local time in the Red Sea 

echogram. 
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5.0 ABSTRACTS OF CHAPTERS 

Chapter I: A bottom mounted upward-facing 38-kHz echo sounder was deployed at ~400 

m and cabled to shore in Masfjorden (~60º52’ N, ~5º24’ E), Norway. The 

scattering layers seen during autumn (September–October) 2008 were identified 

by trawling. Glacier lanternfish (Benthosema glaciale) were mainly distributed 

below ~200 m and displayed three different diel behavioral strategies: normal diel 

vertical migration (NDVM), inverse DVM (IDVM) and no DVM (NoDVM). The 

IDVM group was the focus of this study. It consisted of 2-year and older 

individuals, migrating to ~200-270 m during daytime, while descending back to 

deeper than ~270 m during the night. Stomach content analysis revealed increased 

feeding during daytime on overwintering Calanus sp.. We conclude that visually 

searching glacier lanternfish performing IDVM benefit from the faint daytime 

light in mid-waters when preying on overwintering Calanus sp. 

Chapter II: The seasonal variations in glacier lanternfish (Benthosema glaciale) vertical 

distribution and diel vertical migration (DVM) were studied by use of a bottom-

mounted upward-facing 38-kHz echo sounder deployed at 392 m depth and 

cabled to shore in Masfjorden (~60º52’ N, ~5º24’ E), Norway. Acoustic data from 

July 2007–October 2008 were analyzed, and scattering layers below ~220 m 

during daytime were attributed to glacier lanternfish based on net sampling in 

this, and previous studies, as well as from analysis of the acoustic data. At these 

depths three different diel behavioral strategies were apparent: normal diel 

vertical migration (NDVM), inverse DVM (IDVM) and no DVM (NoDVM). 

NoDVM was present all year, while IDVM was present in autumn and winter, 
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and NDVM was present during spring and summer. The seasonal differences in 

DVM behavior seem to correlate with previously established seasonal distribution 

of prey. We hypothesize that in regions with seasonally migrating zooplankton, 

such as where calanoid copepods overwinter at depth, similar plasticity in DVM 

behavior might occur in other populations of lanternfishes. 

Chapter III: The vertical migration and diel feeding periodicity of the skinnycheek 

lanternfish (Benthosema pterotum) were studied by use of a hull-mounted 38-kHz 

echo sounder,  ROV-deployments and net-sampling at two locations (~24º48’ N, 

~36º15’ E and ~21º27’ N, ~38º5’ E) in the central Red Sea. The mesopelagic zone 

of the Red Sea represents an unusual environment with very high temperatures 

(~22 ºC) and low zooplankton concentrations (<10 individuals m
–3

 below 600 m). 

The skinnycheek lanternfish performed normal diel vertical migration from ~500–

750 m during daytime to the epipelagic zone (upper ~200 m) at night. A strict 

feeding periodicity occurred, with the skinnycheek lanternfish foraging on 

zooplankton throughout the night, while rapidly digesting the preceding nocturnal 

meal in the warm mesopelagic region. We hypothesize that the constrained 

epipelagic distribution of zooplankton and the unusual warm waters of the Red 

Sea force the whole population to ascend and feed in epipelagic waters every 

night, as the prey-ration eaten each night is fully digested at mesopelagic depths 

during daytime. 

Chapter IV: In situ observations of behavior and predator–prey relationships are 

normally constrained at mesopelagic depths. We applied an upward-facing 

bottom-mounted 38-kHz echo sounder deployed at 392 m to study the abundance 
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variation and behavior of potential predators of glacier lanternfish at mesopelagic 

depths in Masfjorden, Norway (~60º52’ N, ~5º24’ E). Fishes larger than glacier 

lanternfish were defined as potential predators. The echo sounder was cabled to 

shore for power and continuous data transmission, enabling long-term 

measurements (July 2007–September 2008). The abundance of potential predators 

and glacier lanternfish were correlated throughout the study period. Five different 

behavioral modes of potential predators were characterized: (1) the “normal 

mode” with active-solitary individuals, (2) the “ambush mode” with passive-

solitary individuals, (3) densely packed “schools”, (4) less dense “columns”, and 

(5) “aggregations” of potential predators. The normal mode and the ambush mode 

was present throughout the study period, yet with few individuals ascribed to the 

latter mode, while schools, columns and aggregations were only present during 

spring, summer and autumn 2008. Apparent attacks were observed by schools, 

inciting immediate avoidance behavior in the otherwise torpid glacier lanternfish. 

Our results suggest that there is a wide variety of predation risks for glacier 

lanternfish in the mesopelagic zone during both day and night. 

6.0 RESULTS AND DISCUSSION 

6.1 GENERAL PATTERNS OF DVM BEHAVIOR OBSERVED IN THE TWO 

STUDY SITES 

In Masfjorden, glacier lanternfish dominate SLs below ~200 m throughout the year, 

documented for spring and summer (Rasmussen & Giske 1994, Kaartvedt et al. 

unpublished), autumn (Bagøien et al. 2001, Kaartvedt et al. 2009, Chapter I) and winter 

(Giske et al. 1990, Baliño & Aksnes 1993, Bagøien et al. 2001). The continuous long-
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term study unveiled a three-fold DVM behavior of the population of glacier lanternfish 

that varied throughout the year (Chapter II). This was a novel finding, as previous 

myctophid studies have covered shorter time periods and, except for Kaartvedt et al. 

(2009), only reported NDVM and/or NoDVM (Tyler & Pearcy 1975, Clarke 1978, 

Dalpadado & Gjøsӕter 1987, Gartner Jr et al. 1987, Cailliet & Ebeling 1990, Valinassab 

et al. 2007, Collins et al. 2008, Olivar et al. 2012, Chapter III).  

The population of glacier lanternfish had a diverse DVM behavior during autumn 

(Chapter I), as also found by Kaartvedt et al. (2009). Young individuals of the 0- and 1-

year class performed NDVM and were distributed shallower than the adult part of the 

population (2-year class and older) (Chapter I). The migrating group of the adult glacier 

lanternfish performed IDVM, ascending towards ~200–270 m during daytime before 

descending towards deeper waters at night (Chapter I). This pattern was also obvious 

during winter (Chapter II). During spring and summer, migrating glacier lanternfish 

performed NDVM, ascending towards the surface at night before descending back to 

mesopelagic depths during daytime (Chapter II). A group of adult glacier lanternfish with 

NoDVM was present below ~300 m year-round (Chapter II), mainly drifting slowly 

(<0.3 cm second
–1

) vertically in cycles with internal waves performing intermittent 

stepwise vertical relocations (Kaartvedt et al. 2008, Kaartvedt et al. 2009, Chapter IV). 

Moreover, in early spring and late summer, there was a transition phase where the three 

different DVM behaviors co-occurred (Chapter II).  

In contrast to the DVM patterns in Masfjorden, the whole population of skinnycheek 

lanternfish in the Red Sea performed NDVM from ~500–750 m during daytime to the 

upper ~200 m at night (Chapter III). Accordingly, Klevjer et al. (2012) showed that 95–
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97% of the mesopelagic organisms present between 400–800 m during daytime 

performed NDVM to the upper 200 m at night. The study reported in Chapter III was 

performed during autumn and the study of Klevjer et al. (2012) was performed during 

spring, suggesting a rather invariant migration pattern. Accordingly, Thiel (1979), 

Dalpadado & Gjøsӕter (1987) and van Couwelaar (1997) also reported similar NDVM 

behavior for this species in the Red Sea.  

Different factors influencing the DVM pattern of mesopelagic fish were investigated in 

this thesis, in both Masfjorden and the Red Sea (Chapter I-IV). Such factors might 

include feeding opportunities and predation risk (Clark & Levy 1988, Scheuerell & 

Schindler 2003, Kahilainen et al. 2009), size (Busch & Mehner 2012), internal factors 

such as energy reserves (Hays et al. 2001) and hunger (Pearre 2003), and external factors 

such as currents (Smith et al. 2001, Bennett et al. 2002), and temperature (Wurtsbaugh & 

Neverman 1988, Sogard & Olla 1996, Mehner et al. 2010). Many of these factors differ 

seasonally at high latitudes, as well as between high-latitude mesotrophic areas and 

tropical oligotrophic areas, and this was reflected in the behavior of the myctophids at the 

two study sites. 

6.2 DIET, DVM BEHAVIOR AND VERTICAL DISTRIBUTION IN RELATION 

TO PREY DISTRIBUTION 

The diet of glacier lanternfish was dominated by Calanus, while other copepod species 

and ostracods accounted for a smaller part of the diet (Chapter I). The diet of 

skinnycheek lanternfish in the Red Sea was more diverse, yet also dominated by calanoid 

copepods and ostracods (Chapter I and III). The prey species identified in both locations 

are common parts of the diet of myctophids worldwide, although the dietary importance 
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of each taxon varies (Roe & Badcock 1984, Kinzer & Schulz 1985, Dalpadado & 

Gjøsӕter 1988, Moku et al. 2000, Shreeve et al. 2009). 

Macrozooplankton, such as krill and amphipods, which are an important part of the diet 

of myctophids elsewhere (Kinzer & Schulz 1985, Dalpadado & Gjøsӕter 1988, 

Pakhomov et al. 1996, Pusch et al. 2004), accounted for only a small proportion of the 

diet of both species (Chapter I and III). However, krill was more frequently found in the 

stomach content of adult glacier lanternfish than in the stomach content of younger 

specimens (Chapter I), and Dalpadado & Gjøsӕter (1987) found an increase in the 

dietary importance of macrozooplankton as individual skinnycheek lanternfish in the Red 

Sea grew larger. Thus, as previously reported, a certain size dependency seems to occur 

in the diet of myctophids (Gjøsæter 1973b, Pearcy et al. 1979, Roe & Badcock 1984, 

Pusch et al. 2004, Shreeve et al. 2009, Chapter I and III). 

Digestion time in mesopelagic fish is not well known (Dalpadado & Gjøsӕter 1988), and 

it is unknown for how long copepods can stay undigested in fish stomachs (Bagøien et al. 

2001). Nevertheless, in accordance with previous studies (Clarke 1978, Dalpadado & 

Gjøsӕter 1988, Sameoto 1989), a low degree of stomach content digestion was 

interpreted as recent feeding.  

Both study organisms performed NDVM when zooplankton abundance peaked in the 

epipelagic layer (e.g., Weikert 1982, Böttger-Schnack 1990a, Rasmussen & Giske 1994, 

Böttger-Schnack 1995, Chapter II-III). However, in the current study the diel feeding 

periodicity of myctophids, when NDVM was the dominant DVM pattern, was only 

investigated for skinnycheek lanternfish (Chapter III). They fed exclusively in the 
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epipelagic layers throughout the night, with no evident daytime feeding (Chapter III). 

This diel feeding periodicity contrasts to dusk and dawn feeding observed in some 

mesopelagic fish (Bagøien et al. 2001, Sabates et al. 2003), but is in accordance with 

nocturnal feeding cycles previously observed in several myctophids performing NDVM 

elsewhere (Holton 1969, Clarke 1978, Kinzer & Schulz 1985, Williams et al. 2001). 

The diel feeding periodicity of skinnycheek lanternfish was hypothesized to be due to the 

epipelagic distribution of zooplankton in the Red Sea (Chapter III), which varies little 

between seasons (i.e., no seasonal dormancy or increase of copepods in deeper waters) 

(Weikert 1982, Böttger-Schnack 1990b, 1995, Chapter III). Thus, it is hypothesized that 

the diel feeding periodicity of skinnycheek lanternfish is the same throughout the year 

(e.g., Thiel 1979, Dalpadado & Gjøsӕter 1987, van Couwelaar 1997, Klevjer et al. 2012, 

Chapter III). 

In Masfjorden, however, the seasonal variation in the vertical distribution of zooplankton 

is much more pronounced (e.g., Baliño & Aksnes 1993, Rasmussen & Giske 1994, 

Bagøien et al. 2001, Chapter I), and the DVM behavior of glacier lanternfish seemed to 

match with the vertical distribution of zooplankton and their favored prey, Calanus 

(Chapter I-II). During autumn and winter, Calanus are overwintering at mesopelagic 

depth, and the zooplankton abundance peaks in mid-waters (Giske et al. 1990, Baliño & 

Aksnes 1993, Bagøien et al. 2001, Chapter I). At this time, migrating adult glacier 

lanternfish performed IDVM (Chapter I and II) and fed mainly on overwintering Calanus 

during daytime (Chapter I). This diel feeding periodicity is in accordance with the 

feeding periodicity of other myctophids performing NoDVM (Pearcy et al. 1979, Roe & 

Badcock 1984, Sameoto 1989, Cailliet & Ebeling 1990, Moku et al. 2000). It was 
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hypothesized that the individuals performing IDVM ascends to improve their chances of 

locating prey in the overwintering Calanus layer at better the light conditions during 

daytime, before they returned to deeper waters during night (Chapter I). Thus, when 

zooplankton, such as overwintering Calanus, are distributed in the mesopelagic zone, 

myctophids are not forced to migrate to the surface to feed when reaching a certain 

hunger level (Chapter I). Furthermore, the transition between IDVM and NDVM as the 

dominant DVM behavior of glacier lanternfish corresponded with the seasonal migration 

of Calanus to/from their overwintering depth (e.g., Heath 1999, Astthorsson & Gislason 

2003, Speirs et al. 2006, Broms & Melle 2007, Chapter II), providing further indications 

towards the link between prey distribution and DVM behavior of myctophids. 

The individuals of glacier lanternfish with NoDVM usually had limited stomach contents 

(Chapter I). A NoDVM component of myctophid populations distributed at mesopelagic 

depths is usually present in most oceans (Pearcy et al. 1979, Moku et al. 2000, Collins et 

al. 2008, Olivar et al. 2012, Chapter I and II) and related to feeding on mesopelagic 

distributed prey (Pearcy et al. 1979, Moku et al. 2000). An apparent NoDVM component 

of populations may reflect lack of any migrations, or be due to asynchronous migrations 

(e.g., Pearre 2003), resulting in a continuously present SL at mesopelagic depth. 

However, the behavior of individuals in deep water in Masfjorden suggested that the 

NoDVM group indeed largely consisted of non-migrating individuals, and that consistent 

backscatter in deep water is not a result of asynchronous migrations, but that the 

population rather splits into migrating and non-migrating individuals, as initially 

suggested by Pearcy et al. (1979). Nevertheless, single individuals were observed 

swimming upwards or downwards in a step-wise fashion, as also observed by Kaartvedt 
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et al. (2008, 2009), with occasional prominence of ascent during day (Chapter II). Thus, 

the possibility that some of these deep-living individuals took part in IDVM at that time 

cannot be rejected.  

It seems likely that a NoDVM component of myctophid populations exist in areas where 

the distribution of prey facilitates feeding at mesopelagic depths (e.g., Pearcy et al. 1979, 

Moku et al. 2000, Chapter I and II). Possibly, daytime feeding (e.g., Pearcy et al. 1979, 

Sameoto 1989, Williams et al. 2001) may be related to IDVM in the mesopelagic zone by 

parts of these populations, yet that remains to be addressed. Otherwise, the vertical 

distribution of zooplankton and the diel feeding periodicity of myctophids found in this 

thesis support the coupling of DVM behavior and prey distribution previously found in 

other myctophid species (Holton 1969, Clarke 1978, Pearcy et al. 1979, Kinzer & Schulz 

1985, Chapter I and III). This indicates that prey distribution is an important factor 

governing DVM behavior of myctophids worldwide. 

6.3 SIZE-DEPENDENCY IN VERTICAL DISTRIBUTION 

A size-dependent vertical distribution was found for glacier lanternfish in Masfjorden 

(Chapter I), but could not be addressed for skinnycheek lanternfish in the Red Sea due to 

the lack of proper depth-stratified samples. Size-dependent vertical distributions are 

common for myctophids in areas where NDVM and NoDVM components of the 

population co-exists (Willis & Pearcy 1980, Roe & Badcock 1984, Gartner Jr et al. 1987, 

Auster et al. 1992), and has been ascribed to smaller mesopelagic fish being less 

conspicuous and more risk taking than bigger individuals (Giske et al. 1990, Giske & 

Aksnes 1992).  
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For juveniles performing NDVM, increased mortality risk in shallower waters might be 

compensated by higher potential feeding rates in the warmer surface water (Rosland & 

Giske 1997, Chapter I) (further discussion below). For older, mature individuals, reduced 

predation risk from visual predators in deeper waters would be favorable (Hays et al. 

2001) if they are able to survive and feed on the deep-distributed zooplankton, such as 

overwintering Calanus (Chapter I). However, the predation risk for myctophids can 

likely be present even at mesopelagic depths (Chapter IV). An alternative or 

supplementary explanation for a size-dependent depth distribution might be that adult 

myctophids have larger eyes than juveniles, and can therefore better detect prey in deeper 

and darker waters (Warrant & Locket 2004).  

Several myctophid species feed at mesopelagic depths (Pearcy et al. 1979, Sameoto 1988, 

Cailliet & Ebeling 1990, Moku et al. 2000, Pusch et al. 2004, Chapter I), and by staying 

in the mesopelagic zone throughout the day (performing IDVM or NoDVM) they will 

avoid visual predators distributed in the epipelagic zone and limit the amount of energy 

spent by migrating several hundred meters towards the surface to forage every night 

(Chapter II). Thus, it is hypothesized that a similar size-dependent vertical distribution of 

myctophid populations, as that observed in Masfjorden, may occur in areas where prey 

accessibility is adequate at mesopelagic depths. 

6.4 PREDATION THREAT IN THE MESOPELAGIC ZONE 

Potential predators within the size range of typical piscivorous fish, such as gadoids and 

spiny dogfish (e.g., Nakken & Olsen 1977, Foote 1980, Foote 1986, Chapter IV) which 

are known to feed on mesopelagic fish (Miller 1966, Hanchet 1991, Bowman et al. 2000, 

Carruthers et al. 2005), were present in the mesopelagic zone in Masfjorden year-round 
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(Chapter IV). It is generally accepted that predator avoidance is an important factor 

triggering and influencing the extent of DVM (Clark & Levy 1988, Neilson & Perry 

1990, Scheuerell & Schindler 2003, Kahilainen et al. 2009). However, the seasonal 

abundance variations of potential predators were positively correlated with the fluctuating 

pattern of glacier lanternfish below ~250 m (Chapter IV).  Piscivores can actively seek 

waters of higher prey abundance (Løkkeborg 1998, Strand & Huse 2007), and a large part 

of the potential predators seemed to ascend/descend within or below the NDVM layer of 

glacier lanternfish during spring and summer (Chapter IV). Marine predators often attack 

prey from below and search for prey based on their silhouettes against the surface (Davis 

et al. 1999, Onsrud et al. 2004, Warrant & Locket 2004). Thus, even if NDVM in 

myctophids has evolved as a result of reduced predation risk as they descend to 

deeper/darker waters during daytime, they are subject to a predation risk by piscivores 

targeting the migration phase. In accordance with this, glacier lanternfish migrate in a 

stepwise vertical ascent/descent pattern, hypothesized to reduce their conspicuousness to 

predators (Kaartvedt et al. 2008), minimizing the time being tilted and losing camouflage 

from their ventral photophores used for counter-illumination (Case et al. 1977).  

During autumn and winter, the potential predators did not seem to follow the migrating 

IDVM layer of glacier lanternfish, but rather migrated towards the shallower distributed 

pearlside at night (Baliño & Aksnes 1993, Bagøien et al. 2001, Staby et al. 2011, Chapter 

I and IV).  However, potential predators were observed in the depth interval of both the 

IDVM and NoDVM component of the glacier lanternfish population during day and 

night, and some apparently attacked glacier lanternfish at these depths (Chapter IV). 

Thus, the results of Chapter IV indicate that although myctophids may stay in the dark 
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deep-water throughout the day to avoid efficient visual predators that occur in epipelagic 

waters, they will meet another set of predators that are adapted to forage at low light, and 

apparently being subject to a predation risk at all times. 

Five different behavioral strategies were observed by the potential predators, occurring as 

active and passive solitary individuals, and in aggregations, columns or schools (Chapter 

IV). Fish in schools were observed to apparently attack glacier lanternfish (Chapter IV). 

By foraging in schools, predators may increase their visual range (Cushing & Harden 

Jones 1968), search area (Partridge 1982), prey-detection rate (Pitcher et al. 1982) and 

capture efficiency (Mchich et al. 2006) compared to independently foraging fish. 

However, prey organisms are found to increase their display of anti-predator behaviors 

when approached by predator schools (Buckel & Stones 2004), as clearly suggested by 

avoidance behavior of glacier lanternfish escaping the approaching schools (Chapter IV). 

Kaartvedt et al. (2012) similarly documented avoidance from a school of potential 

predators, and suggested that glacier lanternfish could detect the approaching school from 

a range of tens of meters. The results of Chapter IV are in accordance with this and 

probably apply to other myctophid species as well, as they may detect approaching 

organisms in the dark environment of the mesopelagic zone even at night, possibly by 

means of bioluminescence incited by approaching schools (Warrant & Locket 2004).  

Apparent attacks by schools were observed both day and night in the mesopelagic zone, 

and illustrate that mesopelagic predators may pose a predation risk for myctophids. At the 

same time, pronounced escape behavior was observed, so the otherwise torpid glacier 

lanternfish (Kaartvedt et al. 2009, Chapter II and IV) are able to induce an avoidance 

behavior when approached by threat of predation (Chapter IV). It is hypothesized that 
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common torpid myctophid behavior (Barham 1966, Backus et al. 1968, Kaartvedt et al. 

2009, Chapter II and IV) might be an anti-predation behavior, reducing the hydrodynamic 

noise caused by active swimming (Gerritsen & Strickler 1977) and their conspicuousness 

for predators (Chapter IV). 

The mere presence of predators can influence the DVM behavior of organisms (Loose & 

Dawidowicz 1994), but potential predators were continuously present in the depth 

interval where glacier lanternfish dominate (Giske et al. 1990, Bagøien et al. 2001, 

Chapter I and IV). Thus, predators occurring below ~200 m do not seem to be the main 

contributor to changes in the DVM pattern of myctophids observed throughout the year. 

However, the seasonal abundance variations of potential predators distributed in the 

epipelagic zone were not assessed in Chapter IV and cannot be ruled out as a potential 

contributor to the observed seasonal changes in DVM patterns. 

6.5 DVM AND VERTICAL DISTRIBUTION IN RELATION TO 

TEMPERATURE 

Temperature was suggested to be a factor influencing the DVM pattern of skinnycheek 

lanternfish in the Red Sea (Chapter III). In Masfjorden, temperature might affect 

individuals performing NDVM, but not individuals performing IDVM or NoDVM, as the 

temperature has been found to be homogenous below the sill depth (Kaartvedt et al. 1988, 

Aksnes et al. 1989, Baliño & Aksnes 1993, Chapter I). 

Warmer surface waters implies both increased digestion rates and higher potential growth 

rates (Wurtsbaugh & Neverman 1988), and consequently potentially earlier maturation 

(Rosland & Giske 1997) than in typically colder waters at mesopelagic depths (e.g., 
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Gartner Jr et al. 1987, Collins et al. 2008, Chapter I and III). Thus, for juveniles to 

maximize their growth rate, it might be favorable to migrate towards warmer parts of the 

water column for feeding (Rosland & Giske 1997), while adults stay in colder waters 

minimizing their energy expenditure (Sogard & Olla 1996) and feeding on deep 

distributed zooplankton (Chapter I). This might contribute to size-dependent vertical 

distributions observed for several myctophids (Willis & Pearcy 1980, Roe & Badcock 

1984, Auster et al. 1992, Chapter I), and add to the explanation of why the 0- and 1-year 

class continue to perform NDVM when adults stay in the mesopelagic zone throughout 

the day (Chapter I). 

The whole population of skinnycheek lanternfish and other mesopelagic fish in the Red 

Sea perform NDVM towards the surface every night (Klevjer et al. 2012, Chapter III). 

Skinnycheek lanternfish appeared to digest the whole ration of prey ingested the 

preceding night in the course of the day (Chapter III). In Chapter III it was hypothesized 

that this was due to the unusual warm mesopelagic temperature of the Red Sea. Thus, in 

accordance with the hunger/satiation hypothesis (Pearre 2003), the level of hunger 

experienced by individuals and the lack of food at mesopelagic depth forces the entire 

population to ascend into the prey-abundant epipelagic layer to feed throughout the night. 

The mesopelagic temperature of 22 ºC in the Red Sea is warmer than the temperatures 

myctophids encounter during daytime in other tropical/sub-tropical oceans, such as 

Hawaiian waters (e.g., Clarke 1978, Cowles et al. 1991), the Mediterranean Sea (Olivar 

et al. 2012), the Gulf of Mexico (Gartner Jr et al. 1987), and the Arabian/Oman Sea (e.g., 

Kinzer et al. 1993, Morrison et al. 1999), where the relevant temperatures span from ~4–

16 ºC (e.g., Gartner Jr et al. 1987, Cowles et al. 1991, Morrison et al. 1999, Olivar et al. 
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2012). In most of these areas, myctophids have, in addition to the common NDVM, also 

been found to tolerate staying at mesopelagic depth with NoDVM (Gjøsӕter 1984, 

Gartner Jr et al. 1987, Olivar et al. 2012). This indicates that these areas have sufficient 

amounts of zooplankton for feeding in the mesopelagic zone, and/or mesopelagic 

temperatures cause a digestion rate allowing individuals to survive one or more nights at 

mesopelagic depths without performing NDVM towards the surface to feed. 

A metabolic Q10 of 3.9 has been reported for lanternfishes (Donnely & Torres 1988), a 

~4-fold increase per 10 ºC increase in temperature, and the digestion rate will most likely 

increase accordingly (Chapter III). Thus, the results from Chapter III indicate that a 

temperature of 22 ºC in the mesopelagic zone is higher than the temperature myctophids 

can tolerate without migrating towards zooplankton-rich parts of the water column to 

feed at least once a day. The results from Masfjorden, however, indicate that myctophids 

can stay in the mesopelagic zone at ~8 ºC with limited amounts of zooplankton 

throughout days (Chapter II).  

6.6 OTHER POTENTIAL FACTORS INFLUENCING DVM PATTERNS 

Avoidance or exploitation of currents for horizontal transportation or retention can 

influence the DVM behavior of marine organisms (Smith et al. 2001, Bennett et al. 

2002). In Masfjorden, inflowing and outflowing currents occur above the sill depth (75 

m), while currents below the sill depth are weak (Aksnes et al. 1989). Currents are, 

however, excluded as a factor influencing the DVM behavior of glacier lanternfish in 

Masfjorden, as individuals staying below ~200 m throughout the day were found to drift 

slowly horizontally and vertically in relation to tidal cycles and internal waves, 

respectively (Kaartvedt et al. 2009, Chapter II and IV). The potential influence of 
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currents on the DVM behavior of skinnycheek lanternfish in the Red Sea was not 

investigated. 

The water masses in Masfjorden are generally oxygen-rich and stable below the sill depth 

(Aksnes et al. 1989, Aksnes 2009). Thus, oxygen was excluded as a possible mechanism 

for different DVM behaviors in glacier lanternfish. The Red Sea, however, is known to 

have a persistent oxygen minimum layer between ~300–600 m (Weikert 1982, Halim 

1984, Böttger-Schnack 1990a, Chapter III), which could potentially influence the vertical 

distribution and DVM behavior of myctophids. However, myctophids are adapted to 

tolerate low oxygen levels (Kinzer et al. 1993, Catul et al. 2011, Torres et al. 2012), such 

as those in the Arabian Sea which are >93% lower than those in the Red Sea (e.g., Kinzer 

et al. 1993, Morrison et al. 1999, Chapter III). Moreover, skinnycheek lanternfish have 

been found to stay in the oxygen deficient mesopelagic zone of the Arabian Sea (<0.1 ml 

O2 l
–1

 (Kinzer et al. 1993)) throughout the day (Gjøsӕter 1984). Thus, even though the 

extreme temperatures in the Red Sea will add to the metabolic demands for skinnycheek 

lanternfish, low oxygen concentrations were rejected as a significant causative force for 

DVM in this case. 

6.7 DVM BEHAVIOR OF MYCTOPHIDS ON A BROADER SCALE 

In the high-latitude mesotrophic Masfjorden, a threefold DVM behavior of glacier 

lanternfish occurred in varying degree throughout the year, likely in accordance with the 

seasonal abundance and vertical distribution of zooplankton (Chapter I and II). The 

population of glacier lanternfish appeared to have a size-dependent vertical distribution 

with different motivational factors determining the DVM behavior of different age 

classes (Chapter I). In the unusually warm Red Sea with an epipelagic distribution of 
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prey, the whole population of skinnycheek lanternfish performs NDVM throughout the 

year (e.g., Thiel 1979, Dalpadado & Gjøsӕter 1987, Klevjer et al. 2012, Chapter III). 

These results can be used to make assumptions on which factors that govern the DVM 

behavior of myctophids and how it may vary between seasons and regions of the world’s 

oceans. 

In tropical/sub-tropical regions with epipelagic distribution of zooplankton, myctophids 

will predominantly perform NDVM, feeding nocturnally in the epipelagic layers and 

reside with minimal feeding activity in the mesopelagic zone during daytime (Chapter 

III). In such regions, the mesopelagic temperatures may determine whether or not a 

NoDVM component of the population exists (e.g., Hopkins 1982, Gartner Jr et al. 1987, 

Chapter III). In regions where a large part of the zooplankton community is distributed in 

the cold mesopelagic zone (e.g., Sameoto 1989, Giske et al. 1990, Richter 1994), 

myctophids may have a size-dependent vertical distribution with different components 

performing NDVM, IDVM or NoDVM depending on the different motivations of 

individuals (Sameoto 1989, Chapter I and II). A similar DVM pattern is likely to occur if 

the mesopelagic zone is warm with a rich zooplankton community, as myctophids are 

able to feed at mesopelagic depths (Pearcy et al. 1979, Sameoto 1989, Moku et al. 2000, 

Chapter I). Furthermore, seasonal changes in biotic and abiotic factors may affect the 

frequency of which the three DVM behaviors occurs (Chapter II).  

For example, during spring and summer, zooplankton peaks in the surface layers in 

several parts of the North Atlantic (Atkinson & Peck 1988, Rasmussen & Giske 1994, 

Richter 1994), and through the results of this thesis, it is hypothesized that NDVM is the 

dominant migration mode for myctophids at this time. The ratio of zooplankton in the 
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surface layers versus zooplankton in deeper waters change during autumn and winter 

(e.g., Atkinson & Peck 1988, Richter 1995, Peterson 1998, Broms & Melle 2007), 

altering the benefits of performing NDVM towards the surface every night. Thus, the 

amount myctophids staying in the mesopelagic zone throughout the day, performing 

IDVM or NoDVM, will probably increase compared to during summer. 

As the DVM behavior of myctophids varies between regions, so will their contribution to 

the biological pump (e.g., Clarke 1978, Kinzer & Schulz 1985, Gartner Jr et al. 1987, 

Sameoto 1989, Moku et al. 2000, Collins et al. 2008, Chapter I-III). Through NDVM, 

myctophids are important contributors to the biological pump (Radchenko 2007, 

Hernandez-Leon et al. 2010), transporting organic materials from the epipelagic to the 

mesopelagic zone (Clarke 1978, Steinberg et al. 2000, Robison 2003, Hannides et al. 

2009, Collins et al. 2012, Chapter III). Thus, the contribution of myctophids to the 

biological pump will be large in regions where most specimens perform NDVM 

throughout the year (e.g., Thiel 1979, Dalpadado & Gjøsӕter 1987, Klevjer et al. 2012, 

Chapter III). In areas where myctophids suppress migrations to the epipelagic by 

performing NoDVM or IDVM, residing and feeding in the mesopelagic zone throughout 

the day (Pearcy et al. 1979, Moku et al. 2000, Collins et al. 2008, Olivar et al. 2012, 

Chapter I and II), their contribution to the biological pump will be reduced. Seasonal 

changes in DVM behavior of myctophids will also cause variations in their contribution 

to the biological pump (Chapter II), and through the work of this thesis it is hypothesized 

that such changing DVM behavior of myctophids and other mesopelagic fish might be 

more widespread than what is currently known. Further acoustic studies throughout 
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seasons might reveal such DVM patterns, similar to that of glacier lanternfish in 

Masfjorden.  

Through climate change and global warming, temperatures and oxygen minimum zones 

are predicted to increase and expand in the oceans (Stramma et al. 2008, Ramirez-Llodra 

et al. 2010, Stramma et al. 2010). Accordingly, the Red Sea may be viewed as a model 

system for future oceanic ecosystems (Klevjer et al. 2012), and the results of this thesis 

indicate that myctophids in such systems can be an important year-round contributor to 

the biological pump (Chapter III). However, more work is needed in order to fully 

understand the contribution and importance of myctophids to marine ecosystems. Such 

knowledge can improve models on, for example, nutrient flux cycles in the oceans due to 

the biological pump, and should be kept in mind when considering myctophids as a 

potential future resource for fisheries exploitation. Additionally, although potential 

predators are found to cause a predation risk even at mesopelagic depths (Chapter IV), 

the effect of predators on the behavior of myctophids is still largely unknown. Studies 

focusing on this process throughout seasons or years are needed in order to adequately 

describe the ecology of different pelagic ecosystems. 
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Abstract A bottom-mounted upward-facing 38-kHz echo

sounder was deployed at *400 m and cabled to shore in

Masfjorden (*60�520N, *5�240E), Norway. The scattering

layers seen during autumn (September–October) 2008 were

identified by trawling. Glacier lanternfish (Benthosema

glaciale) were mainly distributed below *200 m and

displayed three different diel behavioral strategies: normal

diel vertical migration (NDVM), inverse DVM (IDVM)

and no DVM (NoDVM). The IDVM group was the focus

of this study. It consisted of 2-year and older individuals

migrating to *200–270 m during the daytime, while

descending back to deeper than *270 m during the night.

Stomach content analysis revealed increased feeding dur-

ing the daytime on overwintering Calanus sp. We conclude

that visually searching glacier lanternfish performing

IDVM benefit from the faint daytime light in mid-waters

when preying on overwintering Calanus sp.

Introduction

Myctophidae is the most abundant family of mesopelagic

fish (Moser and Ahlstrom 1974; Valinassab et al. 2007).

They are important in marine food webs worldwide (Tyler

and Pearcy 1975; Shreeve et al. 2009; Cherel et al. 2010) as

predators on zooplankton (Gjøsæter 1973b; Moku et al.

2000; Shreeve et al. 2009), and as prey for fish (Hansen

and Pethon 1985; Giske et al. 1990; Walker and Nichols

1993), sea birds (Hedd et al. 2009) and marine mammals

(Doksæter et al. 2008).

Mesopelagic fish form acoustic backscattering layers, and

their behavior can thus be studied using echo sounders

(Holton 1969; Godø et al. 2009; O’Driscoll et al. 2009). Echo

sounders have particularly been used in studies of diel

vertical migration (DVM) of mesopelagic scattering layers,

of which myctophids are a prevailing part (Valinassab et al.

2007; Godø et al. 2009; Kaartvedt et al. 2009; O’Driscoll

et al. 2009). Under the normal DVM pattern (NDVM), the

organisms forage on abundant plankton in upper waters at

night and hide from visual predators at depth during the day

(Pearre 2003; Kahilainen et al. 2009). Another, less common

type of DVM is inverse DVM (IDVM). This behavior is

characterized by organisms moving to shallower waters

during the daytime and descending towards deeper waters

during the night (Pearre 2003). IDVM has commonly been

ascribed to zooplankton species avoiding NDVM predators

(Ohman et al. 1983, Ohman 1990; Lagergren et al. 2008). It

has been described for fish (Neilson and Perry 1990),

although rarely (Jensen et al. 2011), and has only recently

been documented in mesopelagic fishes (Kaartvedt et al.

2009).

Glacier lanternfish (Benthosema glaciale) is the most

abundant species of myctophids (myctophidae) in the

Atlantic Ocean north of 35�N and is together with pearlside
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(the Sternoptychidae Maurolicus muelleri) the dominating

mesopelagic fish in fjords along the coast of Norway

(Aksnes et al. 2004; Kristoffersen and Salvanes 2009). In

Masfjorden, Norway, glacier lanternfish are mostly dis-

tributed below 200 m during the daytime, while the pop-

ulation is spread throughout the water column during the

night (Kaartvedt et al. 1988; Giske et al. 1990; Bagøien

et al. 2001). By means of a bottom-mounted echo sounder

at *400 m in Masfjorden, Kaartvedt et al. (2009) observed

three different modes of diel behavior in the population of

glacier lanternfish. One part of the population exhibited

NDVM, one part IDVM and one part did not migrate

(NoDVM) (Kaartvedt et al. 2009).

Glacier lanternfish feed primarily on calanoid copepods,

especially Calanus (Sameoto 1988, 1989; Balino and

Aksnes 1993; Bagøien et al. 2001), although other plankton

are frequently observed in the stomach contents (Gjøsæter

1973b; Roe and Badcock 1984; Sameoto 1988, 1989). In

Norwegian fjords glacier lanternfish exert a strong preda-

tion pressure on overwintering Calanus finmarchicus

(Bagøien et al. 2001). During the autumn, the majority of

the Calanus sp. population is distributed in the depth

intervals 0–50 and 150–250 m (Bagøien et al. 2001). The

deepest group of Calanus sp. thus overlaps with the

observed IDVM group of glacier lanternfish. Mesopelagic

fish with dark-adapted eyes may spot their plankton prey

even at several hundred meters depth in daylight (Warrant

and Locket 2004; Turner et al. 2009), although feeding

efficiency generally increases with available light.

Kaartvedt et al. (2009) hypothesized that glacier lanternfish

with IDVM ascend to forage on overwintering Calanus

finmarchicus in the better light conditions in the middle

layers of the water column during the daytime. We here

address this hypothesis by examining the vertical distri-

bution of plankton and fish in combination with gut content

analyses during the day and night the year subsequent to

the study of Kaartvedt et al. (2009). A group performing

IDVM was also recorded this year, and these fish are the

main focus of this study.

Materials and methods

This study was conducted in September–October 2008 in

the deepest basin of Masfjorden (*60�520N, *5�240E),

Norway, using R/V ‘‘Trygve Braarud’’ (for a map and

further description of the locality, see Kaartvedt et al. 1988;

Balino and Aksnes 1993).

Temperature and salinity were measured with a CTD

(Conductivity, Temperature, Depth; Falmouth Scientific

Inc.).

Zooplankton was sampled with a WP2 net with 200-lm

mesh size. Sampling was done in five depth intervals

(0–50, 50–100, 100–200, 200–300 and 300–400 m). Two

replicates from each depth interval were sampled during

the day. Due to time constraints, only two replicates from

the upper 50 m were sampled during the night. Samples

were fixed in 4% formalin for later identification and

numeration. Sub-sampling was done with a modified Fol-

som splitter. Common zooplanktons were identified to

genus level.

Trawling for fish was conducted from 3 October to 7

October 2008. A modified fry trawl with a multisampler

opening and closing cod-end permitting depth-stratified

sampling was used (Engås et al. 1997). The multisampler

had three bags attached that could be opened and closed

separately by acoustical signals between R/V ‘‘Trygve

Braarud’’ and the multisampler (Scanmar HCL hydro

acoustic two-way communication link). The trawl opening

was 100 m2. Trawling was conducted for approximately

10 min per bag at approximately 2 knots. Eight successful

trawl tows (i.e., 24 trawl samples) between 80 and 400 m

during the daytime (from 12:00 to 17:00) gave a minimum

of three samples (replicates) from each 50-m depth interval

(50–100 to 350–400 m). Four trawl tows were conducted at

night (from 19:00 to 23:00), resulting in six samples

between 0 and 50 m, three between 200 and 250 m, and

two between 300 and 350 m (11 nocturnal samples in

total).

The trawl catch was immediately sorted by species,

counted, weighed, marked and frozen for later analyses.

Total catch in separate depth intervals was evaluated as

g min-1 trawling acting as a relative, not quantitative,

estimate of species abundance. Depth intervals of 50 m

were chosen to represent the vertical distribution of the

catch. In most cases the trawl did not completely cover the

50 m interval. For example, trawling in the depth interval

250–300 m was conducted between 250 and 270 m, where

the acoustical data suggest a dense concentration of glacier

lanternfish.

The size of the individual lanternfish usually influences

its choice of vertical position (Halliday 1970; Roe and

Badcock 1984). Thirty (when possible) intact individuals

from each trawl tow bag were measured for total length

(Sameoto 1988) and dissected for analyses of stomach

contents. When fewer than 30 individuals were caught, all

the intact individuals were measured. Length distribution

by depth was statistically examined using Kruskal–Wallis

tests.

A total of 664 individuals were analyzed for stomach

contents. The stomachs were removed as described by

Sameoto (1988, 1989). Degree of stomach fullness and

digestion was categorized from 1 to 5 (1: empty; 5: full/

distended; 1: fresh; 5: fully digested/unrecognizable; Fot-

land et al. 2000). A stereo microscope with 109 and 409

magnification was used for the stomach analyses. Stomach
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contents were identified to the nearest possible taxon, with

increasing uncertainty as the degree of digestion increased.

Selective preference for a certain prey takes place when a

predator consumes more of certain species than other co-

existing species (Jacobs 1974). A measurement of prey

selectivity (Di) was calculated using a modified Ivlev

selectivity index, Di (Jacobs 1974). This index indicates if

a predator has negative selection (Di from -1 to 0) or

positive selection (Di from 0 to ?1) for a specific prey

type. The concentration (p) of prey in an area and the

concentration (r) of the same prey in the stomach contents

are used when calculating Di. The stomach contents of

glacier lanternfish caught at different depth intervals at

different times of day were compared statistically with

Kruskal–Wallis tests followed by Tukey posthoc analyses.

The number of prey items per stomach was not normally

distributed; thus, the fourth root of the number of prey

identified per stomach was used in the posthoc analyses.

A bottom-mounted, upward-facing, calibrated Simrad

EK60 38-kHz split-beam echo sounder was deployed at

*400 m depth in Masfjorden, and cabled to the shore for

power and continuous transmission of data. Further

description of the acoustical setup is given by Kaartvedt

et al. (2009). Acoustical data from 23 September, 2

October and 6 October 2008 (a time period overlapping

with the period of sampling) were analyzed using the Sonar

5 pro version 5.9.7 software (Balk and Lindem 2007).

Echograms illustrating the total volume backscattering (Sv)

were made in MATLAB.

During the daytime glacier lanternfish are distributed

deeper than pearlside in Masfjorden (Giske et al. 1990;

Bagøien et al. 2001; Kaartvedt et al. 2009, this study).

Since pearlside were found mainly above *250 m, it

appears relatively safe to say that the biomass of mesope-

lagic fish below 250 m is glacier lanternfish. The scattering

layers seen at 38 kHz are present even at 18 kHz

(Kaartvedt et al. 2008), which suggests that mesopelagic

fishes dominate the acoustical scattering layers addressed

here (Love et al. 2004).

Estimation of the total volume backscattering coefficient

(Sv) in a given interval was done by echo integration in

Sonar 5. When both Sv and the average echo strength of

individual fish (TS) are known, the concentration of indi-

viduals can be estimated (for calculations, see MacLennan

and Simmonds 1992). Difference in concentration of gla-

cier lanternfish in the 270–300-m interval where the IDVM

group is distributed at night was assessed by echo inte-

gration to test for diel differences. The Sv values in this

vertical interval were integrated over 1-h periods. Echo

integration was done by subtracting integration results at a

Sv threshold of -64 dB from results at a Sv threshold of

-90 dB to exclude organisms larger than glacier lantern-

fish (Bagøien et al. 2001). The average TS of glacier

lanternfish (-58 dB in this study), as measured directly by

the split-beam echosounder at a range of 10–50 m (i.e.,

*340–380 m depth) from the bottom-mounted echo

sounder, was used to calculate the concentration (individ-

uals m-3) from the measured volume backscatter (Sv).

R 2.9.0, Microsoft Excel 2003 and SPSS 17.0 were used

for statistical calculations.

Results

Hydrography

The salinity increased from 30 in the surface to stable values

around 35 below *100 m (Fig. 1). The highest tempera-

tures were measured in the surface (14.2�C) (Fig. 1). Below

*60 m temperatures were stable at 8.5�C (Fig. 1).

Distribution of zooplankton

Zooplankton had a bimodal distribution with the highest

concentrations between 0–50 and 200–300 m (Table 1).

Ninety-five percent of the zooplankton were copepods,

with Oithona being the most common taxon (Table 1).

Oithona and Acartia dominated in the upper 50 m, while

Oithona and Calanus dominated between 200 and 300 m

depth (Table 1).

Trawl catches

Glacier lanternfish dominated the trawl catches deeper than

250 m during both day and night (Fig. 2a–d). During the

daytime they were distributed deeper than *150 m, while

some individuals were caught in the surface at night

(Fig. 2a). Pearlside were mainly caught in the upper

Fig. 1 Vertical temperature (gray) and salinity (black) profiles
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250 m, with large near-surface catches at night (Fig. 2b).

Shrimps (Pasiphea multidentata and Seregestes arcticus)

were caught below 200 m during the day and throughout

the water column at night (Fig. 2c). Krill (mainly Mega-

nyctiphanes norvegica) was caught between 150 and

250 m at daytime and in the surface at night (Fig. 2d).

Mysids (Boreomysis arctica) were less common, but some

were caught below 200 m. Some jellyfish (Scyphozoa;

Cyanea capillata and Periphylla periphylla) were caught

below 300 m.

Glacier lanternfish occurred in three size cohorts

(1.5–3.3, 3.5–5.4 and 5.5–7.8 cm) (Fig. 3a). The length of

individuals increased with depth during both day and night

(Kruskal–Wallis, p \ 0.001). The smallest individuals

were caught between 150 and 250 m during the daytime

and never below 250 m (Fig. 3b–d). At night the smallest

individuals were caught in the surface and between 200 and

250 m (Fig. 3b–c). The medium-sized length group was

more evenly distributed, with 83% found between

*200–300 m during the daytime and 17% below 300 m

(Fig. 3b–d). The medium-sized fish made up 45% of the

catch between 200 and 250 m during the night (Fig. 3c).

The largest size group was distributed below *200 m

(Fig. 3b–d). Between 200 and 300 m, 51% of the captured

glacier lanternfish were individuals of the largest size

group, while between 300 and 400 m the largest size group

constituted 80–90% of the catch (Fig. 3c–d).

Acoustic scattering layers

At 38 kHz, applying a threshold of -80 dB, most back-

scattering is due to fish, as shrimps and krill are compar-

atively weak acoustic targets. The trawl catches suggest

that pearlside made up the main part of backscattering in

the upper 200 m, while echoes from glacier lanternfish

dominated the backscatter deeper than 250 m.

Table 1 Concentration of crustacean zooplankton (individuals m-3) caught in the WP-II net during the day and night. The estimates in each

interval are the average of two replicates sampled

Depth (m) Calanus sp. Oithona sp. Chiridius sp. Metridia sp. Para/Pseudo/

Microcalanus sp.

Acartia sp. Ostracoda Other Total

Day

0–50 5 30 2 1 23 94 0 5 160

50–100 6 61 1 0 2 2 1 2 75

100–200 4 24 1 3 2 0 0 1 35

200–300 34 91 12 8 9 1 3 11 169

300–400 9 11 2 4 4 0 3 4 37

Night

0–50 7 147 3 3 38 43 0 12 253

Fig. 2 Vertical distribution of a glacier lanternfish, b pearlside,

c shrimps and d krill caught during night and day, presented as catch

in g min-1 trawling. The Standard deviations are illustrated by lines
from the columns, except for the night catch in the depth interval

300–350 m, where the lines illustrate the maximum catch in the trawl

tows (since only two successful samples were obtained). Dash
indicates that catch is \1 g min-1, cross marks indicate no trawling

during the day and night, while U indicates an unknown amount of

pearlside larvae
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Three different modes of diel behaviors were apparent:

NDVM, IDVM and NoDVM (Fig. 4a–c). Three separate

scattering layers displayed the NDVM pattern (Fig. 4b).

The trawl catches show that the two shallowest SLs mainly

consisted of pearlside (NDVM 1 and NDVM 2), while the

deepest NDVM SL also contained some glacier lanternfish

(NDVM 3) (Fig. 4b). A layer without any apparent

migration between 150 and 220 m (NoDVM1) was domi-

nated by pearlside, while also some glacier lanternfish were

captured (Fig. 4b).

Deeper than *200 m, two behavioral modes were

observed (Fig. 4a–c). One SL ascribed to lanternfish dis-

playing the IDVM pattern was distributed between 250 and

300 m at night and migrated towards the NoDVM1 layer in

the morning, leading to a void in the echograms as fish

swam up from this interval during the day (Fig. 4a–c). At

night individuals of this layer migrated back to deeper

waters. Individuals of a deeper SL distributed below

*300 m appeared not to migrate (NoDVM2) (Fig. 4a–c).

Based on the trawl results, the individuals that made up

these two layers were of the two largest size groups of

glacier lanternfish (Fig. 3a–d).

The IDVM pattern was evident in the acoustical data on

all days (Fig. 4a–c). Acoustic abundance estimates sug-

gested a daytime concentration reduction of approximately

60–70% in the interval between 270 and 300 m as fish

ascended above this level (Fig. 4d–f).

The swimming speeds of glacier lanternfish while per-

forming IDVM were derived by measuring slopes of indi-

vidual organism traces in the echograms. The vertical

relocations were slow, with average speed of*0.004 m s-1,

both when moving upwards and downwards. This is equiv-

alent to*1/16 body length s-1 for the largest size group. The

slow relocation of individuals displaying the IDVM pattern

was reflected in the timing of fluctuating densities in the

270–300-m depth interval. The number of fish continued to

increase after midnight as fish still returned to deeper waters

after their daytime ascent (left of Fig. 4d–f), and, corre-

spondingly, fish had not reached the maximum number after

the daytime low the following midnight (right of Fig. 4d–f).

The persisting nocturnal descent of fish to deep waters well

after midnight is illustrated in Fig. 4g, where the time axis of

a diel echogram has been shifted (from *03:00 to *03:00)

to center the void in the acoustic backscatter created by the

IDVM.

Feeding

Most fish had no or unidentifiable stomach contents

(Fig. 5a), but 35% (230 individuals) of the examined fish

had stomach contents that could be identified to a taxo-

nomic group (Fig. 5a). Of the individuals with identifiable

stomach contents, 31% contained only one prey item.

There was a tendency of an increasing number of prey with

increasing length of the fish.

A total of 191 fish contained Calanus sp., and Calanus

sp. accounted for 86% of the identified prey (Fig. 5b). The

much larger krill and shrimps were identified in 1.4 and

0.2% of the stomachs, respectively (Fig. 5b). Other prey

included various copepods and ostracods (Fig. 5b). Only 39

fish had identifiable stomach contents without containing

Calanus sp. The glacier lanternfish had positive selection

Fig. 3 Length distribution of

glacier lanternfish. a All

captured individuals,

b individuals caught from 0 to

50 m at night and from 150 to

200 m at daytime, c individuals

caught from 200 to 250 m at

night and 200 to 300 at daytime,

and d individuals caught from

300 to 350 m at night and 300 to

400 m at daytime. The values of

the y-axis are given as relative

frequency (%) of total catch in

the given interval
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only for Calanus sp. (Di = 0.76), while other copepods

were selected against. A maximum of 24 Calanus sp. were

registered per stomach. Individuals of the two largest size

groups seemed to feed on more Calanus sp. than individuals

belonging to the smallest size group (posthoc, Tukey test,

p \ 0.001). Due to Calanus sp. domination in the diet,

subsequent analyses focus on this species.

Fish caught between 200–250 and 250–300 m during

the daytime had significantly more Calanus sp. in their

stomachs than those from 300 to 400 m (posthoc, Tukey

test, p \ 0.001) (Fig. 6a). There was also significantly

more Calanus sp. in the stomach contents of individuals

caught between 200–250 m (posthoc, Tukey test, p \ 0.01)

and 250–300 m (posthoc, Tukey test, p \ 0.001) than for

fish caught between 150 and 200 m (Fig. 6a). Stomach

fullness was highest in fish from 200 to 250 m, but also

high in fish from 250 to 300 m during the daytime

(Fig. 6c–d).

Fig. 4 a–c Twenty-four-hour echograms from the bottom-mounted

38-kHz echo sounder on 23 September, 2 October and 6 October

2008, with different DVM modes annotated in b; d–f acoustic

abundance estimates of glacier lanternfish (individuals m-3) at

270–300 m (interval marked with horizontal lines in a–c); g zoom

on *200–340 m from *03:00 to 03:00 on 23–24 September 2008.

The coloration in echograms refers to volume backscattering (Sv),

where red illustrates the strongest and white the weakest backscatter.

Black and white bars above echograms (a–c, g) depict night and day,

separated by times for sunrise and sunset. Time is given in UTC (local

standard time-1 h)
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Calanus sp. was generally more abundant in stomach

contents during the day than during the night (Kruskal–

Wallis, p = 0.03) (Fig. 6a–b). During the day more than

one quarter of the fish contained two or more Calanus sp.

During the night stomachs contained few Calanus sp., with

a notable exception for the 22:00 period. Between 23:00

and 11:00 there was no trawling, and thus stomach analysis

from this period does not exist. Fish caught during the

daytime between 200 and 300 m also had the lowest

recorded digestion state (Fig. 6e–f).

In total there were only small differences in the degree

of stomach fullness for the whole water column between

day and night (Fig. 6c–d), but fish caught at night had less

identifiable stomach contents than fish caught during the

day (Fig. 6e–f).

Discussion

Acoustical data from a bottom-mounted 38-kHz echo

sounder combined with trawling showed that glacier lan-

ternfish are the main cause of backscattering below 250 m

in Masfjorden. The distribution of glacier lanternfish

overlaps with that of pearlside in the *200–250-m depth

interval. This is supported by previous studies in Masf-

jorden (Kaartvedt et al. 1988; Giske et al. 1990; Bagøien

et al. 2001; Kaartvedt et al. 2009). Three distinct behav-

ioral strategies in the population of glacier lanternfish were

identified during autumn.

The smallest individuals carry out NDVM or may not

migrate at all (NoDVM1; Fig. 4b) during autumn, while

the larger individuals always stay deeper than 200 m. The

deep-living components of the population showed two

different behavioral strategies, IDVM and NoDVM. The

IDVM individuals swim upwards towards 200–270 m

during the daytime to feed mainly on Calanus. Kaartvedt

et al. (2009) observed similar behaviors in this population

during fall the previous year.

Feeding and digestion by glacier lanternfish

Many of the lanternfish had empty stomachs, which seems

typical for this species (Albikovskaya 1988; Giske et al.

1990; Balino and Aksnes 1993; Pusch et al. 2004). No

individuals with everted stomachs were observed, so we

excluded stress and regurgitated stomach contents as

potential errors in this study. The glacier lanternfish feeds

more regularly during spring and summer than during

autumn and winter (Gjøsæter 1973b; Sameoto 1988). This

could potentially help explain the high percentage of

individuals with empty stomachs in this study.

Calanus sp. was the only prey that was positively

selected for. The genus Calanus is known to form a sig-

nificant part of the diet of myctophids (Gjøsæter 1973b;

Sameoto 1989; Pusch et al. 2004; Shreeve et al. 2009).

Other calanoid copepods, krill, shrimps and ostracods were

also found in the guts, but these taxa only comprised

*14% of the total numerical content. These taxa are

commonly part of myctophids’ diet in oceans around the

world, although each taxa’s dietary importance varies (Roe

and Badcock 1984; Hopkins et al. 1996; Moku et al. 2000;

Shreeve et al. 2009). In our study krill was not a numeri-

cally important prey. This supports the findings of Giske

et al. (1990), but differs from the findings of Gjøsæter

(1973b). It is reasonable to assume that Calanus sp. is

easier to catch than krill because of the concentration of

inactive (Hirche 1983), overwintering Calanus sp. and their

smaller size, but at the same time, the dividend will be

much greater when catching the two orders of magnitude

larger krill (Falk-Petersen 1981; Tande 1982). Krill was

more common in the diet of the 2-year group and older

individuals. Gjøsæter (1973b) made similar observations,

and the same trend has been observed in studies of other

myctophids (Pearcy et al. 1979; Pusch et al. 2004).

Digestion time in mesopelagic fish is not well known

(Dalpadado and Gjøsæter 1988), and how long copepods

can stay undigested in fish stomachs is not known (Bagøien

et al. 2001). Nevertheless, a large number of identifiable

and undigested prey indicate recent feeding (Dalpadado

and Gjøsæter 1988). The largest number of prey in the

stomachs and the lowest degree of digestion were observed

during the daytime. Stomach fullness might also be high

during the night, but then the food was more digested,

indicating that it had been a while since feeding. For

logistic reasons, samples from night time were restricted to

the time period between 19:00 and 23:00; thus, we have no

data to tell how glacier lanternfish feed throughout the

night. Previous studies from eastern and northwestern parts

of the Atlantic Ocean have shown that glacier lanternfish

normally feeds in surface waters at night, but also at their

daytime depth (Roe and Badcock 1984; Sameoto 1988,

1989). Previous reports from Masfjorden conclude that

Fig. 5 Stomach contents of glacier lanternfish. a Percentage of empty

stomachs and different types of stomach contents in dissected glacier

lanternfish. b Identified prey allocated to taxa. The shrimp Sergestes
sp. (0.2%), and the copepods Oithona sp. (0.1%) and Metridia sp.

(0.5%) are not included in the figure (b)
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glacier lanternfish mainly feeds during the daytime (Giske

et al. 1990; Balino and Aksnes 1993) or have found no diel

pattern in feeding (Bagøien et al. 2001). From our study it

seems that individuals with IDVM feed during the daytime

(Figs. 4a–c, g, 6a–f), mainly on overwintering Calanus

(Fig. 5b), while others (NDVM) probably feed mainly

during the night. Thus, depending on which behavioral

group is in focus, different conclusions about feeding

periodicity can be reached.

Possible explanations for the diel behavior

Most studies have concluded that glacier lanternfish per-

form NDVM (Roe and Badcock 1984; Sameoto 1988,

1989). However, our study and previous studies have

shown reduced levels of NDVM during autumn (Gjøsæter

1973b; Sameoto 1988; Kaartvedt et al. 2009), and

Kaartvedt et al. (2009) and this study add IDVM to the

behavioral repertoir. The current study identified three size

cohorts of the glacier lanternfish population, and possible

explanations for the varying migration patterns might be

the difference in abilities and motivation between the

cohorts and the vertical distribution of prey.

The zooplankton concentration found in this study

reflected that sampling was done during the end of the

productive season, yet before the winter low. The zoo-

plankton concentration was about fourfold that found

during previous winter studies in Masfjorden (Giske et al.

1990; Balino and Aksnes 1993) and almost half of reported

summer concentrations (Rasmussen and Giske 1994).

Small copepods dominated in the upper 50 m, while Cal-

anus sp., which was found to be the main prey of glacier

lanternfish, occurred at the highest concentrations between

200 and 300 m, at similar depths as in previous studies,

albeit at lower densities (Giske et al. 1990; Balino and

Aksnes 1993; Bagøien et al. 2001). Due to the low con-

centration of larger zooplankton at the surface, glacier

lanternfish will gain little from swimming to the surface in

the autumn. However, some individuals of the smallest size

group (1.5–3.3 cm) and the smallest individuals of the

Fig. 6 Stomach contents of

glacier lanternfish at different

depth intervals day (left) and

night (right). a, b Number of

Calanus sp. in stomach contents

at different depth intervals

during the day (a) and at night

(b); c, d degree of stomach

fullness during the day (c) and

night (d); e, f degree of

digestion of stomach contents

during the day (e) and night (f).
Vertical axis on the right side on

the figures depicts number of

glacier lanternfish analyzed for

the different depth intervals.

The boxes illustrate the 25%

quartile, the 50% median and

the 75% quartile. The dotted
lines illustrate the maximum/

minimum values of number of

Calanus sp. (a, b), stomach

fullness (c, d) or degree of

digestion (e, f). The rings mark

the average values
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medium size group (3.5–5.4 cm), which correspond to the

0-year class and the 1-year class, respectively (Halliday

1970; Gjøsæter 1973a), performed NDVM to the upper

50 m at night. The IDVM was mainly carried out by

individuals greater than 5 cm, corresponding to the 2-year

class or older (Halliday 1970; Gjøsæter 1973a), since these

were the ones dominating at depths below 250 m.

In glacier lanternfish and other mesopelagic fish, body

size typically increases with depth (Willis and Pearcy

1980; Roe and Badcock 1984; Gartner et al. 1987; Auster

et al. 1992). Such size distributions have often been

ascribed to smaller mesopelagic fish being less visible to

predators (Giske et al. 1990) and more risk taking (Giske

and Aksnes 1992) than bigger individuals. For juveniles

increased mortality risk in shallower waters might be

compensated by higher potential feeding rates, and warmer

water implies both decreased digestion time and higher

potential growth rates (Wurtsbaugh and Neverman 1988),

and consequently earlier maturation than in deeper waters

(Rosland and Giske 1997). Also, small individuals will lose

a higher percentage of body mass compared to individuals

of greater size when starving and therefore have to take

greater risks (normally associated with staying shallower)

to find food (Krause et al. 1998). On the other hand,

individuals that have reached a certain size and maturation

state can afford avoiding this risk by staying deeper (Hays

et al. 2001). Additionally, they have larger eyes than

smaller individuals, and can therefore better detect prey in

deeper and darker waters (Warrant and Locket 2004). In

sum, young individuals might seek a higher growth rate,

but increased mortality risk in shallower waters, while

adults prioritize lower mortality risk, but less potential (or

less visible) prey in deeper waters (Rosland and Giske

1997).

By remaining in deeper and colder water masses during

the night, individuals can minimize their energy loss

(Sogard and Olla 1996) and reduce their exposure to pre-

dators. This behavior (NoDVM) has previously been

observed for glacier lanternfish (Albikovskaya 1988;

Kaartvedt et al. 2009) and other myctophids (Pearcy et al.

1979; Gartner et al. 1987; Moku et al. 2000). While low

surface concentrations of prey during autumn may explain

why a large proportion of the population stays in deeper

waters through the whole day, it cannot explain IDVM.

The IDVM group co-occurs with the overwintering

component of Calanus sp. Glacier lanternfish fed most

actively in this overlapping layer during the daytime.

Similarly, Bagøien et al. (2001) observed overlapping

distribution between mesopelagic fishes and overwintering

Calanus sp. and documented a strong predation pressure on

overwintering Calanus sp. in Masfjorden.

Most overwintering Calanus sp. are inactive (Hirche

1983). As a result of predation from mesopelagic fish, a

pronounced numerical reduction of Calanus sp. popula-

tions is expected during autumn and winter (Kaartvedt

1996; Bagøien et al. 2001). The glacier lanternfish is able

to forage visually (Giske et al. 1990; Bagøien et al. 2001)

in deeper waters (Roe and Badcock 1984; Sameoto 1988,

1989), but light typically limits food consumption more,

through its effect on detection distance, than the concen-

tration of prey (Aksnes and Giske 1993). We hypothesize

that the IDVM group swims upward during the daytime to

improve the light conditions and thereby their chances of

locating prey. Glacier lanternfish ascend and descend in a

stop and go manner (Kaartvedt et al. 2008), possibly

explaining the slow swimming speed found in the current

study.

We reject the alternative explanation that the inverse

vertical migration may relate to metabolic advantages (cf.

Wurtsbaugh and Neverman 1988) since the water column

in the deep water of Masfjorden is homogenous with no

vertical temperature gradients. We also reject that the

migration relates to exploitation of water currents as a

mechanism for retention or horizontal transport (Smith

et al. 2001; Bennett et al. 2002). The currents in deeper

waters in Masfjorden are weak as the water body is

enclosed behind the 75-m-deep sill (Aksnes et al. 1989),

and glacier lanternfish in Masfjorden drift slowly back and

forth with weak tidal currents at a period that is shorter than

the day/night cycle (Kaartvedt et al. 2009).

In conclusion, this study documents that glacier lan-

ternfish is capable of localizing and prey on overwintering

Calanus sp. during the daytime. In accordance with Ka-

artvedt et al. (2009), the most likely explanation for IDVM

is that visually foraging individuals during the daytime

actively seek an interval with better light conditions,

thereby increasing the availability of prey, before returning

to deeper waters at night.

Acknowledgments We would like to thank Anders Røstad for

acoustic data processing and ideas for the manuscript, and Josefin

Titelman for feedback and comments. We are grateful to the crew on

R/V ‘‘Trygve Braarud’’ and Rita Amundsen for making the cruise and

sampling possible. Finally, thanks to Arved Staby for sharing data and

helping out during the cruise.

Open Access This article is distributed under the terms of the

Creative Commons Attribution Noncommercial License which per-

mits any noncommercial use, distribution, and reproduction in any

medium, provided the original author(s) and source are credited.

References

Aksnes DL, Giske J (1993) A theoretical model of aquatic visual

feeding. Ecol Model 67:233–250

Aksnes DL, Aure J, Kaartvedt S, Magnesen T, Richard J (1989)

Significance of advection for the carrying capacities of fjord

populations. Mar Ecol Prog Ser 50:263–274

Mar Biol (2012) 159:443–453 451

123



Aksnes DL, Nejstgaard J, Sædberg E, Sørnes T (2004) Optical control

of fish and zooplankton populations. Limnol Oceanogr 49:

233–238

Albikovskaya LK (1988) Some aspects of the biology and distribution

of glacier lanternfish (Benthosema glaciale) over the slopes of

Flemish Cap and Eastern Grand Bank. NAFO Sci Count Stud

12:37–42

Auster PJ, Griswold CA, Youngbluth MJ, Bailey TG (1992)

Aggregations of myctophid fishes with other pelagic fauna.

Environ Biol Fishes 35:133–139

Bagøien E, Kaartvedt S, Aksnes DL, Eiane K (2001) Vertical

distribution and mortality of overwintering Calanus. Limnol

Oceanogr 46:1494–1510

Balino BM, Aksnes DL (1993) Winter distribution and migration of

the sound-scattering layers, zooplankton and micronekton in

Masfjorden, western Norway. Mar Ecol Prog Ser 102:35–50

Balk H, Lindem T (2007) Sonar 4 & Sonar 5_Pro Post processing

systems. Operator manual 5.9.7. Lindem Data Acquisition,

University of Oslo, Norway

Bennett WA, Kimmerer WJ, Burau JR (2002) Plasticity in vertical

migration by native and exotic estuarine fishes in a dynamic low-

salinity zone. Limnol Oceanogr 47:1496–1507

Cherel Y, Fontaine C, Richard P, Labat JP (2010) Isotopic niches and

trophic levels of myctophid fishes and their predators in the

Southern Ocean. Limnol Oceanogr 55:324–332

Collins MA, Partridge JC, Douglas RH (2009) Vision in lanternfish

(Myctophidae): adaptations for viewing bioluminescence in the

deep-sea. Deep Sea Res Part 1 Oceanogr Res Pap 56:1003–1017

Dalpadado P, Gjøsæter J (1988) Feeding ecology of the laternfish

Benthosema pterotum from the Indian Ocean. Mar Biol

99:555–567

Doksæter L, Olsen E, Nøttestad L, Fernö A (2008) Distribution and
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Abstract The seasonal variations in glacier lanternfish

(Benthosema glaciale) vertical distribution and diel vertical

migration (DVM) were studied by use of a bottom-moun-

ted upward-facing 38 kHz echo sounder deployed at 392 m

depth and cabled to shore in Masfjorden (*60�520N,

*5�240E), Norway. Acoustic data from July 2007–October

2008 were analyzed, and scattering layers below *220 m

during daytime were attributed to glacier lanternfish based

on net sampling in this, and previous studies, as well as

from analysis of the acoustic data. At these depths, three

different diel behavioral strategies were apparent: normal

diel vertical migration (NDVM), inverse DVM (IDVM),

and no DVM (NoDVM). NoDVM was present all year,

while IDVM was present in autumn and winter, and

NDVM was present during spring and summer. The sea-

sonal differences in DVM behavior seem to correlate with

previously established seasonal distribution of prey. We

hypothesize that in regions with seasonally migrating

zooplankton, such as where calanoid copepods overwinter

at depth, similar plasticity in DVM behavior might occur in

other populations of lanternfishes.

Introduction

Myctophids (Myctophidae) are mesopelagic fishes distrib-

uted in all the world’s oceans (Dalpadado and Gjøsæter

1988; Cherel et al. 2010), playing an important role in the

marine ecosystems (Gjøsæter and Kawaguchi 1980; Cherel

et al. 2010) as trophic links between zooplankton (Kinzer

and Schulz 1985; Shreeve et al. 2009) and piscivorous

predators (Giske et al. 1990; Markaida and Sosa-Nishizaki

2003; Doksæter et al. 2008; Hedd et al. 2009). They are

also likely to play a major role in the vertical flux of

organic matter from the upper productive layer to deeper

layers (Radchenko 2007; Hernandez-Leon et al. 2010).

Their vertical distribution and diel vertical migration

behavior affect such interactions and processes, making it

important to reveal these patterns. The myctophid glacier

lanternfish (Benthosema glaciale) and the sternoptychidae

pearlside (Maurolicus muelleri) are the dominant meso-

pelagic fish in Norwegian fjords (Aksnes et al. 2004;

Kristoffersen and Salvanes 2009). In Masfjorden, pearlside

dominates acoustic scattering layers (SL’s) shallower than

200 m, while glacier lanternfish dominates the SL’s below

200–250 m (Giske et al. 1990; Bagøien et al. 2001;

Kaartvedt et al. 2009; Dypvik et al. 2012).

Diel vertical migration (DVM) is commonly referred to

as a trade-off between feeding opportunities and predation

risk induced by changes in light intensity (Clark and Levy

1988; Pearre 2003; Cohen and Forward 2009; Ringelberg

2010). Thus, light is the proximate cause of DVM influ-

encing the time of migration and vertical extent of

migration (Ringelberg and Van Gool 2003; Staby and

Aksnes 2011), while the distribution of food and predation

risk are regarded as major drivers for fish vertical distri-

bution and migration (Clark and Levy 1988; Bailey 1989;

Neilson and Perry 1990; Sutton and Hopkins 1996).
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However, size (Busch and Mehner 2012), internal factors

such as energy reserves (Hays et al. 2001) and hunger

(Pearre 2003), and external factors such as currents

(Bennett et al. 2002) and temperature (Wurtsbaugh and

Neverman 1988; Sogard and Olla 1996; Mehner et al.

2010) may also influence vertical distribution and migra-

tion. In normal DVM (NDVM), individuals ascend toward

the surface at night before descending to deeper waters

during the day. In the less common inverse DVM (IDVM),

individuals ascend in the water column at daytime and

descend during the night (Pearre 2003).

Glacier lanternfish is known to carry out NDVM

(Halliday 1970; Roe and Badcock 1984; Sameoto 1988),

IDVM (Kaartvedt et al. 2009; Dypvik et al. 2012) or

display no diel vertical migration (NoDVM) (Roe and

Badcock 1984; Albikovskaya 1988; Kaartvedt et al. 2009).

The depth distribution of myctophids is size dependent

with larger fish distributed deeper than smaller individuals

(Willis and Pearcy 1980; Gartner et al. 1987; Dypvik et al.

2012). Therefore, differences in conspicuousness (Hays

et al. 1994), vision (capabilities) for detecting prey

(Warrant and Locket 2004), internal state (satiation and

hunger) (Cailliet and Ebeling 1990; Staby et al. 2011), and

motivation (Rosland and Giske 1997; Busch and Mehner

2012) are expected to result in a mixture of migration

patterns, which may occur simultaneously.

Glacier lanternfish feeds on a variety of zooplankton

(Gjøsæter 1973; Roe and Badcock 1984; Sameoto 1988),

but seems to prefer calanoid copepods, especially Calanus

(Sameoto 1988, 1989; Baliño and Aksnes 1993; Dypvik

et al. 2012). The main pattern in seasonal zooplankton

abundance and vertical distribution at the site for this study

is established from previous studies at the same or adjacent

locations. In spring and summer, most zooplankton are

distributed in the upper part (\30 m) of the water column

(Rasmussen and Giske 1994). However, during autumn and

winter, the highest biomass of zooplankton is below 150 m

(Giske et al. 1990; Baliño and Aksnes 1993; Bagøien et al.

2001). This is because zooplankton vanishes from upper

layers as primary production declines, but also because of

seasonal vertical migration among the main calanoid

copepod species, Calanus spp., which leaves upper waters,

descending for ‘‘overwintering’’ in mid-waters (Bagøien

et al. 2001). In Norwegian waters, this seasonal descent

may begin in summer (Kaartvedt 2000). Myctophids are

capable of feeding at mesopelagic depths (Roe and

Badcock 1984; Sameoto 1988; Pusch et al. 2004), so that

the seasonal migration of Calanus to deep waters may

represent an important food source in the daytime habitat

of the fish (Dypvik et al. 2012). In Norwegian fjords,

glacier lanternfish exercise a strong predation pressure on

overwintering Calanus (Bagøien et al. 2001) and can

influence their vertical distribution (Kaartvedt 1996).

Mesopelagic fish can be studied by use of echo sounders

as they tend to aggregate into SL’s (Holton 1969; Godø

et al. 2009; Kaartvedt et al. 2009). Normally, acoustic

studies of mesopelagic fish are carried out in periods

restricted by time or seasonality (Collins et al. 2008; Godø

et al. 2009; Kloser et al. 2009), and to our knowledge, there

is no systematic study addressing how migration patterns in

a population of glacier lanternfish, or other myctophids,

may vary throughout a year. However, the use of moored

echo sounders can give long-time acoustic data series

(Brierley et al. 2006; Doksæter et al. 2009; Staby et al.

2011). Here we take advantage of the unique opportunity

for a long-term study offered by a deep fjord where pop-

ulations of mesopelagic fish are easily accessible. We

present data from 16 months of continuous acoustic reg-

istrations (July 2007–October 2008), enabling us to address

the seasonal patterns of diel vertical behavior, unveiling the

relative occurrence and consistency of NDVM, IDVM, and

NoDVM by glacier lanternfish.

At the outset of this study, we hypothesized that the

patterns of glacier lanternfish DVM would vary seasonally,

as recently documented for the pearlside (Staby et al.

2011), likely in relation to the seasonal distribution of prey.

Given the general seasonal zooplankton dynamics of

Norwegian fjords, we hypothesize that during spring and

summer, when the abundance of potential prey is high in

near-surface waters, the glacier lanternfish migrate to the

upper part of the water column at night (NDVM) to feed,

avoiding visual predators in the bright surface waters

during daytime. Conversely, we hypothesize that during

autumn and winter, when food is sparse in upper waters,

and at seasonal high in mid-waters, as seasonally migrating

copepods have descended to their overwintering habitat,

glacier lanternfish restrain from migrations to the surface at

night, rather exploiting the prey in mid-waters by

performing IDVM toward favored light conditions in

shallower waters during daytime (Dypvik et al. 2012).

Furthermore, for the NoDVM layer, we investigate two

alternative hypotheses: (1) the population really does split

into migrating and non-migrating components (Pearcy

et al. 1979) or (2) migrations are undertaken also among

the NoDVM component, but not detected by standard

methods because they are asynchronous, so that a propor-

tion of the population always is present in deep waters

(Sutton and Hopkins 1996; Pearre 2003). Since our

approach facilitates studies of individuals, we have the

possibility of addressing these competing hypotheses.

Materials and methods

The study was undertaken in Masfjorden (*60�520N,

*5�240E), Norway (Fig. 1). For a detailed description of

1674 Mar Biol (2012) 159:1673–1683
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the fjord, see Kaartvedt et al. (1988), Baliño and Aksnes

(1993). The deeper parts of the water column

(*200–390 m) are particularly in focus as glacier lan-

ternfish dominates the acoustic backscattering, and IDVM

and NoDVM occur in this interval (Dypvik et al. 2012).

A mooring with an upward-facing 38 kHz Simrad EK60

split-beam echo sounder (7.1� beam width), cabled to shore

for power and transmission of data, was deployed at 392 m

in July 2007 and retrieved in October 2008. Detailed

descriptions of the echo sounder system and parameter

settings are given in Kaartvedt et al. (2009). Data were

recorded continuously, apart for intermittent periods fol-

lowing power failures, giving a total of 218 full days of

records spanning all seasons. A minimum number of

4 days per month were included in this study (i.e. Sept.

2007 and Oct. 2008). We classify September–November as

autumn, December–February as winter, March–May as

spring, and June–August as summer.

The results are presented as average echograms illus-

trating the average Sv (dB) values for the entire water

column (*0–390 m) for each month, and in greater detail

from selected months representing each season for the

section *200–390 m, which is of particular interest for

this study (called monthly echograms). Sv values are log-

arithmic measurements of the volume acoustic backscat-

tering or accumulated TS (target strength), TS representing

the echo of a single individual (MacLennan and Simmonds

1992). The seasonal patterns of the vertical distribution and

migration of glacier lanternfish is assessed by studying the

scattering layers in monthly echograms. These monthly

echograms were made in Matlab by dividing each day into

30 s intervals, and for each time interval average all the

pings for the given month. In this way, all the acoustic

records from the entire registration period are included

in the presentations. In addition, to better illustrate any

activity in the NoDVM layer, which by definition was

expected to have little vertical migration, we randomly

picked 1 day for each season (18 October 2007; 2 Febru-

ary; 12 March 2008; 8 August 2008), focusing on the

300–390 m depth interval. For these days, we furthermore

selectively chose examples where vertical swimming was

seen in the compressed, daily echograms, and portrayed

these at higher resolution for better depicting individual

behavior.

Abundance estimates to identify the variation in con-

centration of glacier lanternfish in different depth intervals

between day and night were made by echo integration. This

was done with day and depth divided into blocks of 1 h and

10 m respectively between *250 and 390 m for days

where 24 h of echo data were successfully retrieved (from

min. 4 days in Sept. 2007 and Oct. 2008, to max. 24 days

in May 2008). Time for sunrise and sunset was set to the

15th of each corresponding month, as an approximate for

each month, determining time allocated to day and night.

Glacier lanternfish makes up the main part of the volume

backscattering (Sv) at -90 dB, while larger fish results in

Sv values greater than -64 dB (Bagøien et al. 2001). Thus,

values retrieved by echo integration at -64 dB were sub-

tracted from the echo integration at -90 dB to exclude fish

larger than glacier lanternfish (Bagøien et al. 2001). The

concentrations (individuals m-3) were derived from mea-

surements of Sv and target strength (TS, see description

below) by dividing the linear Sv values with the linear TS

(MacLennan and Simmonds 1992).

TS depends on the size, anatomy, and behavior of the

organism, as well as the frequency of the echo sounder

(MacLennan and Simmonds 1992). For precise estimation

of concentration, the TS of glacier lanternfish was obtained

monthly by means of automatic target tracking (TT), per-

forming TT for 3 days of every month within a range of

Fig. 1 Map depicting location

of the bottom-mounted echo

sounder (gray circle) at 392 m

depth in Masfjorden, Norway
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10–50 m from the transducer (*340–380 m depth). This

limited range was chosen as the resolution of acoustic data

decreases with distance from the transducer, and so does

the precision of the TS estimates. Minimum track length

was set at 10 ping, maximum ping gap to 1 ping and gating

range to 0.3 m during tracking. TS values between -65

and -50 dB were regarded as glacier lanternfish, as TS

values stronger than -50 dB indicate fish of greater size

(Foote 1980; MacLennan and Simmonds 1992). A mini-

mum value of -65 dB was chosen in accordance with a

previous acoustic study of glacier lanternfish (Torgersen

and Kaartvedt 2001). Tracks of individual fish obtained by

TT were also used for analysis of swimming behavior.

Vertical swimming speeds of individuals were analyzed

together with visual inspection of daily 24 h echograms in

order to investigate any asynchronicity in the DVM pattern

of the deeper living part of the population.

Both TT and echo integration were performed in the

post processing program Sonar_5 pro version 5.9.9 (Balk

and Lindem 2007).

The migration patterns below 250 m as assessed from

the monthly echograms were compared with changes in

concentration as assessed based on combining the mea-

surements of Sv and TS. The maximum concentration of

glacier lanternfish estimated below 250 m each day was

assumed to reflect the total population below 250 m.

Increase and/or decrease in concentration, before and after

the time of migration of a specific layer of glacier lan-

ternfish, was used as a proxy for the relative proportion of

glacier lanternfish with NoDVM, IDVM, and NDVM. The

speed of migration by individuals in SL’s was calculated

by analyzing the distance of descent/ascent over time in

SL’s.

The continuous acoustic measurements were comple-

mented by sampling during research cruises 1–4 November

2007 with R/V ‘‘Haakon Mosby’’ (University of Bergen,

IMR) and 3–7 October 2008 with R/V ‘‘Trygve Braarud’’

(University of Oslo). Results from the physical oceanog-

raphy, zooplankton, and trawling studies from these field

campaigns are used in the interpretations, but are presented

elsewhere (Staby et al. 2011; Dypvik et al. 2012).

The behavioral patterns described in this study can with

confidence be ascribed to glacier lanternfish. Previous

studies covering spring and summer (Rasmussen and Giske

1994; Kaartvedt et al. unpublished), autumn (Bagøien et al.

2001; Kaartvedt et al. 2009), winter (Giske et al. 1990;

Baliño and Aksnes 1993; Bagøien et al. 2001), and trawl

data obtained during the present study (Staby et al. 2011;

Dypvik et al. 2012), as well as subsequent studies

(Kaartvedt et al. unpublished) have shown that glacier

lanternfish are the main cause of backscattering deeper than

250 m in Masfjorden. Catches at these depths consist of

specimens [4.5 cm, with a prevalence of individuals

[6 cm below 300 m (Kaartvedt et al. 2009; Dypvik et al.

2012), that is adult individuals (Gjøsæter 1981). Pelagic

shrimps are also common in the deep waters of Masfjorden

(Kaartvedt et al. 1988, 2009) and may contribute somewhat

to the backscatter. However, the SL’s below 200 m in

Masfjorden are pronounced also at 18 kHz (Kaartvedt et al.

2008), signifying that the backscatter mainly consists of

mesopelagic fish (Torgersen and Kaartvedt 2001; Love

et al. 2004; Godø et al. 2009; Kloser et al. 2009). Fur-

thermore, the average TS of the targets studied here (see

‘‘Results’’; ‘‘Target strength and concentration estimates in

deep water’’) is in accordance with previous studies of

lanternfishes (Torgersen and Kaartvedt 2001; Yasuma et al.

2003; Kaartvedt et al. 2009), while shrimps have a TS

about one magnitude weaker than that of glacier lanternfish

(Benoit-Bird and Au 2001; Torgersen and Kaartvedt 2001).

Results

Main patterns in acoustic backscatter

In summer, there were four SL’s performing NDVM to the

surface at night, and one deep layer with no apparent diel

behavior (Fig. 2). The upper of these layers (*70–200 m)

were ascribed to pearlside as they are found to dominate at

these depths (the seasonal DVM patterns of pearlside are

discussed in Staby et al. (2011) and will not be addressed in

detail here). The two deeper layers ([250 m during day-

time) were ascribed to glacier lanternfish with NDVM and

NoDVM, respectively. Zooming in on the deeper parts of

the water column illustrates more clearly how organisms

carrying out NDVM in summer descended to waters below

*250 m at daytime, and ascended at night (Fig. 3).

In autumn, NDVM was still present above *200 m, but

was less noticeable below *200 m (Fig. 2). IDVM of

acoustic targets ascribed to glacier lanternfish was now

evident below the pearlside SL (Figs. 2, 3). An apparent

non-migrating layer of glacier lanternfish occurred from

300 m to the bottom (Figs. 2, 3).

In winter, there were strong echoes of vertical migrating

juvenile pearlside, and largely non-migrating adult pearl-

side in the upper 200 m (Fig. 2). The SL of individuals

with IDVM (glacier lanternfish) was still apparent,

although less pronounced than in autumn (Figs. 2, 3). The

deepest non-migrating layer was now at its seasonal high in

level of backscatter (Fig. 2).

In spring, several SL’s with NDVM appeared between

*100–210 m in daytime (March and April) and in the

upper *100 m at night (Fig. 2). Glacier lanternfish likely

contributed in the lower part of this layer. In May, indi-

viduals performing NDVM descended to *300 m in

daytime, indicating a large portion of the glacier lanternfish
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population with this behavior (Figs. 2, 3). As on all other

occasions, there was a SL with NoDVM below *300 m

(glacier lanternfish), yet with a seasonal low in backscatter

(Fig. 2).

Relative proportion of migration patterns

Estimated proportions with different DVM modes were

calculated for each month based on the echograms and the

echo integration from 250 to 390 m (Fig. 4). NDVM was

performed by *25–55 % of these fish in summer, while

this behavior ceased in autumn and winter (Fig. 4). How-

ever, individuals performing NDVM re-appeared in early

spring, and the proportion performing NDVM increased

toward late spring (from *13 % in March to *51 % in

May) (Fig. 4). The proportion performing IDVM increased

from late summer (*15 % in August) to the beginning of

autumn (70 % in September 2007), then decreased

throughout the winter (24 % in February 2008). In spring

and the first part of summer, IDVM was not recorded

(Fig. 4). NoDVM was suggested for *45–75 % of the

population at these depths during spring and summer, but

this proportion decreased from summer to autumn

(*30–40 % in September 2007 and 2008), before it

increased toward the winter months (Fig. 4).

Individual behavior of glacier lanternfish

Visual inspection of 24 h echograms suggested little sys-

tematic vertical swimming among the NoDVM component

in relation to time of day, as exemplified by 1 day each

season in Fig. 5a–d. Fish at these depths commonly

appeared to drift up and down in a consistent pattern

suggesting internal wave motions (Fig. 5a–d). The limited
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vertical movement was reflected in the results from the

year-round TT. Of more than 200,000 tracks retrieved by

TT, *85 % revealed vertical relocation speed \0.4 cm/s.

However, intermittent vertical swimming was recorded in

which individuals ascended or descended in a step-wise

pattern (Fig. 5e–h). The maximum vertical swimming

speed detected was *18.4 cm/s. In comparison, the

approximately ascending and descending speeds of the
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migrating layers were 3–4 cm/s for the NDVM layer and

0.5–0.8 cm/s for the IDVM layer. In addition to such

marked vertical relocations, seemingly passively drifting

fishes once in a while slightly adjusted their vertical dis-

tribution, subsequently taking up their apparent torpid

behavior.

Target strength and concentration estimates

in deep water

The average TS (dB) of glacier lanternfish as measured

between *340 and 380 m were always in the range of

approximately -57.5 to -59.5 dB. Within this limited

range, the TS distribution of glacier lanternfish showed two

peaks (in both summers) and decreased from the autumn to

spring (Fig. 6).

The TS values were used in assessing the numerical

densities of glacier lanternfish. The concentration of fish

was usually in the range of 0.005–0.015 individuals m-3

(Fig. 7a, b). However, the maximum density, just below

0.02 individuals m-3, was recorded in July 2008 in the

deepest interval (300–390 m), and in October 2008 in the

shallower interval (250–300 m) (Fig. 7a, b).

In spring and summer, when NDVM is the dominating

mode of migration, the daytime concentration of the

interval *250–300 m was higher than during night

(Fig. 7a). Below 300 m, where the NoDVM mode were
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dominating, relatively little concentration fluctuations

between day and night occurred, except for June–August

2008 (Fig. 7b) when the NDVM layers entered those depths

at daytime (Fig. 2). In the months where IDVM were the

dominating mode of migration (i.e. September–February),

the concentration of glacier lanternfish decreased during

daytime in the interval *250–300 m (Fig. 7a), as the

inverse vertical migrators that were distributed from *220

to 300 m during nighttime ascended to mid-waters (in the

lower part of the strong SL between *150–220 m) during

the day (Figs. 2, 3).

Discussion

The 16-month acoustic data series revealed three different

diel behavioral modes of glacier lanternfish. In NDVM,

individuals ascend toward the surface at night and descend

back to deeper waters in the morning. In IDVM, individuals

ascend toward mid-waters at daytime, before descending at

night. In NoDVM, individuals stay deeper than *300 m all

day. A clear seasonal pattern, with NDVM prevailing dur-

ing spring and summer, and IDVM prevailing during

autumn and winter, was also apparent. All through the year,

NoDVM occurred in the water column deeper than

*300 m. This diversity in diel behavior of glacier lan-

ternfish has previously been observed during autumn in

Masfjorden by Kaartvedt et al. (2009), Dypvik et al. (2012),

but this is the first assessment of the yearly cycle. Note,

however, that while the acoustic results unveil the main

patterns in diel behavior for the part of the population below

*200 m, they do not provide the entire picture for the

whole population. Only IDVM was recorded acoustically in

October and November, yet trawl catches documented some

NDVM (Kaartvedt et al. 2009; Dypvik et al. 2012). Also

previous studies have documented NDVM of glacier lan-

ternfish in fall and winter (Kaartvedt et al. 1988; Giske et al.

1990; Bagøien et al. 2001). Some shallower-living glacier

lanternfish intermingle with, and thus become inseparable

in the acoustic signatures of the SL dominated by adult

pearlside (Torgersen and Kaartvedt 2001). Shallower-living

glacier lanternfish are mostly smaller (Dypvik et al. 2012)

and might be too small to be properly detected at 38 kHz.

The largely consistency in TS values in deep water under-

lines that we likely have addressed the adult population

throughout this study period. The slight apparent seasonal

variation in TS does not seem to correlate with behavioral

changes.

During spring and summer, glacier lanternfish per-

formed NDVM toward the surface at night. During this

time of year, the concentration of zooplankton peaks in the

surface layers, and significantly lowers in the deeper waters

(Atkinson and Peck 1988; Rasmussen and Giske 1994;

Richter 1994). NDVM among lanternfishes is usually

related to avoidance of visual predators in bright surface

waters at daytime and subsequent feeding on zooplankton

in the surface layers at night (Holton 1969; Dalpadado and

Gjøsæter 1987; Kinzer et al. 1993). The pay-off from

NDVM will decrease as surface plankton becomes less

abundant throughout fall and winter, while at the same

time, seasonally migrating copepods return to depth (Speirs

et al. 2006; Broms and Melle 2007). This expectedly makes

NDVM behavior less profitable. However, small individ-

uals with less energy reserves, larger motivation, or less

capability for feeding in deep water may continue to

migrate toward the surface at night (Giske and Aksnes

1992), while larger fish may opt for other strategies such as

staying in deeper waters feeding on overwintering calanoid

copepods. In accordance with this, mainly 2-year or older

glacier lanternfish are distributed deeper than *250 m,

while smaller individuals are distributed in shallower

waters, during autumn (Dypvik et al. 2012). Similar size-

dependent depth distribution has also been observed in

other studies of lanternfishes (Willis and Pearcy 1980;

Gartner et al. 1987; Auster et al. 1992).

IDVM became apparent in August and was recorded

until March. In winter, the bulk of zooplankton biomass is

distributed in mid-waters (Giske et al. 1990; Baliño and

Aksnes 1993; Bagøien et al. 2001). Dypvik et al. (2012)

showed that inversely migrating glacier lanternfish were

foraging on overwintering Calanus in mid-waters during
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the day. Other studies have shown that Calanus is an

important part of the glacier lanternfish diet during fall and

winter (Gjøsæter 1973; Baliño and Aksnes 1993). The

seasonal occurrence of IDVM seems to harmonize well

with the overwintering period for Calanus finmarchicus

(Bagøien et al. 2001; Speirs et al. 2006), in both the timing

of initiation of this behavior, and its termination in spring

(Heath 1999; Astthorsson and Gislason 2003; Speirs et al.

2006; Broms and Melle 2007). By staying in deeper waters

performing IDVM, glacier lanternfish may optimize their

energy budget and reduce the predation risk (Dypvik et al.

2012). In addition, light decreases rapidly with depth in

seawater (Sørnes and Aksnes 2006; Aksnes et al. 2009). A

lanternfish swimming toward shallower waters, while still

staying below *200 m, will thus experience an increase of

light in the surroundings, which would favor visual feeding

by the low-light adapted lanternfish (Warrant and Locket

2004). Thus, it seems likely that individuals with IDVM

ascend toward the overwintering layer of Calanus at day-

time to feed at favored light levels, sinking back to deeper

layers at night. However, the proportion of the population

with IDVM decreases through the winter, which may

reflect the reduced concentration of Calanus from autumn

through winter (Bagøien et al. 2001).

Individuals of glacier lanternfish with NoDVM occurred

all year at depths greater than *300 m. Dypvik et al.

(2012) found that the individuals with NoDVM during

autumn were the largest individuals of the glacier lan-

ternfish population. Individuals of greatest size tend to have

larger eyes and might be better adapted than smaller

individuals to detect prey in low light (Warrant and Locket

2004). They are also better adapted for handling large prey

such as krill and shrimps, which occur deep in the water

column (Kaartvedt et al. 1988; Baliño and Aksnes 1993;

Kaartvedt et al. 2009; Dypvik et al. 2012), and which

represent a much higher dividend than copepods due to

their much larger size (Falk-Petersen 1981; Tande 1982).

We therefore suggest that individuals with NoDVM are

able to feed in the restricted light levels of the deep waters.

The behavior of individuals in deep water ([300 m)

suggested that the NoDVM group indeed largely consisted

of non-migrating individuals, and that consistent back-

scatter in deep water is not a result of asynchronous

migrations, but that the population rather splits into

migrating and non-migrating individuals, as initially

suggested by Pearcy et al. (1979). Nevertheless, single

individuals were observed swimming upwards or down-

wards in a step-wise fashion, as also observed by Kaartvedt

et al. (2008, 2009). Intermittent vertical relocations, ascent/

descent in a step-wise fashion, would help the fish scan

different parts of the water column for prey. Fish may also

use their lateral lines for tactile prey detection in darkness

(Janssen et al. 1999), and such behavior would be in

accordance with both visual (O’Brien et al. 1990) and

tactile (Janssen 1997; Janssen et al. 1999; Ryer and Olla

1999) search for prey. There was no evident relation with

vertical swimming to time of day. However, the example

from October (Fig. 5b) suggests a prominence of ascent at

day, so we cannot reject the possibility that some of these

deep-living individuals took part in IDVM at that time.

Yet, most step-wise movements seemed to represent

infrequent re-locations within the layer.

A wide variety of lanternfishes are capable of feeding at

depths greater than several hundreds of meters (Pearcy

et al. 1979; Roe and Badcock 1984; Sameoto 1988), and

NoDVM has previously been observed among several

species of lanternfish (Pearcy et al. 1979; Gartner et al.

1987; Collins et al. 2008). IDVM among lanternfishes has

not been recorded from other localities. However, different

species of Calanus occur in different geographic regions

and, as well as other genera, perform seasonal vertical

migration, overwintering in deeper water (Atkinson and

Peck 1988; Richter 1995; Peterson 1998; Broms and Melle

2007). We therefore hypothesize that IDVM and NoDVM

are widespread behaviors in areas where concentrations of

potential prey are distributed in deeper waters, and that

similar plasticity in DVM behavior as observed for glacier

lanternfish in Masfjorden might occur in other populations

of lanternfishes in areas with seasonally migrating zoo-

plankton, such as overwintering calanoid copepods. Long-

term acoustic measurements might be used to reveal such

DVM plasticity in other areas, information that could be

used to gain knowledge about interactions between lan-

ternfishes, their prey and predators, as well as lanternfishes

contribution to the vertical flux of organic matter. The

vertical distribution and diel vertical migration of lan-

ternfishes can affect such interactions and processes,

making it imperative to further reveal these patterns.
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a b s t r a c t

The vertical migration and diel feeding periodicity of the skinnycheek lanternfish (Benthosema

pterotum) were studied by use of a hull-mounted 38 kHz echo sounder, ROV-deployments and

net-sampling at two locations (�241480N, �361150E and �211270N, �38150E) in the central Red Sea.

The mesopelagic zone of the Red Sea represents an unusual environment with very high temperatures

(�22 1C) and low zooplankton concentrations (o10 individuals m�3 below 600 m). The skinnycheek

lanternfish performed normal diel vertical migration from �500 to 750 m during daytime to the

epipelagic zone (upper �200 m) at night. A strict feeding periodicity occurred; with the skinnycheek

lanternfish foraging on zooplankton throughout the night, while rapidly digesting the preceding

nocturnal meal in the warm mesopelagic region. We hypothesize that the constrained epipelagic

distribution of zooplankton and the unusual warm waters of the Red Sea force the whole population to

ascend and feed in epipelagic waters every night, as the prey-ration eaten each night is fully digested at

mesopelagic depths during daytime.

& 2012 Elsevier Ltd. All rights reserved.
1. Introduction

The mesopelagic zone at �200–1000 m depth is defined as the
part of the water column with too little light for photosynthesis, but
sufficient downwelling irradiance for visual detection of prey
(Robinson et al., 2010). Lanternfishes (Myctophidae) are zooplankti-
vorous mesopelagic fish distributed in the mesopelagic zone of all
the world’s oceans (Kinzer and Schulz, 1985; Dalpadado, 1988;
Moku et al., 2000; Cherel et al., 2010). They form acoustic back-
scattering layers (SL’s) and their behavior have often been studied
through traditional sampling methods such as trawling combined
with acoustic surveys (Gjøsæter, 1984; Valinassab et al., 2007;
Collins et al., 2008; Godø et al., 2009; Kaartvedt et al., 2009).

Lanternfishes are assumed to be important contributors to the
biological pump (Hernandez-Leon et al., 2010), bringing organic
materials from the epipelagic to the mesopelagic zone as they
perform normal diel vertical migrations (NDVM), feeding in sur-
face layers at night and excreting while hiding from visual
predators at mesopelagic depths during the day (Clarke, 1978;
Giske et al., 1990; Robison, 2003; Collins et al., 2012). However, in
most oceans, parts of the lanternfish population perform no diel
vertical migrations (NoDVM) or inverse diel vertical migrations
ll rights reserved.

Dypvik),
(IDVM), residing, feeding and spawning in the mesopelagic zone
(Gjøsæter and Tilseth, 1988; Moku et al., 2000; Collins et al.,
2008; Olivar et al., 2012; Dypvik et al., 2012a,b). In contrast to this
pattern, a recent study in the Red Sea indicated that 495%
of the mesopelagic fish, including the skinnycheek lanternfish
(Benthosema pterotum) which is the dominant lanternfish in the
Red Sea (Dalpadado and Gjøsæter, 1987), performed NDVM from
the mesopelagic zone to the upper �200 m at night (Klevjer et al.,
2012). The authors suggested that low feeding opportunities due
to very low zooplankton concentrations (Weikert, 1982; Böttger-
Schnack, 1990; Böttger-Schnack et al., 2008) and rapid digestion
in the very warm waters at mesopelagic depths in the Red Sea,
forced the entire population of mesopelagic fish to carry out
nocturnal feeding migrations to upper layers every night (Klevjer
et al., 2012). However, no data on zooplankton or feeding were
available in that study.

Previous studies have showed that the skinnycheek lanternfish
forage on zooplankton in the upper �200 m at night (Dalpadado
and Gjøsæter, 1987), and reside below 350 m during the day
(Thiel, 1979; Dalpadado and Gjøsæter, 1987). However, skinny-
cheek lanternfish have also been found to stay in the mesopelagic
zone throughout day and night (Gjøsæter, 1984). In this paper, we
examine the DVM pattern and feeding periodicity of the skinny-
cheek lanternfish in the Red Sea by utilizing echo sounders, net
sampling and ROV-deployments to address the hypothesis that
low prey concentration restricting feeding activity in the meso-
pelagic zone coupled with high digestion rates in the warm

www.elsevier.com/locate/dsri
www.elsevier.com/locate/dsri
dx.doi.org/10.1016/j.dsr.2012.10.012
dx.doi.org/10.1016/j.dsr.2012.10.012
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waters (as illustrated in Shreeve et al., 2009) force the whole
population to ascend into the more plankton-rich epipelagic layer
to feed at night.
2. Materials and methods

This study was conducted from 8 to 17 November 2011at two
locations (�241480N, �361150E and �211270N, �38150E) in the
Red Sea (Fig. 1), using the R/V ‘‘Aegaeo’’. The two study sites were
located at the Kebrit and Atlantis II deep sea brines, where bottom
depths were �1500 m and �2200 m, respectively (see Antunes
et al., 2011).

Temperature was measured using a CTD (Conductivity, Tem-
perature, Depth; SD204-model, SAIV A/S) attached to a multinet
used for zooplankton sampling (see below). Oxygen data pre-
sented in this study were obtained earlier in the cruise (Atlantis II
(26 Sep. 2011) and Kebrit (1 Oct. 2011)), using a SeaBird CTD
equipped with a SeaBird oxygen sensor.

Zooplankton were sampled day (between sunrise and sunset)
and night (between sunset and sunrise) using a multinet (MPS
Mini Combi, HYDRO-BIOS) with five nets of 200 mm mesh size,
and a net opening of 0.125 m2. The nets could be opened and
closed remotely, permitting depth stratified sampling. At the
Kebrit station, one day-series and one night-series were sampled
in nine depth intervals (0–1460 m). However, the day-series from
Kebrit was excluded from the analysis, since some of the samples
were inadvertently filtered through a 500 mm sieve. At the
Atlantis II station, two day-series and two night-series were
sampled in nine depth intervals (0–2000 m). Samples were fixed
in 4% formalin for later identification and numeration.

Sampling for fish was conducted throughout the 24-h cycle,
targeting the depths of different SL’s (see ‘‘Results’’; ‘‘Identification
N

E

25°

20°

15°

35° 40° 45°

Fig. 1. Map of the Red Sea. Kebrit and Atlantis II are marked with dark gray circles.
of SL’s’’), with a Hamburg plankton net (HYDRO-BIOS) with 500 mm
mesh size and a 7 m2 mouth opening. Sampling depths of the oblique
tows were monitored using a Scanmar depth sensor. The cruising
speed while trawling was �2 knots and the trawl-time varied from
10 to 90 min, depending on strength of acoustic backscatter at the
sampling depth. The Hamburg net had no mechanism facilitating
remote opening and closing. Thus, in order to minimize by-catch from
the descent and ascent to the desired sampling depth, vessel speed
was reduced during deployment and retrieval of the net. Thirty-nine
successful tows were conducted, 13 at Kebrit (6 day and 7 night tows)
and 26 at Atlantis II (7 day and 19 night tows). Upon recovery of the
net, fish were separated from the rest of the catch and frozen for later
analysis.

A total of 310 skinnycheek lanternfish were caught and analyzed
for stomach contents and size. Of these, only two had regurgitated
stomachs and were disregarded. The standard length was recorded
for each individual, and the stomachs were removed as described by
Sameoto (1988, 1989). A stereo microscope (10� and 40� magni-
fication) was used for the analysis of stomach content. The degree
of stomach fullness and digestion were categorized from 1 to 5
(1: empty, 5: full/distended for fullness; 1: fresh, 5: fully digested/
unrecognizable for digestion (Fotland et al., 2000)) and stomach
contents were identified to nearest possible taxon, with increasing
uncertainty with the degree of digestion. Diel variability in the
stomach content of the skinnycheek lanternfish was explored statis-
tically using Kruskal–Wallis tests and Tukey post-hoc analysis, using
the IBM SPSS Statistics software.

Acoustic data were collected with a calibrated hull-mounted
Simrad EK60 (ES38) 38-kHz split-beam echo sounder, with a 71 beam
angle. The echo sounder was continuously transmitting at a rate of
0.4 ping s�1, except during periods when the echo sounder was
interfering with short-term use of other acoustic instruments. The
acoustic data was filtered to remove acoustic noise (see Klevjer et al.,
2012 for further description), and then presented as 24-h echograms.
Matlab and LSSS (Korneliussen et al., 2009) were used for acoustic
data processing and illustrations.

A remotely operated vehicle (ROV) equipped with a macro-zoom
and two wide-angle cameras (see Batang et al., 2012 for further
description) was deployed during daytime at Kebrit (three deploy-
ments) and around sunset at Atlantis II (one deployment). The ROV
descended towards the bottom at a rate of �0.4 m/s while the
cameras recorded continuously. During one daytime deployment,
the lights were turned off as the ROV descended, then turned on for
five-minute periods when the ROV stopped within the different SL’s.
Few fish were observed during this deployment, thus, during the
other deployments, the lights were on continuously. The videos
were analyzed for presence of fish by counting skinnycheek lantern-
fish observed in hundred meter depth intervals. The skinnycheek
lanternfish was identified based on its morphology and a character-
istic stop-and-go swimming pattern, corresponding to that observed
from submersibles (Barham, 1966) and recorded acoustically
(Kaartvedt et al., 2008) in other lanternfish species. Some individuals
were probably counted at least twice as they would disappear from
the field of view of the camera, but reappear later. However, these
results are merely used to complement the net-tow data and the
acoustic data on the vertical distribution of the skinnycheek
lanternfish. Thus, the depth where the skinnycheek lanternfish first
appear is of most importance.
3. Results

3.1. Hydrography

At both stations, the temperature decreased from 426 1C at
the surface, converging to �22 1C at �250 m (Fig. 2). The oxygen
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levels decreased from �4.5 ml O2 l�1 in the surface to an oxygen
minimum zone with oxygen levels o1.5 ml O2 l�1 between
�300 and 750 m at Atlantis II and �400–750 m at Kebrit
(Fig. 2). Below �750 m, the oxygen levels increased towards
�2 ml O2 l�1 (Fig. 2).

3.2. Zooplankton distribution

Zooplankton was mainly distributed in the upper 100–200 m
of the water column at Kebrit and Atlantis II, with very low
concentrations at mesopelagic depths (Table 1). The ratio of
zooplankton in the upper 200 m versus zooplankton deeper than
200 m was 425 at both stations and total number of zooplankton
below 600 m was o6 individuals m�3 (Table 1). �80% of the
zooplankton were copepods, with calanoid copepods and cyclo-
poid copepods being the most numerous overall taxa (Table 1).

3.3. Acoustic records

Four different SL’s were visible during daytime at both sta-
tions; two shallow SL’s were distributed at �100 m (SL1) and
�200 m (SL2), one SL (SL3) was distributed at �350–550 m,
while the deepest SL (SL4) was distributed at �600–750 m
Fig. 2. Temperature (black) and oxygen (gray) measured at Kebrit (continuous

line) and Atlantis II (dotted line).

Table 1
Zooplankton distribution at Kebrit (Night) and AtlantisII (Day/Night). Catches are illustr

series from Kebrit is excluded. Chaetognatha, decapoda-larvae, amphipoda, medusa, po

group others.

Depth (m) Calanoid cop. Cyclopoid cop. Poecilostomatoid cop. Har

Kebrit (Night)
0–50 220 58 58 1

50–100 310 53 40 1

100–200 25 26 2 o1

200–400 12 12 0 0

400–600 7 4 o1 o1

600–800 4 1 o1 0

800–1000 2 0 o1 0

1000–1400 1 o1 o1 0

1400–1460 5 1 o1 0

Atlantis II (Day/Night)
Depth (m)

0–50 395/325 155/111 73/58 6/1

50–100 161/158 67/55 51/47 2/1

100–200 34/19 15/14 4/4 1/3

200–400 19/16 5/7 1/2 4/4

400–600 8/8 4/7 1/2 1/1

600–1000 2/3 1/1 o1/o1 o1

1000–1400 o1/1 o1/o1 o1/o1 o1

1400–1900 1/o1 o1/o1 o1/o1 o1

1900–2000 4/7 4/3 1/3 1/o
(Fig. 3). SL1 seemed to consist of non-migrators, while the other
SL’s consisted of normal diel vertical migrators, with the whole
population taking part in the migrations.

Results from one diel cycle are presented in Fig. 3, but similar
patterns were observed throughout the cruise and at both
stations. About 1 h prior to sunset (�16:30), individuals in the
SL’s began their ascent towards the upper 200 m, where they
remained until beginning their descent back to daytime depths
�1 h prior to sunrise (�05:40) (Fig. 3). No SL’s were visible below
�200 m at night (Fig. 3).

3.4. Identification of SL’s

In net-tows directed towards SL1-3 during daytime, Vinciguer-

ria mabahiss was the dominant mesopelagic fish, while no
skinnycheek lanternfish were caught at these depths (Fig. 4).
However, skinnycheek lanternfish were observed in the ROV-
videos at depths corresponding to the lower part of SL3
(Figs. 3 and 5a). Skinnycheek lanternfish were caught in net-
tows directed towards SL4 during daytime (Fig. 4). Also, at the
depths of SL4 observations of skinnycheek lanternfish in the
daytime ROV-videos increased in frequency (Fig. 5a). When
sampling was conducted below SL4, at depths with no apparent
SL’s, skinnycheek lanternfish were still caught (Fig. 4). In addition,
a few codlets (Bregmaceros sp.) were caught in the deepest tows.

Individuals in SL3 (lower part) and SL4 seemed attracted to the
light of the ROV, as they descended alongside the ROV deeper
than their normal daytime depth range before returning to their
normal daytime depth afterwards (Fig. 6). Corresponding ROV-
observations of skinnycheek lanternfish were made below
�800 m during daytime (Fig. 5a).

The ROV deployed approximately at sunset recorded skinny-
cheek lanternfish from �200–300 m (�18:00), peaking in
recorded specimens at �400–500 m (Fig. 5b). At this time, the
SL3 and SL4 were ascending, and distributed at �100–300 m and
�300–400 m, respectively (Fig. 3). In addition to the skinnycheek
lanternfish, some unidentified fish species were also detected in
the ROV-recordings.

During the night, most sampling was conducted in the upper
�200 m (Fig. 4). The skinnycheek lanternfish was present in all
ated as individuals m�3. Average catches are given from Atlantis II, while the day-

lychaeta, appendicularia, nauplii, fish larvae, eggs and isopods are included in the

pacticoid cop. Ostracoda Gastropoda Others Total

1 15 73 427

13 16 59 492

7 o1 10 70

3 o1 4 31

4 o1 2 17

o1 o1 1 6

1 0 o1 4

o1 o1 o1 2

o1 0 3 10

0 3/6 22/21 97/93 751/624

9/17 2/5 39/49 331/332

3/5 o1/1 8/11 65/57

5/3 o1/o1 3/4 37/36

3/3 0/o1 1/2 18/23

/o1 1/1 0/o1 o1/1 5/6

/o1 o1/o1 o1/o1 o1/o1 1/2

/o1 o1/o1 o1/o1 o1/o1 2/1

1 o1/0 0/0 1/1 11/14
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these catches, except in the shallowest tow in the upper 25 m
(Fig. 4). Some sampling was conducted below the SL, deeper than
200 m at night, and a few specimens of skinnycheek lanternfish
were caught in these tows (Figs. 3 and 4).

A total of 309 individuals of skinnycheek lanternfish were
measured for standard length. The smallest individuals were
0.9 cm, while the largest individual was 4.5 cm, and the average
standard length was 1.94 cm.
3.5. Dietary analysis

The majority of the analyzed skinnycheek lanternfish (�60%)
had identifiable stomach content (Fig. 7a), and �43% of the
individuals with identifiable stomach content contained more
than one prey. The three most common groups of prey were
calanoid copepods (�42%), ostracods (�19%) and gastropods
(�14%) (Fig. 7b). Of the calanoid copepods found in the stomachs,
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Pleuromamma sp. accounted for the majority (�58%). Macrozoo-
plankton such as krill and amphipods were identified in 6.2% and
1.6% of the stomachs, respectively. Other prey included poecilos-
tomatoid copepods, harpacticoid copepods, unidentified cope-
pods, cyclopoid copepods, decapod larvae and isopods (Fig. 7b).

The skinnycheek lanternfish had significantly less stomach
contents during day than night (Kruskall–Wallis, p{0:001) and
84% of the dissected skinnycheek lanternfish caught during
daylight-hours had empty stomachs. The proportion of indivi-
duals with prey in their stomach decreased and the degree
of digestion increased from early daylight hours towards sunset
(Figs. 8a,c and 9a,c), although there was no statistically significant
differences in the amount of prey in stomachs of fish caught
between different daylight hours (Kruskall–Wallis, p¼0.054).

At night, 76% of all the dissected skinnycheek lanternfish had
prey in their stomachs, and there were significant differences in
amount of stomach content between night-hours (Kruskall–
Wallis, p¼0.01). Of the fish caught at night, least prey were
recorded early at night (18:00–19:00) while most prey were
recorded in stomachs of fish caught late at night (04:00–05:00
and 05:00–06:00). The exception from this trend was little
stomach contents among fish caught at 01:00–02:00. Fish caught
between 04:00 and 05:00 had eaten significantly more than fish
caught between 18:00 and 19:00 (posthoc, Tukey test, p¼0.006),
19:00–20:00 (posthoc, Tukey test, p¼0.026) and 01:00–02:00
(posthoc, Tukey test, p¼0.002), while fish caught between 05:00
and 06:00 had eaten significantly more than fish caught between
18:00 and 19:00 (posthoc, Tukey test, p¼0.022) and 01:00–02:00
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Fig. 7. Stomach content of the skinnycheek lanternfish. (a) Percentage of empty stoma

n¼307. (b) Identified prey allocated to taxa, n¼727. Isopoda (0.1%), decapoda larvae (
(posthoc, Tukey test, p¼0.04). In the last night tow, 100% of the
fish (n¼9) had food in their stomachs, although these fish caught
during the last hour before sunrise in total contained less prey in
their stomach content, had less stomach fullness and higher
degree of digestion than previous hours (Fig. 9a–c).

In sum, the amount of prey in stomachs increased from sunset
to sunrise (Figs. 8a and 9a), and the stomach fullness and degree
of digestion changed accordingly; more full stomachs and fresher
stomach content towards sunrise (Figs. 8b–c and 9b–c). Stomach
contents were digested and stomachs largely became empty in
the course of the day (Figs. 8a–c and 9a–c).
Taxa in stomach content

Amphipoda
Unid. copepoda
Euphausiacea
Harpacticoid copepoda
Poecilostomatoid copepoda
Gastropoda
Ostracoda
Calanoid copepoda

chs and different types of stomach contents in dissected skinnycheek lanternfish,

0.6%) and cyclopoid copepods (0.8%) are not included in figure (b).

Fig. 8. Percentage of skinnycheek lanternfish caught at specific hours with prey in

their stomachs (a), stomach fullness of category 4 or 5 (b), and degree of digestion

of category 1–3 (c). Time intervals with no marking indicate no catch or no

trawling (see Fig. 9 for details). The amount of fish analyzed per time interval (n) is

given in Fig. 9. The time is set to start at 07:00 (local time), since this this is the

first hour after sunrise.
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trawling. The time is set to start at 07:00 (local time), since this this is the first

hour after sunrise.
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4. Discussion

The Red Sea population of skinnycheek lanternfish performed
NDVM from the mesopelagic zone towards the surface at night
and a strict diel feeding periodicity occurred. Little or no feeding
was apparent during daylight-hours, while feeding on zooplank-
ton took place throughout the night.

Multiple lines of evidence suggest that skinnycheek lanternfish
spend the daylight hours at mesopelagic depths. Catches of the
skinnycheek lanternfish in nets, acoustic data from a hull-
mounted echo sounder, and video recordings from a ROV showed
that skinnycheek lanternfish mainly occur in the deepest scatter-
ing layers (lower part of SL3 and SL4) of the Red Sea during
daylight hours. Such a depth distribution is accordance with Thiel
(1979) and Klevjer et al. (2012), but deeper than that observed by
Dalpadado and Gjøsæter (1987). Skinnycheek lanternfish were
also caught in trawl hauls below the deepest SL’s, depth intervals
with minimal backscatter, during day and night, suggesting that
fish were caught during the ascent/descent of the trawl.

Klevjer et al. (2012) observed lanternfish in SL3 that became
attracted to their manned submersible, as also found for lantern-
fish in other oceans (Barham, 1966). The acoustic data in the
current study indicate that the backscattering organisms in the
lower part of SL3 and in SL4 were attracted to the light of the ROV.
These recordings were excluded as potential turbulence from the
ROV, as attracted individuals continued their afternoon ascent
after a while, and this pattern was not evident above or below the
SL’s in focus. Thus, the ROV-observations of skinnycheek lantern-
fish deeper than SL4 may be an artifact of light attraction.
Regardless, we conclude that basically the whole population
carries out DVM.

The net-catches of the skinnycheek lanternfish and other
mesopelagic fishes were very low relative to the considerable
sampling effort. This may be due to efficient avoidance of the
Hamburg net as the ROV-recordings and the strength of the
acoustic backscatter indicate that lanternfishes were common.
Additionally, the average size of Red Sea skinnycheek lanternfish
caught in a larger trawl by Dalpadado and Gjøsæter (1987) was
42 cm (standard length) larger than that of the current study,
consistent with the larger individuals avoiding the Hamburg net.
This is in accordance with Kaartvedt et al. (2012), who concluded
that net sampling seriously underestimates the abundance of
mesopelagic fish due to their efficient avoidance behavior. Alter-
natively, there may be a difference in size-structure between the
population investigated in the current study and the population
sampled by Dalpadado and Gjøsæter (1987). However, individuals
caught in this study and observations of skinnycheek lanternfish
in ROV-recordings are merely used to verify their presence in SL’s,
and particularly to study the feeding cycle of the skinnycheek
lanternfish, for which the data proved appropriate.

During autumn, the whole population of skinnycheek lantern-
fish performed NDVM into the upper �200 m at night. Acoustic
records from spring showed the same DVM pattern (Klevjer et al.,
2012), suggesting that this is a persistent pattern in the Red Sea.
NDVM is a common behavioral pattern for lanternfishes (Kinzer
and Schulz, 1985; Dalpadado and Gjøsæter, 1987; Collins et al.,
2008), usually associated with nighttime feeding on zooplankton
and daytime hiding from visual predators (Clarke, 1978; Kinzer
and Schulz, 1985; Catul et al., 2010). In contrast to the skinny-
cheek lanternfish in the Red Sea, lanternfish populations in more
productive, less extreme environments often display more diverse
migration patterns, including NoDVM and IDVM (Pearcy et al.,
1979; Shreeve et al., 2009; Dypvik et al., 2012b). Factors such as
prey abundance, temperature, and oxygen levels may cause these
behavioral differences (discussed further below).

The skinnycheek lanternfish had an opportunistic zooplankton
based diet, dominated by calanoid copepods and ostracods. This is in
accordance with previous studies of lanternfish species elsewhere
(Kinzer and Schulz, 1985,; Dalpadado and Gjøsæter, 1988; Pakhomov
et al., 1996; Pusch et al., 2004). Few of our studied individuals had
fed on comparably larger, more nutritious macrozooplankton, such
as krill and amphipods, which are important prey for lanternfishes in
other areas (Pearcy et al., 1979; Williams et al., 2001; Shreeve et al.,
2009). Dalpadado and Gjøsæter (1987) studied larger individuals of
skinnycheek lanternfish than those in the current study. Although
copepods remained as the primary prey of the adult population,
euphausiids increased in dietary importance as individuals grew
larger (Dalpadado and Gjøsæter, 1987). Thus, as previously reported
in other lanternfish species (Roe and Badcock, 1984; Pusch et al.,
2004; Shreeve et al., 2009), the skinnycheek lanternfish appears to
have a size dependent diet.

The skinnycheek lanternfish had a strict daily feeding cycle.
During night, stomachs of skinnycheek lanternfish contained
freshly ingested prey; during daytime, they were empty or con-
tained well digested, unidentifiable, prey. The digestion time in
mesopelagic fish is not well known, but in accordance with
previous studies, we interpret a low degree of stomach content
digestion as recent feeding (Clarke, 1978; Dalpadado and Gjøsæter,
1988; Sameoto, 1989). We are confident that the observed daily
feeding cycle is not influenced by net-feeding or regurgitation. Due
to the stress of being captured by a trawl, feeding in the net by
lanternfishes is not likely, however, regurgitation of food might
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occur (Baird et al., 1975). Two individuals with regurgitated
stomachs were easily distinguished and excluded from the sto-
mach analysis in the current study.

Our results on feeding at night and digesting during the day
are in accordance with Dalpadado and Gjøsæter (1987). They
concluded that the skinnycheek lanternfish in the Red Sea fed less
intensively after midnight. The timing of their last nocturnal
trawl-haul corresponded approximately to the skinnycheek lan-
ternfish caught at 01:00–02:00 in the current study, which also
showed less intense feeding than other night-hours. However, we
document increase in the stomach contents in subsequent hours
between 04:00 and 06:00. In general, the frequency of fish with
prey in stomachs, full stomachs and fresh stomach content
increased from sunset to sunrise indicating that the skinnycheek
lanternfish feed throughout the night. This is in contrast to the
dusk and dawn feeding observed in some mesopelagic fish
(Bagøien et al., 2001; Sabates et al., 2003), but in accordance with
nocturnal feeding cycles previously observed in several lantern-
fish species (Holton A., 1969; Clarke, 1978; Kinzer and Schulz,
1985; Williams et al., 2001).

The Red Sea has particularly low zooplankton concentrations
at mesopelagic depths (Weikert, 1982; Böttger-Schnack et al.,
2008, this study). In the present study the total zooplankton
abundance was o6 individuals m�3 within the daytime depth
range of the skinnycheek lanternfish. Thus, in order to feed, the
fish depend on migrating into the upper �200 m where zoo-
plankton abundance was several hundred individuals per cubic
meter. This contrasts with more productive regions where total
zooplankton concentrations are higher and the amount of prey-
biomass in surface-waters and mid-waters are more similar (e.g.,
Weikert, 1982; Sameoto, 1988; Baliño and Aksnes, 1993, this
study). In such regions, lanternfishes also feed in their mesope-
lagic daytime habitat (Merrett and Roe, 1974; Pearcy et al., 1979;
Pusch et al., 2004; Dypvik et al., 2012a), and DVM patterns appear
to vary in accordance with seasonal variations in abundance and
vertical distribution of prey (Dypvik et al., 2012b).

The water was slightly warmer in the surface at Atlantis II than
at Kebrit, but very similar below �200 m. The uniquely warm
deep-water in the Red Sea (e.g., Weikert, 1982, this study) may
contribute to the complete vertical migration and the strict
feeding cycle observed in the skinnycheek lanternfish population.
The mesopelagic temperature of 22 1C is warmer than the
temperatures lanternfishes encounter during daytime in other
tropical/sub-tropical oceans, such as Hawaiian waters (e.g.,
Clarke, 1978; Cowles et al., 1991), the Mediterranean Sea (Olivar
et al., 2012), the Gulf of Mexico (Gartner et al., 1987), and the
Arabian/Oman Sea (e.g., Kinzer et al., 1993; Morrison et al., 1999),
where the relevant temperatures span from �4 to 16 1C (e.g.,
Gartner et al., 1987; Cowles et al., 1991; Morrison et al., 1999;
Olivar et al., 2012). A metabolic Q10 of 3.9 has been reported for
lanternfishes (Donnely and Torres, 1988), a �4-fold increase per
10 1C increase in temperature. We expect that the digestion rate
will increase accordingly. It appears that in the Red Sea the whole
ration of prey ingested the previous night is digested in the course
of the day. Thus, in accordance with the hunger/satiation hypoth-
esis (Pearre, 2003), the level of hunger experienced by individuals
and the lack of food at mesopelagic depth forces the entire
population to ascend into the prey-abundant epipelagic layer to
feed throughout the night.

Hypoxic levels of oxygen (o1.4 ml O2 l�1 (Ekau et al., 2010))
in the mesopelagic zone of the Red Sea may affect the behavior of
skinnycheek lanternfish. In extremely hypoxic waters, nocturnal
ascent of fish has been attributed to alleviation of digestion
suppression in hypoxic waters (Utne-Palm et al., 2010), but based
on stomach content analysis, oxygen levels at both study sites in
the Red Sea were sufficient for digestion within the skinnycheek
lanternfish daytime depth range. In the adjacent, highly produc-
tive Arabian Sea, low oxygen levels in the mesopelagic zone are
present throughout the year (Olson et al., 1993; de Sousa et al.,
1996; Morrison et al., 1999). Consistent with our study, Kinzer
et al. (1993) found that the entire skinnycheek lanternfish popula-
tion ascended into the epipelagic layer of the Arabian Sea at night,
but – in contrast to our explanation for the Red Sea – concluded
that the low oxygen levels in the mesopelagic zone forced the fish
to migrate into the oxygen-rich epipelagic layer at night (Kinzer
et al., 1993). The same pattern seems evident in the Oman Sea
(e.g., Zubkov et al., 2006; Valinassab et al., 2007). However, in
another study from the Arabian Sea, Gjøsæter (1984) found that
portions of the skinnycheek lanternfish population remained
below 200 m throughout the night. Even though the unusual high
temperatures of the Red Sea (see paragraph above) will add to the
metabolic demand, the oxygen levels in the mesopelagic zone are
493% higher in the Red Sea than in the Arabian Sea (e.g., Kinzer
et al., 1993; Morrison et al., 1999, this study), so we reject low
oxygen concentration as a significant causative force for DVM in
our study. To what extent the hypoxic oxygen levels in the Red Sea
might constrain the activity level of the skinnycheek lanternfish in
the mesopelagic zone (Kramer, 1987; Schurmann and Steffensen,
1992) remains to be established.

In conclusion, the skinnycheek lanternfish in the Red Sea
perform NDVM, confining feeding to the upper 200 m at night,
while they spend the day digesting their prey at several hundred
meters depth. Light-related predation risk force the skinnycheek
lanternfish to avoid the upper 200 m during daytime (Robison,
2003), while the strict daily feeding cycle is governed by the
epipelagic distribution of prey, and high daytime digestion rates
driven by warm temperatures at mesopelagic depths. This NDVM
pattern is observed both during autumn and spring (Klevjer et al.,
2012, this study), indicating that this might be a pattern present
all year, possibly due to the restricted amount of seasonality in
the area (e.g., no seasonal dormancy or increase of copepods in
deeper waters (Weikert, 1982)). These results indicate that the
skinnycheek lanternfish can be an important year-round contri-
butor to the biological pump in the Red Sea.
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Klevjer, T.A., Sweetman, A.K., Brüchert, V., Pittman, K., Peard, K.R., Lunde, I.G.,
RAU, Strandabø, Gibbons, M.J., 2010. Trophic structure and community
stability in an overfished ecosystem. Science 329, 333–336.

Valinassab, T., Pierce, G.J., Johannesson, K., 2007. Lantern fish (Benthosema

pterotum) resources as a target for commercial exploitation in the Oman Sea.
J. Appl. Ichthyol. 23, 573–577.

Weikert, H., 1982. The vertical distribution of zooplankton in relation to habitat zones
in the area of the Atlantis II deep, Central Red Sea. Mar. Ecol. Prog. Ser. 8, 129–143.

Williams, A., Koslow, J.A., Terauds, A., Haskard, K., 2001. Feeding ecology of five
fishes from the mid-slope micronekton community off southern Tasmania,
Australia. Mar. Biol. 139, 1177–1192.

Zubkov, M.V., Tarran, G.A., Burkhill, P.H., 2006. Bacterioplankton of low and high
DNA content in the suboxic waters of the Arabian Sea and the Gulf of Oman:
abundance and amino acid uptake. Aquatic Microbiol. Ecol. 43, 23–32.

dx.doi.org/10.1007/s00227-012-1953-2
dx.doi.org/10.1007/s00227-012-1953-2
dx.doi.org/10.1007/s00227-012-1953-2
dx.doi.org/10.1007/s00227-012-1953-2
dx.doi.org/10.1007/s00227-012-1973-y
dx.doi.org/10.1007/s00227-012-1973-y
dx.doi.org/10.1007/s00227-012-1973-y
dx.doi.org/10.1007/s00227-012-1973-y


CHAPTER IV 

Long-term acoustic observations unveil behavioral patterns of potential 

mesopelagic predators of glacier lanternfish (Benthosema glaciale) 

Dypvik, E. & Kaartvedt, S. 

(manuscript) 

mmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmm 

 

 

 

 

 



Long-term acoustic observations unveil behavioral patterns of potential 

mesopelagic predators of glacier lanternfish (Benthosema glaciale) 

Eivind Dypvik · Stein Kaartvedt 

Abstract 

In situ observations of behavior and predator-prey relationships are normally constrained 

at mesopelagic depths. We applied an upward facing bottom-mounted 38-kHz echo 

sounder deployed at 392 m to study the abundance variation and behavior of potential 

predators of glacier lanternfish at mesopelagic depths in Masfjorden, Norway (~60º52’ N, 

~5º24’ E). Fishes larger than glacier lanternfish were defined as potential predators. The 

echo sounder was cabled to shore for power and continuous data transmission, enabling 

long-term measurements (July 2007-September 2008). The abundance of potential 

predators and glacier lanternfish were correlated throughout the study period. Five 

different behavioral modes of potential predators were characterized: (1) the “normal 

mode” with active-solitary individuals, (2) the “ambush mode” with passive-solitary 

individuals, (3) densely packed “schools”, (4) less dense “columns”, and (5) 

“aggregations” of potential predators. The normal mode and the ambush mode was 

present throughout the study period, yet with few individuals ascribed to the latter mode, 

while schools, columns and aggregations were only present during spring, summer and 

autumn 2008. Apparent attacks were observed by schools, inciting immediate avoidance 

behavior in the otherwise torpid glacier lanternfish. Our results suggest that there is a 

wide variety of predation risks for glacier lanternfish in the mesopelagic zone both day 

and night.  
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Introduction 

Myctophidae (lanternfishes) are the most abundant mesopelagic fishes worldwide, 

forming acoustic scattering layers (SLs) in oceans throughout the world (Moser & 

Ahlstrom 1974, Gjøsӕter & Kawaguchi 1980). They generally perform diel vertical 

migrations (DVM), feeding in the zooplankton-rich surface layers at night, and assumed 

to hide from visually hunting piscivores in the mesopelagic zone (~200-1000 m) during 

daytime (Clarke 1978, Gjøsӕter 1984, Kinzer & Schulz 1985). DVM is commonly 

referred to as a trade-off between feeding opportunities and predation risk, where light is 

the proximate mechanism triggering migrations (Clark & Levy 1988, Ringelberg & Van 

Gool 2003, Staby & Aksnes 2011). The general assumption in DVM studies is that 

migrators are less prone to predation under the shelter of darkness at night, as well as in 

dark, mesopelagic depths during daytime (Giske et al. 1990, Neilson & Perry 1990). 

Extensive work has been done on DVM in myctophids, mainly in relation to their 

diet, distribution of prey or swimming behavior (Clarke 1978, Kinzer & Schulz 1985, 

Moku et al. 2000, Kaartvedt et al. 2008, Dypvik et al. 2012a, b). However, with the 

exceptions of Kaartvedt et al. (2009) and Staby (2010), who addressed the behavior of 

potential predators on mesopelagic fish, and findings of mesopelagic fish in the stomach 

content of piscivores, predator behavior and the predation risk experienced by 

myctophids and other mesopelagic fish has seldom been studied in detail. 

In Masfjorden, Norway, glacier lanternfish (Benthosema glaciale) is the 

dominating mesopelagic fish below ~200 m (Kaartvedt et al. 1988, Kaartvedt et al. 2009, 

Dypvik et al. 2012a), while gadoid fish are the most abundant predators on mesopelagic 

fish, predominantly saithe (Pollachius virens) and blue whiting (Micromesistius 
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potassou) (Salvanes 1986, Giske et al. 1990, Rasmussen & Giske 1994). However, other 

piscivores such as the spiny dogfish (Squalus acanthias) and the roundnose grenadier 

(Coryphaenoides rupestris) are also present (Salvanes 1986, Giske et al. 1990, Staby 

2010), and known to feed on myctophids (Gushchin & Podrazhanskaya 1984, Hanchet 

1991). As the glacier lanternfish, the piscivorous predator species are commonly 

distributed below ~200 m in Masfjorden (Giske et al. 1990, Staby 2010). These species 

are known to occur both as solitary individuals and in social groups such as aggregations, 

schools or columns (Rose 1993, Smith et al. 1993, Stenberg 2005), and previous evidence 

from Masfjorden suggest that such schools can attack glacier lanternfish at ~250–350 m 

(Kaartvedt et al. 2012). 

Dypvik et al. (2012b) studied the seasonal variations in the DVM of glacier 

lanternfish. They reported that in spring and summer, when the surface layers are rich in 

zooplankton (Rasmussen & Giske 1994), migrating glacier lanternfish performs normal 

DVM (NDVM) from a daytime depth below ~250 m towards the surface to feed at night 

(Dypvik et al. 2012b). However, in autumn and winter, when surface layers are poor in 

zooplankton (Giske et al. 1990, Baliño & Aksnes 1993) and Calanus overwinter below 

~150 m (Bagøien et al. 2001), migrating glacier lanternfish to a larger extent performs 

inverse DVM (IDVM), ascending from a nighttime depth below ~250 m to feed in mid-

waters during daytime (Dypvik et al. 2012a, b). Additionally, a mode of glacier 

lanternfish with no DVM (NoDVM) is present below ~300 m throughout the year 

(Dypvik et al. 2012b).  

In this study, 15 months of acoustic data from a bottom-mounted split-beam echo 

sounder, the same data series as analyzed by Dypvik et al. (2012b), have been used to 
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characterize the distribution and behavior of fish larger than glacier lanternfish, which we 

denote potential predators in the following. The acoustic signatures of the potential 

predators have been investigated throughout the diel and seasonal cycle, and compared to 

that of glacier lanternfish. In general, we seek to characterize how potential predators 

behave, and how glacier lanternfish respond. We hypothesize that potential predators on 

glacier lanternfish are present throughout the year below ~200 m and take up several 

different behavioral strategies (e.g., Smith et al. 1993, Stenberg 2005, Staby 2010). 

Furthermore, we seek to identify apparent attacks, and if glacier lanternfish, in contrast to 

the usual torpid lanternfish-behavior (Barham 1966, Kaartvedt et al. 2009, Dypvik et al. 

2012b), induce any avoidance reactions when approached by potential predators. Finally, 

we use the acoustic observations to interpret to what extent the mesopelagic fish are safe 

from predation at mesopelagic depths. 

Materials & Methods 

A mooring with an upward-facing 38-kHz Simrad EK 60 split-beam echo sounder (7.1º 

beam width) was deployed at 392 m in Masfjorden (~60º52’ N, ~5º24’ E), Norway (Fig. 

1) in July 2007, and retrieved in October 2008. The echo sounder was cabled to shore for 

power and data transmission, and recorded continuously with a ping rate of 1 ping s
–1

, 

apart for intermittent periods following power failures. Further descriptions of the echo 

sounder system and parameter settings are given in Kaartvedt et al. (2009). In this study, 

data from July 2007–September 2008 are presented, spanning over 215 full days of 

acoustic records, covering all seasons: September–November (autumn), December–

February (winter), March–May (spring), and June–August (summer).  
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Composition of SLs and abundance variation 

The species composition and seasonal migration patterns of SLs in the acoustic data 

series used in the current study are presented elsewhere (Staby et al. 2011, Dypvik et al. 

2012a, Dypvik et al. 2012b): the SLs shallower than ~200 m are dominated by pearlside 

(Giske et al. 1990, Kaartvedt et al. 2009, Staby et al. 2011), and the SLs below ~200 m 

are dominated by glacier lanternfish (Bagøien et al. 2001, Staby et al. 2011, Dypvik et al. 

2012a). The seasonal occurrence and behavior of potential predators have previously 

been studied in the upper 200 m of the water column in Masfjorden (Staby 2010). Thus, 

in this study we focus on the behavior of potential predators below ~200 m (the depth 

interval corresponding to where glacier lanternfish prevail). 

Acoustic data to exemplify the behavior and distribution of glacier lanternfish are 

presented in echograms for the entire water column for one day representing each season 

(25 Oct. 2007; 12 Jan. 2008; 21 Apr. 2008; 10 Jul. 2008). Data from all days during the 

study period are presented in monthly echograms in Dypvik et al. (2012b). Abundance 

estimates of both glacier lanternfish and their potential predators were made by echo 

integration between ~250–370 m in order to identify any diel and/or seasonal variations 

in abundance of organisms. This restricted depth interval was chosen to avoid including 

individuals in a dense SL, dominated by pearlside (Kaartvedt et al. 2009, Staby et al. 

2011), that would occasionally descent to a daytime depth of ~200–250 m (Dypvik et al. 

2012b), and acoustic noise occasionally appearing between ~370–390 m. The average 

volume backscattering (Sv) was calculated by echo integration in segments of one hour 

and ten meters. This was done for days where 24 hours of echo data were successfully 

retrieved (minimum 4 days in Sept. 2007 and maximum 24 days in May 2008). Glacier 
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lanternfish make up the main part of backscattering (Sv) at a threshold of -90 dB, while 

potential predators dominate at a threshold of -64 dB (Bagøien et al. 2001, Dypvik et al. 

2012b). Thus, in order to estimate the average volume backscattering of glacier 

lanternfish, values retrieved by echo integration at -64 dB were accepted as potential 

predators, and subtracted from those retrieved at -90 dB. The abundance variations of 

glacier lanternfish and potential predators during different hours of day through months 

was statistically compared by Pearson’s correlation analysis in IBM SPSS statistics 19.0, 

while the monthly 24-hour average of abundance variations were plotted. In these 

analyses, time for sunrise and sunset was set equal to those occurring on the 15
th

 each 

month in order to have an operational definition of day and night. 

Characterization of potential predator behavior 

The acoustic records were examined to characterize behavioral patterns of potential 

predators, and echograms illustrating such patterns are presented. Groups of >5 fish 

apparently swimming in the same direction and distributed within few meters were 

identified and separated into two different groups: the dense schools and the less dense 

columns. Date, time, and depth of schools and columns were noted when detected. 30 

schools and columns were randomly selected and examined for height from the upper to 

the lower individual. Moreover, 4 schools apparently attacking glacier lanternfish were 

subjectively selected, as examples of recurrently observed events when these schools 

seemed to cause a reduction of the concentration and change in the behavior of glacier 

lanternfish. Echo integration was performed at -90 dB and -64 dB 5–15 minutes before 

and after the schools occurred in a given depth interval, then in the depth intervals 25 m 

above and below the schools. The results of echo integration at -64 dB were subtracted 
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from those at -90 dB (see explanation above). The percent increase/decrease of volume 

backscatter before to after the schools occurred was calculated. 

Target strength and swimming behavior 

The target strength (TS; dB) of an organism is the acoustic strength of the sound-wave 

reflected back to the transducer by an insonified organism (MacLennan & Simmonds 

1992). TS depends on the size, anatomy and behavior of the organism, as well as the 

frequency of the echo sounder (MacLennan & Simmonds 1992). The TS and swimming 

behavior (speed and direction) of individuals can be obtained through target tracking 

(TT) (Torgersen & Kaartvedt 2001, Klevjer & Kaartvedt 2011).  

The acoustic data was converted to 40 log R and cross filter detection, which 

enhance the resolution of the acoustic data by including relevant echoes initially 

discarded (Balk & Lindem 2007), was performed for three days each month in the depth 

interval between 200–382 m. Targets within a TS-interval of -50 dB to -20 dB were 

accepted as potential predators, as this interval indicates fish of greater size than glacier 

lanternfish (Foote 1980, MacLennan & Simmonds 1992). Targets with TS stronger than -

20 dB were excluded from the analysis, as these were regarded as invalid. Automatic TT 

was then performed for tracks of potential predators, and the time and depth of 

occurrence, duration of tracks, TS (dB), and swimming speed were obtained. In TT, 

recorded swimming speeds of tracks are often falsely increasing with range due to 

increasing uncertainties in target positioning with range from the transducer (Klevjer & 

Kaartvedt 2003, Onsrud et al. 2005). Therefore, swimming speed was calculated as 

average between the first and last echo registered of a track (Balk & Lindem 2007), likely 

underestimating true swimming speeds, but values being with minor range-dependent 
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bias. Potential predators of different behavioral modes were identified based on track 

length (time in sound-beam), density of tracks, and their coincidence with behavioral 

modes observed in the echograms. However, only the individuals on the edge of the 

schools were successfully tracked, as schools were too densely packed to separate 

individuals. The TS distribution and swimming behavior of potential predators were 

compared in different depth intervals (200–250 m, 250–300 m, 300–350 m and 350–382 

m).  

In order to obtain information of the TS (dB) and swimming behavior of glacier 

lanternfish, automatic TT was also done for three days each month within a range of 10–

42 m from the transducer (~350–382 m depth). This limited depth-interval was chosen 

because the resolution of the acoustic data decreases with increasing distance from the 

transducer. Thus, for the relatively small-sized glacier lanternfish, TT further than 40–50 

m from the transducer could give false results. TS values between -65 dB and -50 dB 

were regarded as glacier lanternfish (Torgersen & Kaartvedt 2001). The TS distribution 

and swimming behavior of potential predators and glacier lanternfish distributed between 

~350–382 m were compared.  During all TT analyses, minimum track length was set to 

20 pings, maximum ping gap to 20 pings, and gating range to 1 m. Additionally, the 

vertical displacement speed of glacier lanternfish drifting vertically with internal waves 

was obtained by manually analyzing the distance of descent/ascent of echo traces for 45 

individuals throughout the study period. All acoustic analyses were done in Sonar 5 (Balk 

& Lindem 2007).  
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Results 

Main behavioral patterns of glacier lanternfish below 200 m 

In autumn and winter, an IDVM pattern was apparent as migrating glacier lanternfish 

ascended towards ~200–250 m in the morning and descended back to below ~250 m at 

night (Fig. 2). In spring and summer, migrating glacier lanternfish were mainly 

distributed below ~250 m during daytime, and ascended towards the surface at night in a 

NDVM pattern (Fig. 2). A SL of glacier lanternfish with NoDVM was present below 

~300 m throughout the year (Fig. 2).  

Large scale patterns in abundance and distribution of potential predators 

Potential predators were present, but varied in abundance below ~250 m throughout the 

year (Fig. 3). This variation was positively correlated with the abundance variation of 

glacier lanternfish (r=0.72, p<<0.001, Pearson’s Correlation Test): both increased in 

concentration from summer (2007) throughout autumn and winter, decreased towards 

spring before an increase throughout summer, and then a decrease towards autumn 

(2008) (Fig. 3). Both lanternfish and potential predators were more abundant the second 

summer (Fig. 3).  

DVMs caused daily variations in abundance of glacier lanternfish at mesopelagic 

depths. Abundance increased during daytime in spring and summer, when migrating 

individuals performed NDVM descending to below ~250 m during daytime, and 

abundance decreased during daytime in winter and autumn, when migrating individuals 

performed IDVM ascending to above ~250 m during daytime (e.g., Fig. 2 & 3). During 

spring and summer the daily variation in the abundance of potential predators were 

9



correlated with the daily variation in the abundance of glacier lanternfish (r=0.79, p=0.01, 

Pearson’s Correlation Test), peaking in abundance towards mid-day (Fig. 3). In autumn 

and winter, however, the abundance of potential predators peaked between late night and 

late day (Fig. 3) and the correlation with the abundance of glacier lanternfish was weaker, 

yet still significant (r=0.36, p=0.01, Pearson’s Correlation Test). 

Characterization of different behavioral strategies of potential predators 

Five different behavior modes of the potential predators were characterized below ~200 

m (Fig. 4). In the “normal mode” (1) solitary individuals (i.e.,, no indication of social 

interaction) appeared for a short period of time while swimming up and/or down. The 

“ambush mode” (2) comprised individuals which displayed very little vertical movements 

and remained in the acoustic beam for >10 minutes, suggesting little horizontal 

movements. They appeared as long, horizontal lines in echograms while glacier 

lanternfish drifted past them both upwards and downwards with slow internal waves 

(average vertical displacement speed of 0.26 cm s
–1

 (SD=+/-0.1 cm s
–1

) past the 

stationary potential predator). Schools (3) contained dense assemblies of individuals that 

appeared (and often reappeared) for short periods before disappearing, and tracks of 

individuals were hard to separate from each other due to the dense packing. Columns (4) 

were less dense than the schools and on most occasions distributed at shallower depths, 

primarily within or below the descending NDVM layer in the morning. The average 

height of schools and columns were 28 m (SD=+/-10 m) and 34 m (SD=+/-12 m), 

respectively. Loose “aggregations” (5) of individuals (less dense than columns and 

appearing more like a SL in echograms) seemingly ascended below the ascending 

NDVM layer around sunset (Fig. 4).  
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 The normal behavior mode was observed throughout the study period, and was 

the most common behavior of potential predators (Fig. 5). The ambush mode was 

generally rare, but present year-round, although not recorded in February and July 2008 

(Fig. 5). Schools, columns and aggregations appeared frequently from May 2008–

September 2008, although less frequently than the normal mode (Fig. 5). Individuals of 

the normal mode occurred most frequently during day, while no diel pattern was 

observed for individuals of the ambush mode (Fig. 5). Individuals in columns appeared 

most frequently in early daytime between ~200–300 m, within or below the descending 

NDVM layer, and rarely below ~300 m (Fig. 5–7). They also appeared occasionally 

during late daytime/early night, when the NDVM layer was ascending (e.g.,, Fig. 6&7). 

However, the aggregation mode prevailed for potential predators that seemingly ascended 

below the ascending NDVM layer (Fig. 6&7). These aggregations were rare below ~300 

m, but generally distributed deeper than the columns observed during early daytime (Fig. 

4&6). Aggregations were not observed in July and September 2008 (Fig. 7). Individuals 

in schools appeared both day and night between ~200–382 m, but most frequently 

between ~200–300 m during night and below ~300 m during late day (Fig. 5&7).  

TS and swimming behavior of potential predators and glacier lanternfish 

In general, the size and swimming speed of potential predators decreased with depth (Fig. 

8). Their TS peaked between -32 and -38 dB from ~200–250 and ~250–300 m, while the 

TS was more evenly distributed between -34 and -48 dB from ~300–350 m and ~350–

382 m (Fig. 8), i.e.,, suggesting smaller fishes in deeper water. As the size of individuals 

decreased, so did the swimming speed: the proportion of potential predators swimming 

faster than 15 cm s
–1

 decreased from 71% between 200–250 m to 6% between 350–382 
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m (Fig. 8). Ambush predators and fish in schools were the largest in all depth intervals 

investigated (Fig. 8). However, individuals in schools and columns were the fastest, while 

ambush predators were the slowest in all depth intervals (Fig. 8). 

The behavior of potential predators and glacier lanternfish was compared between 

~350–382 m. In this depth interval, most potential predators had TS in the range of -47 

dB to -40 dB, while the majority of glacier lanternfish had TS between -62 dB and -56dB 

(Fig. 9a). The majority of glacier lanternfish moved between 1–3 cm s
–1

, while the 

majority of potential predators swam faster than 5 cm s
–1

 (Fig. 9b). Potential predators 

swam on average 6 times faster than glacier lanternfish (Fig. 9b). 

Apparent attacks on glacier lanternfish 

Apparent attacks on glacier lanternfish were observed by schools (Figs. 4&10). These 

attacks were evident in the echograms, as schools appeared to cause an avoidance 

reaction in the otherwise torpid glacier lanternfish (Figs. 4&10). The avoidance reaction 

appeared as a stepwise descent or ascent that might be induced minutes before a school 

appeared in the echogram, and/or at a range of several meters from the schools (Fig. 10). 

In the depth interval where apparently attacking schools occurred, the volume backscatter 

of glacier lanternfish decreased from before to after their appearance, on average 52% for 

the four examples presented in Fig. 10. However, in the interval 25 m above and below 

the schools, the volume backscatter increased on average 15 and 27%, respectively, from 

before to after their appearance, indicating that some of the decreased volume backscatter 

after a school passed can be assigned to the vertical escape behavior of glacier 

lanternfish. 
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Discussion 

The behavior of potential predators on glacier lanternfish was investigated through a 15 

month acoustic data series. A large part of the glacier lanternfish population has been 

found below ~200 m (Giske et al. 1990, Kaartvedt et al. 2009, Dypvik et al. 2012a), and 

in the current study potential predators were present below ~200 m throughout the year. 

The variations in the abundances of the two groups correlated positively. Five different 

behavioral modes of potential predators were characterized, with individuals occurring 

both independently and in social groups, in total apparently causing a diverse predation 

risk for glacier lanternfish. Although the current study addresses the potential predators 

occurring below ~200 m, predators were abundant shallower than 200 m as well, 

evidently posing a significant predation risk for mesopelagic fish distributed at these 

depths (Staby 2010), including glacier lanternfish carrying out NDVM. 

Pelagic trawling was carried out during three research cruises in Masfjorden that 

were related to the current study. Unfortunately, the trawl utilized was too small to 

efficiently catch piscivores, so that information on the potential predators must be 

extracted from the acoustical observations. In accordance with Torgersen & Kaartvedt 

(2001), the TS distribution of glacier lanternfish peaked between -62 dB and -56 dB. 

Potential predators of different behavior modes had average TS between -37 dB and -34 

dB, indicating organisms such as gadoids or small spiny dogfish (Nakken & Olsen 1977, 

Foote 1980, Foote 1986), which are present in Masfjorden (Giske et al. 1990, Staby 2010, 

Heino et al. 2012) and known to feed on mesopelagic fish (Miller 1966, Hanchet 1991, 

Carruthers et al. 2005). Additionally, potential predators were normally more active and 

swam on average 6 times faster than glacier lanternfish. 
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The average TS of potential predators of different behavior modes decreased with 

depth, indicating a size-dependent distribution. Similar distributions have previously been 

found when small gadoids (such as blue whiting) stayed deep, hypothesized to be hiding 

from larger pelagic gadoids (such as saithe) (Onsrud et al. 2004, Kaartvedt et al. 2005). 

Such a scenario indicates that glacier lanternfish are subject to a predation risk by deeper 

distributed piscivores adapted to foraging in low light levels, while larger piscivores can 

attack in shallower parts of the water column.  

Schools, columns and aggregations were identified in the current study. Schools 

occurred predominantly deeper than columns and aggregations, which were mostly 

distributed within or below the NDVM layer in early day and late day, respectively. 

Columns and aggregations were not observed at night, when the NDVM layer was 

distributed at the surface, and particularly the column behavior might depend on visual 

contact since individuals appeared to be located just above each other, yet often being 

several meters apart. Although there were some differences in their depth distribution: the 

TS, time and relation to DVM layer of individuals in columns and aggregations indicate 

that these might be the same organisms, yet with somewhat deviating behavior at dawn 

and dusk. 

Specimens in schools were probably a separate species. Schooling throughout 

daytime is common for schooling fish, breaking up into less dense aggregations at night 

when light levels restricts visually contact between individuals (Glass et al. 1986, Fréon 

et al. 1996). However, the schools in the present study maintained their integrity 

throughout the night. Piscivores have previously been found to school at night (Smith et 
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al. 1993, Kaartvedt et al. 2012), indicating that non-visual communication is an important 

factor in maintaining the structure of these schools (e.g., Pitcher et al. 1976). 

Seasonal variations in abundances 

The abundance of potential predators varied seasonally in accordance with the abundance 

of glacier lanternfish. Gadoids and other piscivores can vary in local abundance due to 

variation in strength of year-classes (Ottersen & Loeng 2000, Heino et al. 2008), 

extensive spawning and post-spawning migrations (Svedäng et al. 2007, Jansen & 

Gislason 2011), seasonal offshore-inshore migrations (Miller 1966, Heino et al. 2012) or 

migrations in search for higher prey abundance (Løkkeborg 1998, Strand & Huse 2007). 

These factors differ between species, and within populations of the same species 

(Svedäng et al. 2007, Heino et al. 2008, Jansen & Gislason 2011, Heino et al. 2012). 

Although the seasonal variations in the stock size of the potential predators and their 

different behaviors probably was a combination of the above mentioned factors, the 

actual horizontal and vertical distributions of the potential prey (glacier lanternfish) is 

probably an important factor in determining, by attraction,  the local abundance of 

piscivorous fish below ~200 m in Masfjorden. This is consistent with our observations 

suggesting that the abundance of potential predators was positively correlated with the 

abundance of glacier lanternfish. Pelagic shrimps were the most likely alternative 

macroplankton/micronekton prey for fish in the deep water of Masfjorden (Kaartvedt et 

al. 1988, Dypvik et al. 2012a), but we do not have information on variations in their 

abundance.  
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Daily variations in abundances during different seasons 

In spring and summer, the migrating part of the glacier lanternfish population performed 

NDVM, ascending from below ~250 m towards surface layers at night (Dypvik et al. 

2012b). In accordance with this, the abundance of glacier lanternfish peaked at daytime, 

and the same pattern was reflected for potential predators. Giske et al. (1990) observed 

that piscivores were distributed mainly below the main SL in Masfjorden. In the current 

study, parts of the potential predators of the normal mode, those in columns and those in 

aggregations were distributed within or below the ascending/descending NDVM layer of 

glacier lanternfish. This indicates that these predators targeted the normally migrating 

glacier lanternfish (i.e., in spring and summer), so that the periods of ascent/descent 

appear to be phases when glacier lanternfish are subjected to predation. Marine predators 

often attack prey from below and search for prey based on their silhouette against the 

surface (Thetmeyer & Kils 1995, Davis et al. 1999, Onsrud et al. 2004, Warrant & Locket 

2004). Accordingly, glacier lanternfish migrates in a stepwise vertical ascent/descent 

pattern, hypothesized to reduce their conspicuousness to predators (Kaartvedt et al. 

2008), minimizing the time being tilted and loosing camouflage from their ventral 

photophores used for counter-illumination (Case et al. 1977). The individuals in columns 

were in the size-range of typical piscivores (e.g., Foote 1980, Bowman et al. 2000, 

Carruthers et al. 2005, this study). Thus, even if NDVM in glacier lanternfish during 

spring and summer has evolved as a result of predation risk in deeper/darker waters 

during daytime, they are subject to a predation risk by piscivores targeting the migration 

phase.  
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In autumn and winter, the migrating glacier lanternfish performed IDVM, 

ascending towards overwintering copepods between ~200–250 m during daytime 

(Dypvik et al. 2012b). Potential predators did not seem to follow this pattern. At this time 

of year, their density below ~250 m peaked between late night and late day, indicating 

that many potential predators migrated towards the shallower distributed pearlside during 

night (Baliño & Aksnes 1993, Bagøien et al. 2001, Staby et al. 2011). 

A substantial part of the glacier lanternfish population and potential predators 

were present below ~250 m throughout the diel cycle and Dypvik et al. (2012b) identified 

a non-migrating component of the glacier lanternfish population below ~300 m year-

round. Potential predators of the ambush mode, in schools (when present) and many of 

the normal mode were observed below ~200 m during day and night, and piscivorous 

fish, such as those present in Masfjorden, are also previously found to be distributed 

below ~200–250 m (Giske et al. 1990, Bergstad 1991a, Staby 2010). Thus, although 

these glacier lanternfish occupy assumingly safer, dark deep-water throughout the day 

(Dypvik et al. 2012b), they will meet a set of predators that are adapted to forage at low 

light, and thereby still being subject to a risk of being predated. 

Motivation for solitary occurring predator 

Our observations indicate different behavioral patterns of the potential predators likely 

representing a diverse set of threats to the glacier lanternfish. Solitary fish were common 

throughout the year, performing the normal or the ambush mode. Searching alone for 

prey would be favored when prey are more dispersed than clumped (Ryer & Olla 1997), 

such as glacier lanternfish in Masfjorden (Giske et al. 1990, Kaartvedt et al. 2009, 

Dypvik et al. 2012a). Individuals of the normal mode were more frequently observed 
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than ambush individuals. This may partly be explained by active normal mode 

individuals (average swimming speed of 14 cm s
–1

) entering the range of the sound beam 

more frequently than the slow moving ambush individuals (average swimming speed of 2 

cm s
–1

). Thus, the actual proportion of ambush individuals may be higher than that 

indicated by the acoustic data. 

Individuals of the normal mode were usually ascending or descending, indicating 

an active swimming behavior and a cruising or saltatory search (Gerritsen & Strickler 

1977, O'Brien et al. 1989). Swimming predators have a higher encounter rate, but cause 

more hydrodynamic noise than slow moving ambush predators (Gerritsen & Strickler 

1977). Accordingly, active predators are known to have lower strike efficiency than 

ambush predators (Eklöv 1992), as suggested by our results indicating avoidance 

reactions in the glacier lanternfish when schools were approaching. 

Ambush search is a foraging behavior in which predators wait more or less 

motionless at a location for potential prey to pass (Cooper Jr 2005). Some larger fish kept 

a strikingly constant vertical distribution counteracting very weak internal waves that 

displaced the glacier lanternfish vertically at speeds <0.3 cm second
–1 

(e.g., Kaartvedt et 

al. 2008, 2009, this study). We interpret such behavior as ambush foraging, the fish 

taking advantage of the waves transporting potential prey past them. It is unknown to us 

how a fish can remain vertically stationary in the water column with minimal swimming 

activity and restricted pressure differences by depth as very weak internal waves displace 

passive organisms vertically, but clearly some individuals are able to do so. A torpid 

glacier lanternfish drifting vertically in cycles (Kaartvedt et al. 2008, 2009, Dypvik et al. 

2012b), failing to detect the presence of an ambush predator, could unknowingly drift 
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into the detection range of the ambush predator in search of its next prey. Observations of 

lanternfish passing vertically stationary predators while being vertically displaced by 

internal waves were made on several occasions and have also been recorded acoustically 

in other fjords (Kaartvedt, unpublished results). No attacks were evident (e.g., Fig. 4), 

possibly because the potential prey and predators were not aligned horizontally in the 

acoustic records we have evaluated. If this predator behavior indeed reflected ambush 

feeding, encounter rates would be low, as the vertical movements displacing the potential 

prey are slow (~0.26 cm sec
–1

) (this study) and the number of glacier lanternfish 

relatively low (~0.01–0.02 ind. m
–3

) (Dypvik et al. 2012b). However, this type of 

behavior would add to the predation risk experienced by glacier lanternfish. 

Schooling of potential predators and their apparent attacks on glacier lanternfish 

Schools and columns of fish larger than glacier lanternfish were observed in the current 

study, and we relate both to predatory behavior. Columns were associated with the 

descending SL in the morning, while schools occurred at greater depth and both day and 

night. When present, they both covered substantial depth intervals being on average 28 m 

(schools) and 34 m (columns) high. Acoustic records of columns, consisting of gadoids, 

similar to those observed in the current study have also been made in other settings. 

Kaartvedt et al. (2005) reported groups of large saithe appearing as “tails” below krill 

swarms. These columns of fish extended much deeper than the krill themselves, and 

Kaartvedt et al. (2005) suggested that the saithe used the krill swarms as feeding grounds 

in search for planktivores, like blue whiting, that would attack the krill from below. 

Applying the same logic in the current study would mean that these predators patrolled 

the descending layer of glacier lanternfish in search for smaller piscivores. However, with 
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the current data we cannot conclude to what extent the columns of piscivores targeted the 

glacier lanternfish themselves, any smaller predators that would ascend from below, or 

both. 

Columns of gadoids have also been observed in relation to spawning in Atlantic 

cod (Gadus morhua) (Rose 1993). Rose (1993) termed these as spawning columns, and 

that interpretation has been generally adopted in the literature (Nordeide 1998, Fudge & 

Rose 2009, Knickle & Rose 2012, Schaber et al. 2012). However, the time of occurrence 

for the columns and schools in the current study does not match the spawning time of the 

dominant gadoids in Masfjorden (e.g., Salvanes 1986, Brander 1994, Charrier et al. 2006, 

Homrum et al. 2012) and the results of Kaartvedt et al. (2005) cannot be explained in 

those terms. Possibly, this aspect of (gadoid) behavior may serve more than one function.  

We hypothesize that the schools and columns observed in the current study 

represents foraging behavior. By distributing in groups predators can increase the visual 

range (Cushing & Harden Jones 1968), search area (Partridge 1982), prey detection rate 

(Pitcher et al. 1982) and capture efficiency (Mchich et al. 2006) compared to 

independently foraging fish. The acoustic records in Masfjorden indicate that the fish in 

schools and columns are in the size of typical piscivorous fish such as gadoids and spiny 

dogfish (Nakken & Olsen 1977, Foote 1980, Foote 1986). These have few predators in 

Norwegian waters (Bergstad 1991b), are known to occur in schools (Smith et al. 1993, 

Stenberg 2005) and forage pelagically (Bergstad 1991b, Hanchet 1991). Thus, in 

accordance to Kaartvedt et al. 2005, the social behavior of potential predators in schools 

and columns seems to reflect a foraging behavior, rather than spawning behavior (Rose 

1993) or anti-predator behavior (Partridge 1982). 
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Schools of potential predators were the only to evidently induce an escape 

reaction in glacier lanternfish (e.g., Fig 10), which escaped vertically when detecting an 

apparently attacking school of potential predators. Accordingly, approaching groups of 

predators may incite anti-predator behavior among prey organisms (Buckel & Stones 

2004). By escaping a schooling predator, prey organisms are likely to immediately 

encounter another schooling predator (Torgersen 2007). Thus, some glacier lanternfish 

were likely attacked several times and ingested by the schooling predators, while some 

successfully escaped. Kaartvedt et al. (2012) also documented avoidance from a school of 

potential predators and suggested that glacier lanternfish could detect the approaching 

school from a range of tens of meters. The results of the current study are in accordance 

with this. These apparent attacks illustrate that the potential predators below ~200 m in 

Masfjorden actually pose a serious predation risk for glacier lanternfish, but that the 

torpid glacier lanternfish (Kaartvedt et al. 2009, Dypvik et al. 2012b, this study) are able 

to induce avoidance behavior when approached by such threat of predation. The torpid 

behavior could be an anti-predation behavior, reducing the hydrodynamic noise caused 

by active swimming, their encounter rate with predators (Gerritsen & Strickler 1977) and 

their conspicuousness for predators. Thus, we speculate that when schools trigger an 

escape response, which apparently saved many individuals, the flight itself might 

increase the conspicuousness of individuals, the encounter rate between prey and 

predators (Gerritsen & Strickler 1977) and their susceptibility to predation, thereby 

serving the predators as well.  

In conclusion, mesopelagic fish must cope with a continuous predation risk from 

potential predators in the mesopelagic zone. Potential predators of mesopelagic fish are 
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present throughout the year below ~200 m in Masfjorden, constituting several species 

(Giske et al. 1990, Staby 2010, Heino et al. 2012). These potential predators appear to 

have a varied behavioral repertoire that in sum threatens the lanternfish in various ways. 

The classic DVM description explains the descent of migrators to their daytime depth as 

an avoidance of greater predation risk in the bright surface waters (Clark & Levy 1988, 

Lampert 1989, Neilson & Perry 1990). Even though the predation risk in more lit waters 

might be higher than below ~200 m, this long-term acoustic study has shown that 

predators are present and causing a predation risk for planktivorous fish even at 

mesopelagic depths both day and night.  
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Fig. 1 Map depicting the locality of the bottom-mounted echo sounder in Masfjorden, 

Norway. Map taken from Dypvik et al. 2012b, with permission from authors. 
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Fig. 2 24-hour echograms from the 38-kHz echo sounder illustrating acoustic backscatter 

in the water column (0–392 m) on selected days representing each season: autumn (25. 

October 2007), winter (12. January 2008), spring (21. April 2008) and summer (10. July 

2008). The black line is drawn to illustrate the area of the current study: ~200–400 m. 

Arrows and annotation depict the dominating behavior modes of the glacier lanternfish in 

the respective days (and seasons). The black and white coloration on top of echograms 

depicts sunrise and sunset. The Sv threshold is set to -80 dB. The coloration refers to 

average volume backscattering (Sv): white illustrates the weakest, while dark red 

illustrates the strongest backscattering. Time is given as UTC (local standard time -1 

hour). 
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Fig. 3 Monthly average of the volume backscattering (Sv) between ~250–370 m given for 

each hour of the day. Gray line illustrates the backscatter attributed to glacier lanternfish, 

while black line illustrates the backscatter of potential predators. The lines are based on 3 

point moving averages. The black and white coloration on top of figure depicts night and 

day for the 15
th

 each month. 
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Fig. 4 Examples of the 5 different behavior modes of potential predators observed 

between 200–392 m in Masfjorden: normal mode (17. March 2008), ambush mode (5. 

October 2007), schools (20. May 2008), columns (17. June 2008), and aggregation of 

potential predators (17. June 2008). The Sv threshold is set to -80 dB for the three top 

most figures and -70 dB for the two bottom figures. The coloration refers to average 

volume backscattering (Sv): white illustrates the weakest, while dark red illustrates the 

strongest backscattering. Time is given as UTC (local standard time -1 hour). 
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Fig. 5 Frequency of occurrence (Log individuals hour
–1

) of potential predators with 

different behavioral modes between 200–382 m during day (white columns) & night 

(dark columns) for three days each month. In order to avoid negative values: log values 

of 0.15 represent <1, but >0.5 ind. hour
–1

, while log values of 0.1 represent <0.5, but >0 

ind. hour
–1

. 
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Fig. 6 24-hour echogram from 150–392 m of the water column on June 30. 2008 

illustrating the typical occurrence of columns and aggregations of potential predators. 

Black squares indicate the areas that are resolved in the lower high resolution echograms. 

Arrows and annotation depict the dominating behavior modes of the glacier lanternfish. 

The black and white coloration on top of the 24-hour echogram depicts sunrise and 

sunset. The Sv threshold is set to -80 dB in the 24-hour echogram and -70 dB in the high 

resolution echograms. The coloration refers to average volume backscattering (Sv): white 

illustrates the weakest, while dark red illustrates the strongest backscattering. Time is 

given as UTC (local standard time -1 hour). 
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Fig. 7 Individuals found in schools, columns or aggregations plotted against time of day 

between 200–300 m and 300–382 m in May–September 2008. Individuals in schools are 

marked by grey squares, individuals in columns by white squares and individuals in 

aggregations by black squares. Black and white lines on top of graphs depict day and 

night for the 15
th

 in each month. Time is given as UTC (local standard time -1 hour). 
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Fig. 8 TS (dB) and swimming speed (cm s
–1

) of potential predators in different depth 

intervals (200–250 m (n=6648), 250–300 m (n=14416), 300–350 m (n=19460) and 350–

382 m (n=5859)) for three days each month throughout the study period (July 2007– 

September 2008). The average values for individuals performing different behavioral 

modes are given for each depth interval; normal behavior mode (n= 5577 (200–250m), 

13057 (250–300m), 19144 (300–350m), 5813(350–382m)) is marked with grey squares, 

ambush mode (n=6, 18, 31, 6) is marked with white squares, schools (n=54, 65, 237, 39) 

are marked with skewed grey squares, columns (n=964, 463, 5, 1) are marked with white 

circles and aggregations (n=47, 813, 45, 0) are marked with grey circles. 
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Fig. 9 TS (dB) distribution (a) and swimming speed (cm s
–1

) (b) of glacier lanternfish 

(n=47728) and potential predators (n=5859) calculated from automatic TT in the depth 

interval of 350–382 m for three days each month throughout the study period (July 2007–

September2008). 
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Fig. 10 Apparent attacks on glacier lanternfish by schools of potential predators during 

May–July 2008. The coloration refers to average volume backscattering (Sv) for each 

day: white illustrates the weakest, while dark red illustrates the strongest backscattering. 

Glacier lanternfish appear as blue lines, while the potential predators appear as red and 

green lines. The arrows show the apparent avoidance reaction of glacier lanternfish. The 

Sv threshold is set to -80 dB. Time is given as UTC (local standard time -1 hour).  
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