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SUMMARY 

Sprat Sprattus sprattus is a marine, forage fish of high ecological and economical value. This thesis 

addresses the ecology and behavior of sprat during overwintering, a phase that is poorly studied in 

marine pelagic fish. 

Stationary upward-facing echosounders were used to study individual behavior as well as 

collective behavior of sprat throughout four separate winters in a high-latitude, hypoxia-impacted 

fjord. The acoustic studies were supplemented by field campaigns. Long-term, continuous 

coverage of several winters provided unique information on sprat behavior in relation to different 

environmental conditions, for example ice-free versus ice-covered waters and hypoxic versus well-

oxygenated conditions. Feeding behavior of sprat in relation to size, as well as abundance, 

composition and distribution of potential prey and predators could furthermore be established. 

The physical and biological properties at the overwintering fjord-habitat varied considerably 

between winters, as also did length-distribution and feeding activity of sprat. Generally, the large-

size classes of sprat had empty stomachs, particularly in one winter. The apparent lack of feeding 

suggests an inactive overwintering mode where predator avoidance is prioritized at the expense of 

feeding. The winter diet of sprat otherwise varied according to prey availability, yet with a positive 

selection towards calanoid copepods, especially the larger-sized Calanus spp. 

Sprat was shown to have a flexible behavioral repertoire, displaying different behaviors with 

changing conditions. For instance, ice conditions promoted a response where sprat moved to 

shallower depths after the ice covering, and oxygen content proved to be an important factor 

governing their vertical distribution and diurnal behavior. Solitary swimming in near-bottom 

waters prevailed in moderate hypoxia (~ 30 % O2 saturation) as opposed to schooling in mid-waters 

when deep waters were oxygen depleted (0-7 % O2 saturation). Two different anti-predation 

strategies were likely displayed: “hiding at depth” and “hiding in schools”.  

Highly varied, and mixed diel vertical migration (DVM) patterns were always observed. The 

dynamic behavior of sprat was likely shaped by individual strategies involving optimized feeding 

and predator avoidance, as well as relating to temperature, hypoxia and negative buoyancy. 

Negative buoyancy appears as common in sprat, as implied by frequent “rise-and-sink” swimming 

while not schooling.  
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Stationary, upward-facing echosounders proved to be a powerful tool for assessment of individual 

behavior of sprat, and novel information on several behavioral traits is provided in this thesis. A 

surfacing behavior was always prevalent at nighttime with individual sprat carrying out rapid 

excursions to- and from the surface. Associated gas release suggested that the physostome sprat 

gulped air when at the surface, presumably to refill their swimbladders. The results further 

indicated that this behavior affects the acoustic properties of sprat. These findings are important 

considering the potential implications this can have for reliable stock assessments of forage, 

physostome fish.  

The discovery of brief dives into severely oxygen depleted waters by individual sprat revealed that 

sprat can tolerate very low oxygen levels (< 0.45 mL O2 L-1 at 8 ºC) for a couple of minutes. The 

results further indicated that sprat exhibit certain tactics for dealing with what can be a typical 

challenge in hypoxia-impacted habitats; reduced overlap with potential prey  

Overall, this study provides a unique insight into the dynamic conditions that sprat may encounter 

while overwintering and shows that the overwintering strategies of sprat are flexible and varied. It 

also contributes with novel information on a scarcely described phase in the life history of fish at 

high latitudes. 
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INTRODUCTION 

Pelagic forage fish 

Pelagic forage fish are small, schooling fish that play a key role in marine ecosystems. Examples 

of common forage fish are sardines, anchovies, herring and sprat. These fishes are the most 

important food source for many large predators, encompassing sea birds, other fish and mammals 

(Weise & Harvey 2008, Bakun et al. 2010). They themselves feed on zooplankton and 

phytoplankton and therefore form an essential link between low and high trophic levels in food 

webs (Bakun et al. 2010). Forage fish are also of high economical value as they are globally 

harvested in commercial fisheries for human consumption, fish oil and fish meal, among others. 

Pikitch et al. (2014) recently estimated that the earth’ forage fish populations contribute a total of 

~ 17 billion USD to global fisheries annually, taken into account also their role as essential food 

for other important harvested fish species.  

Pelagic forage fish have generally a short life span, and many are characterized as r-selected 

species. Because of this, their abundance may fluctuate much between years. Their tight link to 

primary production also makes them easily affected by climatic and environmental changes 

(Rijnsdorp et al. 2010, Engelhard et al. 2014).  Intra- and inter-specific competition are other 

factors that can drive productivity of forage fish, (e.g. Möllmann et al. 2004, Engelhard et al. 2014), 

typically because they are mostly obligate zooplanktivores, competing for the same food resources. 

Additionally, predation and commercial fisheries may exert a strong control on abundance and 

productivity of these fishes. Strict monitoring and high precision abundance estimates are a 

prerequisite to ensure sustainable harvesting of pelagic, forage fish. 

Acoustic methods 

Target strength and stock assessments   

Echosounders are widely used to map fish distribution and estimate biomass and have been 

essential tools in fisheries research for several decades (Fernandes et al. 2002). Knowledge about 

distribution and size of fish populations is crucial to build sustainable fisheries management, and 

stock assessments of schooling pelagic fish are generally based on data from acoustic surveys. 

With this method, backscattered echo recorded from acoustic transects are integrated over the 

water column, and total area backscattering (sa) is converted to fish density by dividing total sum 

with a species-specific Target Strength (TS) (Equation 1). 
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Fish density = sa/(10(TS/10))   (1) 

 

TS is a measure of the echo from one single target in an acoustic beam. The accuracy of acoustic 

abundance estimates for a given fish thus depends on the accuracy of the applied TS-value for the 

species in question. This measure depends on several factors. Acoustic frequency, fish morphology 

(e.g. size, swimbladder characteristics), condition (e.g. fat content) and behavior (i.e. tilt angle of 

the fish relative to the acoustic beam) are considered to have a significant effect on TS (Nakken & 

Olsen 1977, Blaxter & Batty 1990, Ona 1990).  

 

The acoustic impedance of many fish bodies is close to the one of water. Air, on the contrary, is 

an efficient scatterer of sound in water, and so presence of an air-filled swimbladder increases the 

acoustic impedance of the fish. Naturally, fish with swimbladders return stronger echoes than those 

without, for example, the mackerel (Foote 1980a). In fact, for physostomes and physoclists (see 

Box 1 for a definition of these terms), air in the swimbladder accounts for about 90 % of their TS 

(Foote 1980a). Determining the factors that influence swimbladder volume is consequently 

essential for accurate TS modelling and proper abundance estimates of numerous fish species. 

 

How TS changes with depth has been extensively studied (e.g. Gorska & Ona 2003, Zhao et al. 

2008, Fässler et al. 2009). Addressing depth-dependent TS variation is particularly relevant for 

physostome fish since they, unlike physosclists, seemingly lack gas secretion organs to 

compensate for pressure reduction. Instead, physostome fish may refill their swimbladder by 

gulping atmospheric air, and regulate the volume by releasing gas through the mouth or anal duct 

(Blaxter & Batty 1984, Box 1).  Many of the most abundant pelagic forage fishes, like herring, 

anchovy, sardine and sprat, are physostomous. These are species of high ecological and 

commercial value (Dickey-Collas et al. 2014, Pikitch et al. 2014) with stock assessments relying 

on acoustic methods. Studying surfacing- and gas release behavior in physostomes are therefore 

important for an increased understanding of how their TS may fluctuate. Yet, reports on these 

behavioral modes have so far only been anecdotal without any systematic assessments on diel or 

seasonal timing associated with such events. 
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Ecological and behavioral studies 

The life history of a fish is shaped by diverse strategies and behavioral traits. To understand 

ecological processes and dynamics of a fish population, knowledge on the fish behavior in relation 

to factors like feeding, predator avoidance, locomotion and reproduction, is central. Expanding 

such knowledge by studying fish in their natural, undisturbed habitat is highly valued, and for this 

purpose, the use of echosounders is becoming increasingly popular.  

 

While acoustic surveys from moving ships may address biomass, migration patterns and behavior 

on the population level (e.g. Josse et al. 1998), stationary acoustics facilitate studies of individual 

behavior, since providing multiple records of single fish trajectories over prolonged time (e.g. 

Busch & Mehner 2012). If such acoustic systems are cabled to shore, they meet no limitations in 

power or data storage capacity. This approach enables studies of even cm-sized organisms and 

their potential predators in their natural environment, at depths of several hundred meters and at a 

time scales of seconds to years (Klevjer & Kaartvedt 2011, Staby et al. 2011). Supplementing such 

data with biological and hydrographical sampling furthermore permits comprehensive ecological 

studies of both feeding behavior and vertical distribution in relation to varying physiochemical 

factors such as oxygen content, salinity, temperature and light (Dypvik et al. 2012, Staby et al. 

2013). Also, by deploying echosounders facing upwards, activities and swimming patterns near- 

and in relation to the sea surface can be addressed. This includes studying the behavior underneath 

ice covered seas (e.g. Vestheim et al. 2014) which is a field that is largely unexplored so far. 
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Diel vertical migration 

A typical feature of schooling pelagic fish is their tendency to carry out diel vertical migrations 

(DVM) (e.g. Oshimo 1996, Cardinale et al. 2003). Such light triggered behavior is displayed by a 

wide range of marine and freshwater taxa (Neilson & Perry 1990, Pearre 2003, Cohen & Forward 

2009). It is popularly referred to as being the greatest migration on the planet in terms of biomass 

and number of species participating. The normal DVM pattern is characterized by an ascent to 

shallower waters at night followed by a descent to the deeper daytime habitat at dawn. A reverse 

pattern, with the organism seeking a deeper nocturnal than diurnal distribution, may also occur 

(Jensen et al. 2011). 

 

The ultimate drivers for DVM behavior are commonly explained by three hypotheses: 1) predator 

avoidance (Lampert 1993) i.e., the organism occupies deep and darker waters during daytime to 

avoid visual predators, 2) bioenergetic efficiency (Wurtsbaugh & Neverman 1988) where the 

organism seeks temperatures that will maximize growth, and 3) foraging (Levy 1990), the 

Box 1. Buoyancy and swimbladder 

Most teleost fishes have a swimbladder, a gas or fat-filled organ, that contributes to 
buoyancy control. Fish species that have a gas-filled bladder may be classified according 
to this organs’ anatomy based on whether it has a duct connecting the swimbladder to the 
gut (Physostome,) or not (Physoclist). Greek physa = bladder, stoma = mouth, kleistos = 
closed. 

Physoclists have a closed swimbladder. Gas glands in the swimbladder wall secrete gas 
and lactic acid that generate a diffusion of gas from the bloodstreams of the wall into the 
swimbladder and inflate it according to increased pressure (Steen 1970). Gas is resorbed 
when pressure decreases. One disadvantage with this system is that slow diffusion rate 
reduces the fish’ ability to perform rapid upward vertical migrations due to risk of 
swimbladder ruption (Blaxter & Tytler 1978).  

Physostomes have an open swimbladder, and generally lack gas secretion organs. Fish 
within the herring, anchovy and salmon families (Clupeidae, Engraulidae, Salmonidae, 
respectively) fall into this category. They have one pneumatic duct connecting the swim 
bladder to the stomach and one anal duct leading from the posterior swimbladder to the 
vent (Blaxter et al. 1979). They can attain gas for refilling their swim bladder by “gulping” 
atmospheric air at the surface (Brawn 1962, Blaxter & Batty 1984). These fish may also 
release gas from their mouth or anal duct. Being able to release gas is considered 
particularly useful to perform rapid ascents as expanding gas can be quickly released 
(Blaxter & Tytler 1978). 



8 
 

organism overlaps the distribution of its prey. Enhanced feeding opportunities in shallow waters 

have generally been viewed as the primary motivation for normal DVM in planktivorous fish 

(Janssen & Brandt 1980, Levy 1990). In many cases, however, observed migration patterns seem 

to be driven by a mix of two or more of the mentioned factors operating together (Mehner 2012).  

 

One well-known multi-factorial hypothesis for DVM is the concept of an “antipredation window” 

introduced by Clark & Levy (1988). The authors suggested that planktivorous fish migrate and 

feed in shallow waters during dusk and dawn, taking advantage of light levels that are sufficient 

for visual foraging, yet low enough to provide refuge from own predators. In other words, this 

model predicts planktivorous fish to adjust their vertical distribution according to an optimum 

illumination threshold where ratio between predator risk and food intake can be minimized. 

Empirical evidence for migration within an antipredation window has been found in juvenile 

sockeye salmon (Scheuerell & Schindler (2003).  

 

A broad range of factors may shape the vertical distribution and migration behavior of an 

individual. Group-wise and individual variation in DVM behavior often occurs within zooplankton 

and fish populations as a result of differences in size or state among individuals. For example, 

large-sized, or more conspicuous (e.g. pigmented) individuals may keep a deeper distribution than 

their smaller, less obvious conspecifics (Vestheim et al. 2005, Hansson & Hylander 2009). 

Different reproductive status (mature versus juvenile) might result in populations with partial 

DVM patterns consisting of both migrants and non-migrants (Rosland & Giske 1994). Fluctuating 

internal states such as hunger and satiation may furthermore lead to asynchronous migrations 

(Pearre 2003). Such detailed DVM dynamics are less studied than overall DVM behavior.  

 

The challenged posed by studying fine-scale migration patterns in situ is one reason for our limited 

understanding on DVM variability within populations. However, modern instrument technology, 

like stationary acoustics, may now facilitate such investigations. As mentioned earlier, stationary 

echosounders have proven to be a suitable tool for assessment of individual DVM behavior in the 

field, enabling detailed studies of swimming behavior of both zooplankton and fish (e.g. Busch & 

Mehner 2012, Vestheim et al. 2014).  



9 
 

Buoyancy  

Another factor that likely shapes the vertical habitat selection and DVM behavior of pelagic fish 

is hydrostatic pressure. The volume of a gas-filled swimbladder expands and compresses with 

ambient pressure according to Boyles law (Ona 1990). This means that when a fish undergoes 

vertical movements, the gradient of hydrostatic pressure alters the swimbladder volume, which 

consequently affects the buoyancy of the fish. Physoclists may compensate for pressure changes 

by resorption or secretion of gas from or to the swimbladder (Fänge 1983). However, this process 

is slow (Harden & Scholes 1985, Stewart & Hughes 2014), which limits the vertical range the fish 

can freely swim while maintaining neutral buoyancy (Arnold & Walker 1992, Godø & Michalsen 

2000) as well as vertical migration speed since the fish risk swimbladder rupture if ascending too 

rapid (Tytler & Blaxter 1973). A physostomous swimbladder is in this context advantageous. Fish 

with an open swimbladder may release gas as they ascend (Thorne & Thomas 1990), thereby 

enabling rapid migrations to shallow waters without facing the problem of swimbladder inflation. 

Physostome fish are thus considered well adapted for carrying out DVM (Thorne & Thomas 1990, 

Blaxter & Tytler 1978). On the other hand, a potential cost of having this type of swimbladder is 

the apparent inability to refill the volume by any other means than gulping of atmospheric air 

(Blaxter & Batty 1984). Consequently, physostomes can ensure neutral buoyancy in shallow 

waters, but it is uncertain to which depths they can remain neutrally buoyant based on such 

refilling. Also other factors, like body density of the fish and water density will affect buoyancy 

(Phleger 1998).  

 

In order to be neutrally buoyant at depth, physostome fish must theoretically be positively buoyant 

in surface waters. One may therefore expect them to swallow excessive amount of air prior to 

downward migration. Various studies have targeted swimming behavior and buoyancy in 

physostome fish. An in situ study on chum salmon Oncorhynchus keta indicated that the fish had 

sufficient volume of air in the swimbladder only to provide neutral buoyancy at the surface, 

becoming negatively buoyant while carrying out vertical movements (Tanaka et al. 2001). 

Correspondingly, findings from experimental studies on herring, Clupea harengus, suggested that 

they were negatively buoyant at relatively shallow depths (30 m) (Ona 1990). Huse & Ona (1996) 

moreover reported a “rise and glide” swimming at depths from 100 m and below where herring 

switched between active upwards swimming and passive gliding. The behavioral modes were 

interpreted as energy conserving strategies, probably to counteract for negative buoyancy (Huse 
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& Ona 1996). Hence, physostome fish behaviorally compensate for being negatively buoyant 

below some (yet unknown) depth thresholds. Nevertheless, it is poorly understood how this affects 

vertical migrations and alters their energy budget in deep waters. One approach to further 

investigate the role of changes in hydrostatic pressure on swimming activity in physostome fish 

would be to use acoustic tools for comparing in situ individual swimming speed and movements 

at various depth ranges. 

 

Hypoxia  

Pelagic forage fish typically populate productive areas, such as coastal near-shore habitats or 

upwelling zones, where high nutrient levels cause high primary production. Due to intense decay 

processes, these environments are often associated with oxygen depleted waters. In upwelling 

systems such as the Humboldt Current and the Benguela Current, oxygen minimum zones (OMZ) 

are persistent oceanic features that usually occur in mid-waters below the euphotic zone and extend 

all the way to the bottom in some places (Levin 2003). In estuarine and coastal waters, hypoxia 

commonly occurs as a natural, seasonal phenomenon (Diaz & Rosenberg 2008).   

 

Hypoxia is generally defined as levels of dissolved oxygen less or equal to ~ 2 mL L-1, while severe 

hypoxia is reached when oxygen contents are less than 0.5 mL O2 L-1 (Diaz & Rosenberg 2008). 

When there is complete absence of oxygen, the conditions are commonly termed anoxic. As a 

result of decomposition of sinking organic matter and density stratification that prevents mixing 

of water masses, hypoxia is most common and most severe in bottom waters (Rabalais et al. 2002).  

 

Hypoxia impacts marine organisms in various ways. In OMZs there are metazoans, largely 

represented by meiofauna, that are well adapted to such harsh environments and that can thrive in 

waters with oxygen conditions as low as 0.1-0.2 mL L-1 (Levin 2003). Also some fish species, 

such as the bearded goby (Sufflogobius bibarbatus), have evolved high tolerance for oxygen 

depleted waters (Utne-Palm et al. 2010). Yet, most fish avoid oxygen contents below ~2 mL L-1 

and rather accumulate at the edges of the OMZ (Levin 2003). These zones therefore largely affect 

distribution of marine life.  

 

When seasonal or episodic hypoxia occurs, benthic fauna may suffer high mortality rates 

(Rosenberg 1985, Altieri & Witman 2006). For pelagic organisms that are able to avoid lethal 
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oxygen thresholds, the impacts are generally indirect, for example through low growth rates, 

reduced development and exclusion of habitat (Ekau et al. 2010). A reduction in the vertical habitat 

range may alter predator-prey interactions. This can be in favor of the prey, as observed for various 

zooplankton that appear to use hypoxic waters as a refuge (Taylor et al. 2007), or in favor of the 

predator due to increased overlap with the distribution of its prey (Pihl et al. 1992).  

 

Seasonal- and eutrophication-induced hypoxia is increasing worldwide due to anthropogenic 

influence. Associated “dead zones” have developed in several major fishery areas, such as the 

Baltic, Kattegat and Gulf of Mexico (Diaz & Rosenberg 2008). The frequency of ventilation of 

hypoxic water bodies may also change with future climate changes. The Baltic Sea, where numbers 

of deep-water renewal events in the last 30 years have pronouncedly decreased, is just one example 

(Matthäus et al. 2008). Studying how forage fish respond to-, and deal with challenges imposed 

by hypoxic layers, may provide further insight on trophic interactions, distribution and population 

fluctuations of pelagic fish in hypoxia-affected habitats (e.g. Bertrand et al. 2011).  

 

Overwintering 

Winter is a critical period for fish at temperate latitudes due to low temperatures and reduced food 

availability. Ambient light levels are generally too low to permit significant primary production 

(Cushing 1975), and this in turn impacts secondary production and hereby the main food source 

of zooplankivorous fish. Low temperatures also decrease metabolism and hence slow down 

potential growth rate. In addition, the challenge of freezing temperatures may cause thermal stress 

(Hoag 2003), which in extreme cases have caused mass mortalities, so called “winter kills”, of 

large fish populations and other marine animals (see review Hurst 2007). 

 

Even though the overwintering period most likely has a strong impact on temperate fish’ survival 

and condition, it is a phase that has been relatively little studied in comparison to other life stages. 

This was early emphasized by Hubbs and Troutman (1935) who speculated whether the apparent 

lack of winter studies mainly was due to the biologists favoring field work in summer instead of 

winter. Yet, a considerable amount of winter research has since been conducted, particularly on 

fresh water species. For example, much attention has been directed towards overwintering 

mortality, starvation and size-specific growth of fish under various temperature regimes (e.g. Post 

& Evans 1989, Johnson & Evans 1990, Kirjasniemi & Valtonen 1997, Pangle et al. 2004), 
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generally showing that large-sized individuals have the highest survival rate. Overwintering 

habitats of salmonids, such as shallow rivers and streams, are also commonly studied (Bustard & 

Narver 1975, Cunjak 1996, Quinn & Peterson 1996, Brown et al. 2011). Hurst (2007) 

recommended that future studies aiming at unveiling winter constraints should focus more on the 

ecological aspects of overwintering, like predator-prey interactions and behavioral responses to 

environmental parameters, in order to better integrate the known physiological processes with 

ecological processes.  

 

Less winter research has been conducted in the marine environment, and knowledge on the 

overwintering of many temperate, marine fish is relatively poor (Hurst 2007). Targeted studies of 

overwintering ecology in these more complex ecosystems may be challenging due to large scales, 

lack of isolated barriers and hence less definable population structures (but see e.g. Smith & Able 

1994, Bell 2012). Generally, coastal and estuarine ecosystems are essential in the life cycle of a 

wide range of marine fish, serving as nursery habitats, feeding grounds and spawning sites. Many 

forage fish species occupy or seek these waters also during winter (Elliott et al. 1990, Dommasnes 

et al. 1994, Falkenhaug & Dalpadado 2014). Knowledge on the overwintering ecology of such key 

species may potentially provide a stronger platform for projection of ecosystem dynamics, also in 

the context of climatic fluctuations (e.g. Attrill & Power 2002, Heath et al. 2012).  

 

Ice conditions  

There is little knowledge on the influence of ice conditions on the behavior of fish. This might be 

attributed to the logistical challenges involved in conducting surveys underneath ice (Lønne & 

Gulliksen 1989, Huusko et al. 2007). At the northernmost geographical range of many temperate 

pelagic fish, there are habitats that may become ice covered during winter (e.g. the Baltic Sea and 

some Norwegian fjords). Ice strongly affects light conditions (Perovich 1996). This may, for 

example, impose changes in the light dependent DVM tactics of planktivorous fish and 

zooplankton. For physostome fish, ice covering and hence reduced access to atmospheric air, may 

additionally have an effect on their surfacing behavior and ability to regulate buoyancy (Blaxter 

& Batty 1984). 

 

Overwintering ecology, behavior and acoustics are important subjects of this thesis. In the overall 

aim of revealing unknown aspects of the life history of sprat Sprattus sprattus, we studied 
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overwintering of this marine, forage fish throughout four separate winters in a high-latitude fjord. 

A presentation of the study organism and a further introduction of the background to the studies 

follow below.  

 

Sprat Sprattus sprattus 

Sprat are pelagic schooling fish that belong to the family Clupeidae (Fig. 1). Their appearance is 

similar to juvenile herring, however the abdomen of sprat has a rough edge which is one typical 

characteristic that distinguishes the two species. European sprat (hereafter referred to as sprat) are 

widely distributed in the coastal waters of Europe. They can tolerate a broad range of temperatures 

and salinities and are therefore found from the Mediterranean and the Black Sea in the south, to 

estuarine habitats like the Baltic Sea and Norwegian fjords in the north (Daskalov 2003, Casini et 

al. 2006, Debes et al. 2008, Limborg et al. 2009). Sprat in the Black and Baltic Sea are identified 

as sub-species; S.s. phalericus and S.s. balticus, respectively, based on genetic differentiation 

(Whitehead 1985). 

 

 

 

 

 

 

 

 

Figure 1. Sprat Sprattus sprattus (Photo: Hans Hillewaert) 

Sprat grow to a maximum size and age of ~16 cm and ~5 years (Bailey 1980). Gonadal and 

reproductive growth normally starts when they have reached 95-100 mm (De Silva 1973, Peck et 

al. 2012), a size that may be reached by the end of the first or in the second year depending on 

growth conditions. Sprat are pelagic, serial spawners that may produce eggs in up to ~ 10 batches 

per season (Alheit 1988). At high latitudes, spawning generally occurs between March and July, 
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depending on geographical distribution and conditions (Alheit 1988, Peck et al. 2012). Sprat are 

physostomes. 

Their abundance, together with their ecological and commercial importance have made sprat 

widely studied. Much is known about their ecophysiology at early life-stages (see review Peck et 

al. 2012) and numerous models are developed with the aim of examining factors that may impact 

population dynamics (e.g. Baumann et al. 2006, Daewel et al. 2008, Haslob et al. 2012, Frisk et 

al. 2015). Yet, there is an apparent gap in knowledge on the overwintering dynamics of sprat. Only 

very scarce information is available about potential winter feeding strategies, size-specific survival 

and potential food resources during winter (Peck et al. 2012).  

Sprat in Norwegian fjords  

The northernmost populations of sprat are the ones occupying Norwegian fjords. Norwegian 

coastal sprat are genetically different from the much larger oceanic populations of the North and 

Celtic Seas (Glover et al. 2011). Reduced allelic richness in coastal sprat further indicates limited 

connectivity between sprat in the fjords and sprat occupying outer waters (Glover et al. 2011), yet 

genetic differentiation between south-eastern fjord sprat and nearby populations in Skagerrak and 

Kattegat remains to be explored. 

Total landings of sprat in fjords have steadily declined since the 1960’s, from about 15 000 t to 

635 t in 2015, which is the smallest landing so far recorded. Nearly 50 % of 2015’s landings were 

captured in the Oslofjord. In comparison, catches of sprat in the open seas have been relatively 

stable (ICES 2015). Harvest on Norwegian coastal sprat occurs in autumn and is mainly based on 

young individuals (0-1 years old). Spawning is observed inside the fjords (Torstensen 1998), and 

fjord sprat also seemingly overwinter in inner fjord branches (Kaartvedt et al. 2009, Falkenhaug 

& Dalpadando 2014). It is believed that these overwintering assemblages make the basis for next 

year fisheries (Bakketeig et al. 2016). 

Specific background studies 

Studies by Kaartvedt et al. (2009) provided initial information on overwintering sprat in the 

Oslofjord which formed the background for the studies of this thesis. Using ship-mounted and 

submerged echosounders during cruises in the Oslofjord, Kaartvedt et al. (2009) reported on depth 

distributions of overwintering sprat according to oxygen conditions as well as on individual 

behavior: a characteristic “rise-and-sink” behavior with sprat swimming continuously up and 
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down, asynchronous individual migrations, and surfacing, where sprat swam towards the surface 

before immediately descending.  

 

The study of Kaartvedt et al. (2009) was mainly based on sampling and acoustic records of 1 to 2 

days from two winters and generated more specific research questions motivating the current 

study. The potential of using echosounders in a fjord-basin to expand general knowledge on the 

wintering strategies of a forage, physostome fish had been demonstrated. Shifting from a primary 

cruise-based approach to the use of deployed echosounders cabled to shore would enable long-

term studies encompassing varying environmental conditions.  

AIMS 

The overall aim of this thesis was to address ecology and behavior of overwintering sprat in a 

hypoxia-impacted, high-latitude fjord (the Oslofjord, Norway). By combining continuous acoustic 

measurements with frequent sampling campaigns, the study was designed to cover four entire 

winters for a comprehensive, systematic and detailed investigation of these two interrelating 

subjects. More than 20 months of continuous acoustic data from four separate winters and three 

different echosounders make up the basis for this thesis.  

Specifically, by deploying stationary upward-facing echosounders cabled to shore, we designed a 

study suited to address the collective- and individual behavior of sprat in their natural environment 

over the whole water column. This long-term approach was furthermore designed to enable 

investigation of responses of pelagic components (fish and zooplankton) to the various and 

fluctuating environmental conditions that a coastal, overwintering habitat may undergo within and 

between different seasons. Such physical factors included formation, presence and melting of ice-

cover, and variations in hydrography including dissolved oxygen content, in which the latter highly 

fluctuates in the selected study-site (see description of study site in Materials and Methods). 

Sampling of biological components allowed us furthermore to assess behavioral modes, feeding 

and DVM patterns of sprat in relation to different biotic parameters, like potential predators and 

prey. With this, we aimed to illuminate a life-history phase that is scarcely described for the 

majority of marine pelagic fishes, and to improve our understanding of how different physical and 

biological factors might shape overwintering strategies of sprat, and influence distribution and 

behavior of this forage, physostome fish. 
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The specific aims of each paper are the following: 

Main objectives of paper I were: 1) determine swimming behavior and feeding of deeply 

distributed assemblages of overwintering sprat in a year when oxygen conditions permitted access 

to the entire water column, 2) to explore the impact of ice cover on overwintering sprat. The study 

was based on a 5-month acoustic data series from Dec 05 – Apr 06. 

The overall aims of paper II were: 1) to map the overwintering conditions of a high-latitude fjord-

environment throughout the course of four separate winters, 2) to address the winter ecology, 

vertical distribution, including DVM patterns, of sprat in relation to physical and biological 

properties at the site. We predicted winter feeding in sprat to be size-dependent with higher feeding 

activity among small-sized (≤ 10cm) than large-sized (> 10 cm) sprat. We explored this by 

assessing stomach content of sprat with respect to size, and in relation to abundance, taxonomic 

composition, and vertical distribution of potential prey. The study was based on hydrographical 

and biological sampling (CTD-casts, trawling, zooplankton-net sampling), and ~ 20 months of 

acoustic data where four overwintering periods were represented by ~ 5 months each (Dec 05 – 

Apr 06, Dec 07 – Apr 08, Dec 08 – Apr 09 and Nov 09 – Apr 10). 

Paper III targeted the surfacing behavior of sprat. The objectives were: 1) to uncover behavioral 

aspects related to such surface excursions, 2) to estimate frequency of surfacing behavior in sprat 

and, 3) to investigate whether this behavior can be related to gulping of atmospheric air. To 

approach this, we assessed patterns in surfacing events throughout an entire winter when ice 

conditions occurred more than half of the period. We measured vertical swimming speeds and TS 

during ascent and descent to- and from the surface, and assessed occurrence of gas bubble releases 

by sprat. This study was based on ~ 5 months of acoustic data that originated from three separate 

echosounders, deployed at three different depths during the winter of Nov 09 – Apr 10.   

Findings from paper I and II encouraged further research on fine-scale DVM dynamics and 

individual swimming behavior in overwintering sprat, which are the subjects of paper IV. 

Specifically, we tested the hypotheses: 1) Corresponding and reciprocal behavior at dusk and dawn 

relate to corresponding light conditions (i.e. twilight vertical migrations are carried out at similar 

light threshold), 2) sinking rate of “rise-and-sink” swimming among sprat is positively correlated 

with depth, which would be in line with the assumption of swimbladder compression. We also 

aimed to address the individual response of sprat to oxygen depleted waters, and established 
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swimming speed, time budgets and maximum tolerance time spent in waters characterized as 

severely hypoxic; < 0.5 mL O2 L-1 (Diaz & Rosenberg 2008). This study was based on 5 months 

of acoustic data from Dec 07 – Apr 08.  

MATERIALS AND METHODS 

Study site 

The study took place in Bunnefjorden which is the innermost part of the Oslofjord, located in 

south-eastern Norway. Bunnefjorden is a 150 m deep fjord basin that is oriented as a parallel 

branch to the main fjord axis (Fig. 2). Deep waters of this fjord have long residence times and are 

usually characterized by hypoxic or even anoxic conditions. There are two sills that restrict deep 

water exchange, one (19 m) is located in the narrow sound that connects the Oslofjord to outer 

waters, and the other (~ 50 m) is situated at the inlet to Bunnefjorden (Klevjer & Kaartvedt 2011). 

The natural tendency of hypoxia in this basin may additionally be enhanced by anthropogenic 

eutrophication. Yet, there is normally a water renewal every 2-3 years, resulting in periods where 

the whole water column is well-oxygenated, usually followed by a subsequent return to hypoxic 

conditions (Baalsrud & Magnusson 2002). Bunnefjorden often becomes ice-covered during 

winter. Previous studies have documented that the fish fauna in Bunnefjorden during winter is 

dominated by sprat, whiting (Merlangius merlangus) and cod (Gadus morhua) (Kaartvedt et al. 

2009).  
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Figure 2. Map of Norway with the inner part of the Oslofjord and Bunnefjorden enlarged. Deployment 
positions of the acoustic rigs and the station for measurements of hydrography and sampling of 
mesozooplankton are indicated by the black circle. The dotted line shows the approximate range and 
position of the trawling transects during pelagic and bottom trawling, and the arrows depict approximate 
locations of sills. 
 
 

Acoustic studies 

Upward looking split-beam echosounders (Simrad EK60 38 kHz, 120 kHz and 200 kHz) were 

used to study overwintering sprat throughout the winters of 2005-2006, 2007-2008, 2008-2009 

and 2009-2010. The echosounders were deployed in Bunnefjorden (59.7921° N, 10.7267° E; Fig 

2) in the beginning of the overwintering period (November or December) and retrieved in April 

the following year. To ensure a horizontal orientation of the transducers surface, the upward-facing 

transducers were mounted in steel-frames with gimbal couplings (Fig. 3ab). The submersed 

acoustic GPT transceivers (General Purpose Transceiver) were built into pressure proof cases and 

powered by ~ 800 m long cables connected to a base on shore (Fig. 3c). Data, in the form of 

digitized signals, were transmitted via the cables to computers located at this onshore base and 

stored in raw format for later analyses. This setup, with no limitations in power or storage capacity, 

enabled continuous acoustic measurements at a temporal resolution of seconds.  
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One echosounder was deployed at the bottom (150 m) in all winters to enable studies of individual 

swimming behavior in deep waters, and to study group behavior and distribution throughout the 

whole water column. Additional echosounders were deployed in two of the winters at shallower 

depths for enhanced resolution in upper waters. These were then floating in anchored buoys (Fig. 

3b). Table 1 gives an overview of deployments and the different transducers used during the four 

winters. The acoustic frequency used between winters could not be standardized as there were 

certain years when some of the echosounders were occupied for long-term acoustic studies at other 

locations (e.g. in Masfjorden; Dypvik et al. 2012). 

  

 
 
Figure 3. Methodological approach. Echosounders were placed on the bottom (a) and floating in the water 
column (b), cabled to a base onshore (c), and acoustic targets were identified by trawling (d). As the 
Oslofjord freezes over in winter, the cables were protected by metal pipes at the shore line.   
 

 

More than 20 months of continuous acoustic data covering the whole water column were collected 

throughout the course of four winters. Parallel temporal registrations from shallower depth 

intervals were additionally obtained during two of the winters (08/09 and 09/10). Acoustic 
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recordings were particularly comprehensive during the last winter (09/10) when three different 

echosounders (38 kHz, 120 kHz and 200 kHz) provided data throughout the entire study period. 

The acoustic post-processing methods applied in this thesis are briefly explained in Box 2 and 

further deliberated at page 51.  

 

Sampling 

Acoustic studies were supplemented by intermittent field campaigns to assess environmental 

parameters and for sampling of acoustic targets (Fig. 3d). Hydrographical sampling included 

conductivity, temperature and depth profiles (CTD) and water sampling for oxygen measurements. 

Ice conditions of the fjord were monitored by a web camera that provided pictures of the sampling 

site every hour (Fig. 4).  

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

Figure 4. Example of web camera pictures of the study site during ice-free conditions and ice-covered 
conditions in December 2009 (left) and February 2010 (right). 
 

Trawling was conducted to identify acoustic targets and layers, to get information on size 

distributions and for analyses of stomach contents. The pelagic trawl, with an aperture of ~ 100 

m2, was equipped with a multisampler codend (Engås et al. 1997) which could be opened and 

closed on command from the vessel. It enabled three vertically stratified samples for each tow. 

The mesh size of the trawl was 20 cm near the opening, reduced to ~ 1 cm at the rear part and to 3 

mm in the cod-end. A Scanmar depth sensor measured the trawling depth during each sampling, 

which was guided by ship-borne echosounders. A total of 122 successful pelagic net tows were 
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conducted throughout the course of four winters; 47 in 05/06, 33 in 07/08, 9 in April 09 and 33 in 

09/10 (e.g. Fig. 5). Two tows with bottom trawl were additionally carried out in December 05.  

 

 

Figure 5. Retrieval of content (mainly sprat and krill) from one of the codends of the pelagic trawl from 
the winter 07/08.  

 

Length and stomach content of sprat and their potential predators were measured and analyzed 

during each winter. In total, 1355 sprat, 238 whiting and 6 other piscivorous fishes were analyzed 

for potential prey. Sampling of mesozooplankton was carried out to address composition, 

abundance, and distribution of potential prey of sprat. This sampling was conducted three to four 

times during each winter with a WP2-plankton net with a mesh size of 200 µm. It was equipped 

with a messenger operated closing device. The net was hauled vertically from the bottom to the 

surface, divided in 5-7 depth intervals (bottom – 125/100 m, 125 – 100 m, 100 – 80 m, 80 – 60 m, 

60 – 40 m, 40 – 20 m, 20 – 0 m). Variations among replicate zooplankton tows in enclosed fjord 

basins are generally low (Bagøien et al. 2001). The general sampling procedure comprised 

therefore one series of zooplankton tow per sampling date. A summary of the hydrographical and 

biological sampling that were carried out is given in Table 1 and the location of the sampling is 

indicated in Figure 2.  
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Table 1. Summary of the acoustic sampling and field campaigns conducted throughout the four winters of 
study in Bunnefjorden. The asterisk indicates bottom trawls. 
 
 
 
 
 
 
 
 

Year Acoustic studies 
Transducers, 
Depth (m), 
Time 

Pelagic trawling 
No. of tows (), Date 

Zooplankton net 
Sampling date 

CTD/Oxygen 
Sampling date 

2005-06 120 kHz (ES 120-7CD), 
bottom (150m), 
25 Nov 05 – 20 Apr 06 
 

(2)   23 Nov 05 
(3)   25 Nov 05 
(15) 13 Dec 05 
(2)   19 Dec 05 * 
(9)   04 Jan 06 
(6)   05 Jan 06 
(12) 19 Apr 06 
 
 

25 Nov 05 
19 Dec 05 
05 Jan 06 

25 Nov 05 
05 Jan 06 
19 Apr 06 

2007-08 200 kHz (ES 200-7CD), 
bottom (150m), 
06 Dec 07 – 17 Apr 08 

(4)   12 Dec 07 
(1)   13 Dec 07 
(7)   14 Jan 08 
(15) 12 Feb 08 
(6)   17 Apr 08 

13 Dec 07 
12 Feb 08 
18 Apr 08 

13 Dec 07 
14 Jan 08 
12 Feb 08 
17 Apr 08 

2008-09 200 kHz (ES 200-7CD), 
133 m,  
12 Dec 08- 23 Jan 09 
 
85 m,  
24 Jan 09 – 20 Apr 09 
 
38 kHz (ES 38-DD), 
bottom (150m),  
12 Feb 09 – 20 Apr 09  

(9)   27 Apr 09 11 Dec 08 
22 Jan 09 
10 Feb 09 
27 Apr 09 
 

10 Dec 08 
22 Jan 09 
10 Feb 09 
27 Apr 09 

2009-10 200 kHz (ES 200-7CD) 
27 m,  
04 Nov 09 – 12 Apr 10 
 
120 kHz (ES 120-7CD) 
80 m,  
04 Nov 09 – 14 Apr 10 
 
38 kHz (ES 38- DD) 
bottom (150m),  
04 Nov 09 – 14 Apr 10  

(9)   15 Dec 09 
(15) 16 Dec 09 
(9)   15 Apr 10 

05 Nov 09 
14 Dec 09 
14 Apr 10 

05 Nov 09 
12 Dec 09 
12 Apr 10 
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Box 2. Some acoustic terms and the acoustic post-processing methods applied in this thesis. 

Decibel (dB) – A logarithmic unit used to measure the ratio of two physical quantities, e.g. 
intensity or power. Acoustic measurements are commonly given in this unit, enabling large 
changes in the sound level to be expressed within a small range of decibels. To illustrate this, if an 
acoustic target is 3 dB higher than another, it scatters twice as much energy as the weaker target, 
four times more if the difference is 6 dB, 8 times with 9 dB difference, and so forth. 

Sv – Volume backscattering strength (given in dB re 1 m-1) is a measure of the total echo reflected 
by all targets within a sampling volume. Sv = 10 log10 (sv) 

sa – Area backscattering coefficient (m2 m-2) is the summed backscatter over the whole water 
column (surface integrated). 

Target Strength (TS, also known as acoustic size) – A logarithmic measure of the portion of 
energy that is reflected from a single insonified target. The TS may be used as a proxy for fish 
size. It is influenced by several factors such as presence, size and orientation of swim bladder, 
depth, fish shape and behavior, and operational frequency of the transducer (MacLennan & 
Simmonds 1992). 

Time varied gain (TVG) – The received echo amplitude of a target decreases with range due to 
absorption and scattering of the sound waves. To compensate for such range dependent 
transmission loss, the signal is amplified in proportion to a TVG-function. Two different TVG-
functions are applied depending on detections of single, 40 Log10 (range), or multiple targets, 20 
Log10 (range) (more details in MacLennan & Simmonds 1992).  

Acoustic post-processing 

Visual inspection of echograms. Total volume backscatter in a given time and depth interval may 
be visualized in echograms. Echograms that displayed acoustic records over 24 hours were used 
to visually assess the vertical distribution and aggregation behavior of sprat (Paper I –IV). Acoustic 
raw files were in addition manually inspected to detect and assess behavioral modes of sprat (Paper 
I, III and IV). 

Echo integration. Acoustic data over the water column was integrated to get a proxy of the relative 
amount of sprat present in the overwintering habitat throughout the entire winter for each study 
period. Integrated Sv values over given time and depth intervals were used to calculate the weighted 
mean depths of the sprat aggregations (Paper I and II). In paper III, integrated sa values were used 
to calculate number of sprat per m2. Density calculations were then used to estimate number of 
surface excursions per sprat per day.  

Target tracking (TT) Target tracking allocates subsequent, single echoes to the same target, and 
may be used to assess TS, swimming speed and the direction of single trajectories in the acoustic 
beam (Ehrenberg & Torkelson 1996, Torgersen & Kaartvedt 2001). Target tracking was performed 
to examine individual behavioral modes of sprat (Paper I, III and IV) and to assess abundance and 
distribution of potential predators of sprat (Paper II). 
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RESULTS AND DISCUSSION 

Results will be presented in themes rather than listed according to each paper, since many of the 

findings relate to several papers.  

Physical properties at the study site 

The physical conditions of the overwintering habitat in Bunnefjorden varied considerably within 

and between winters, particularly in terms of oxygen content and ice formation (Paper II). 

 

2005-2006: The first winter was the only winter when oxygenated waters occurred throughout the 

whole water column during the entire study period. The oxygen content was ~ 2 mL L-1 (moderate 

hypoxia) from 20 m to the bottom in the beginning of the winter. This level increased to ~ 4 mL 

L-1 by the end of the winter (Fig. 6), as new water recorded in mid-February brought more 

oxygenated waters into the fjord basin that year. Temperature and salinity in the lower part of the 

water column were approximately 7.5 °C and 33, respectively, with slightly warmer and less saline 

waters above (Paper I). The fjord became ice covered February 6th - 8th 2006 and thereafter 

remained ice covered until April 14th 2006. 

 

2007-2008: Severe hypoxia prevailed in the lower half of the water column during the entire 

winter. Oxygen values declined from > 7 mL O2 L-1 in surface waters to 2 mL L-1 at 30 m, and at 

60 m, the oxygen content was < 1 mL L-1. It further decreased from 0.5 mL L-1 to ~ 0.2 mL L-1 

from 70 m to the bottom (Fig. 6). There was no ice formation this winter. Temperature at the 

surface was 2-3 °C during the first three months and ~ 7 °C in April. In the lower half of the water 

column, the temperature and the salinity stabilized at ~ 8 °C and 33, respectively (Paper II). This 

was common for all winters.  

 

2008-2009: Deep waters remained severely hypoxic throughout this winter. From relatively well-

oxygenated conditions in surface waters (5 – 7 mL O2 L-1), the values varied between 4 – 2 mL L-

1 at 30 to 60 m depth, followed by a decline to near 0 mL O2 L-1 at 75 m (Fig. 6). The fjord became 

ice covered on February 11th 2009 and remained covered until March 30th 2009. In surface waters, 

temperature ranged between -1°C in February to > 10 °C in April. 
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2009-2010: The lower half of the water column was still hypoxic during the first months of this 

winter. The oxygen content was ~ 2-3 mL L-1 from 10-70 m in November and December 2009, 

and nearly ~ 0 mL L-1 below 80 m. However, the values had increased to ~ 4 mL O2 L-1 in bottom 

waters by April 2010 (Fig. 6), showing that water exchange took place also this year. Ice formed 

between January 6th and 8th 2010 and permanent ice conditions were present until the ice melted 

between April 1st to 4th 2010.  Temperature and salinity in shallow waters were > 8 °C, and 30 in 

November and 4 °C and 23 in December, respectively (Paper II). 

 

 

 

 
 
Figure 6. Vertical profiles of oxygen content in the Bunnefjord during the winter of 2005-2006, 2007-2008, 
2008-2009 and 2009-2010.  
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Fish at the study site 

Sprat were always the dominating fish species at the study site, being the major fish component of 

the trawl catches during all winters (Paper II). Herring was also present, yet it was caught in 

relatively small numbers compared to sprat. The largest catches of herring were obtained in the 

winter of 07/08, whereas in the other winters, occurrence of herring seemed negligible (Paper II). 

Other forage fishes in the fjord were represented by small catches of Gobiids (Gobidae). Whiting 

were the dominant potential predators of sprat. This gadoid was obtained in the trawl every year, 

yet the amount varied highly between winters. Of other piscivorous fishes sporadically captured 

in the trawl were cod, haddock (Melanogrammus aeglefinus) and saithe (Pollachius virens). The 

amount of predatory fishes appeared particularly low the winter 09/10.  

 

Zooplankton at the study site 

Krill (Meganyctiphanes norvegica) were, together with sprat, the major component of the trawl 

catches. This macrozooplankton was abundant in all winters, except the last (09/10) when very 

low volumes were obtained. Among mesozooplankton, (from the zooplankton nets), copepods 

were always the dominating component (Fig. 7). Overwintering Calanus spp. (stage CV) prevailed 

in the lower half of the water column during the three first winters, whereas the density was 

relatively low in the winter of 09/10 (Fig. 7). Small copepods were present in upper waters, 

particularly in the shallowest depth interval 0 – 20 m. The non-calanoid copepod Oithona (spp.) 

together with the calanoid copepods Temora spp. and Centrophages spp., were common in all 

winters (Fig. 7). Meroplankton was usually present in surface waters by the end of the 

overwintering period, in April (Fig. 7).  
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Figure 7. Vertical concentration of zooplankton (individuals m-3) per depth interval during the 
overwintering periods of 05/06, 07/08, 08/09 and 09/10 in Bunnefjorden. Each color denotes a specific 
genera or group of zooplankton. The category “Others” includes species belonging to Amphipoda, 
Cladocera, Chaetognatha, Larvacea, Siphonophora, and meroplankton of Polychaeta and Cirripeda. Note 
that the scale on the x-axis may vary within and between years. Data on zooplankton other than copepods 
were not available for the winter of 05/06, all data from that winter was obtained from Brun (2007). 
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There were large inter-annual variations in abundance, composition and distribution of the 

zooplankton community (Paper II), including pronounced differences in abundance of Calanus 

spp. Deep basins of fjords often hold overwintering populations of Calanus spp. (Hirche 1983, 

Bagøien et al. 2001). Because they can tolerate low levels of oxygen, Calanus spp. may accumulate 

in high concentrations in hypoxic waters (Osgood & Checkley 1997), as also documented for the 

oxygen depleted waters in two of the winters in this study; 07/08 and 08/09 (Paper II). Fjord 

populations of Calanus spp. are replaced periodically by advection from coastal waters (Lindahl 

& Hernroth 1988, Aksnes et al. 1989, Kaartvedt 1993), perhaps explaining the large inter-annual 

variations detected in this study.  

 

Abundance of zooplankton in upper layers was higher by the end of the overwintering periods 

(April), which may be related to production following the spring bloom which in the Oslofjord 

usually occurs in March (Kristiansen et al. 2001, Røstad & Kaartvedt 2013). The abundance of 

small copepods and meroplankton was particularly high in April 2010 compared to the previous 

years, with more than 17 500 ind. m-3 in the upper 20 m.  Although zooplankton may be patchily 

distributed (Omori & Hamner 1982), we do not believe that patchiness accidentally caused the 

high density reported for April 2010. An extra zooplankton tow conducted two days earlier 

likewise showed very high numbers in upper layers (31 000 ind. m-3). High feeding activity, as 

well as stomach contents of the sprat this month mirrored the abundance and composition of the 

zooplankton community registered from the nets (Paper II).  

 

Overview of all winters 

Biological conditions like the abundance, distribution and composition of potential prey (krill and 

mesozooplankton) and predators (piscivorous fish) of sprat (Paper II) varied throughout the study 

period, as did environmental conditions. A summary of the main patterns each winter is 

schematically illustrated in Figure 8. 

 

2005-2006: Concentrations of copepods were lower compared to the other years. The highest 

densities of Calanus spp. (150 ind. m-3) occurred below 100 m. Other, small copepods were most 

abundant in the upper 20 m.  
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2007-2008: There were very high concentrations of Calanus spp. in the hypoxic waters this winter 

(> 1000 ind. m-3 at 80–100m). Potential predators (whiting) were common and also krill were 

abundant. 

 

2008-2009: Small copepods and meroplankton were abundant in surface waters, particularly by 

the end of the winter. Calanus spp. were most abundant at 60–80 m (up to 275 ind. m-3). 

 

2009-2010: Calanus spp. was a minor component of the net catches (< 20 ind. m-3). There were 

particularly high concentrations of small copepods and other zooplankton taxa in upper waters this 

winter period (~ 2500 ind. m-3 in December and 17500 ind. m-3 in April). Relatively few potential 

predators were caught. 

 

 
Figure 8. An overview of the physical conditions and biotic parameters present during each winter. The 
following factors are illustrated in the figure; ice-cover, oxygen conditions, water renewal events, 
distribution of sprat, abundance and distribution of Calanus spp., distribution and abundance of other 
copepods, distribution of predators. (The occurrence of krill is not included in the figure, but krill was 
abundant in the fjord in all winters except in 09/10). 
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Size distributions of sprat 

Size-distributions of the overwintering sprat differed significantly between winters (Paper II). 

While more than 50 % of the captured sprat were 11 cm or larger in the winter of 05/06, sprat 

catches comprised mainly small individuals (˂ 10 cm) in the winters of 07/08 and 09/10 (Fig. 9) 

(Length distribution from the winter of 08/09 was not included as trawling was only conducted in 

April that year). The average length of a 0-year old sprat is normally ~ 7.5–8 cm by the end of the 

year, whereas maturity is generally reached from a size of ≥ 10 cm (Glover et al. 2011, Peck et al. 

2012). Accordingly, we assume that catches from the winter of 05/06 mainly consisted of adult 

individuals while the sprat catches of the two other winters were dominated by juvenile sprat 

(Paper II). 

 

 

Figure 9. Length distribution of (A) all sprat caught during 05/06, 07/08 and 09/10, (B) diurnal sprat catches 
from 05/06 within the depth intervals 50-100 m, 100-135 m and from the bottom trawl (150 m), (C) diurnal 
sprat catches from 07/08 within the depth intervals 30-50 m and 50-65 m, and (D) diurnal sprat catches 
from 09/10 within the depth intervals 50-70 m and 70-95 m. Depth range of the pelagic trawling differed 
between winters, hence the depth intervals of the sprat catches could not be standardized over the years. 
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Feeding of sprat  

In temperate areas, many fish species build up energy reserves during spring and summer, enabling 

prolonged fasting during the harsh winter season (Shuter & Post 1990, Schultz & Conover 1997). 

Intensive foraging during summer and reduced feeding activity by the end of the season have also 

been reported from field studies of sprat (Starodub et al. 1992, Szypula et al. 1997, Möllmann et 

al. 2004). Fasting of sprat was indeed indicated during the first winter (Paper I). A successful 

fasting strategy depends on sufficient lipid storage, and rate of energy expenditure is commonly 

linked to body mass (Paloheimo & Dickie 1966). The capacity to withstand food deprivation 

generally increases with size (Shuter & Post 1990). This leaves small and juvenile individuals 

more prone to starvation (Thompson et al. 1991, Kirjasniemi & Valtonen 1997), and small-sized 

individuals are correspondingly often active feeders also in food deprived conditions and under 

risk of predation (Biro et al. 2005). This is in agreement with the overall winter feeding activity 

observed in paper II where the majority of the large size classes of sprat had empty stomachs, 

particularly in the winter of 05/06, whereas juveniles generally contained prey. Our prediction of 

size-dependent winter feeding in sprat was therefore confirmed. 

 

Diet  

Potential prey of sprat were always available in the overwintering habitat, yet varied in abundance, 

taxonomic composition and vertical distribution (Paper II). Copepods were the dominating 

component of the overwintering zooplankton communities at the study site, and they are also the 

most common diet of sprat (De Silva 1973, Arrhenius 1996, Bernreuther 2007, Le Bourg et al. 

2015, Paper II). 

 

The sprat diet varied according to ambient zooplankton, but feeding activity was not always 

correlated with prey abundance (Paper I). This was demonstrated in the winter of 05/06 when very 

little feeding occurred among deeply distributed sprat, even though a fair amount of overwintering 

Calanus spp., were present in the deep waters (Paper I). Calanus CV were otherwise the preferred 

prey among the actively feeding sprat (Paper II), likely because of their relatively large size (~ 3 

mm) (Tande & Hopkins 1981) compared to the size of the other copepods present in Bunnefjorden 

during this study. Limited feeding during 05/06 was possibly related to the large size of sprat, as 

outlined above, or the deep distribution this winter may have made prey less available to visual 

predation. 
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Prey abundance and feeding seemed, on the other hand, to be highly correlated in the winter of 

09/10. There were high concentrations of small copepods and other zooplankton taxa in upper 

waters this winter period (Paper II). Sprat foraged accordingly and preyed intensively on various 

meroplankton, and especially on the calanoid copepods Temora spp. and Centrophages spp. which 

are common prey of sprat (Casini et al. 2004, Möllmann et al. 2004, Paper II).  

 

Krill was part of the diet among the largest sprat in 07/08, when krill was particularly abundant in 

the fjord. This supports the general perception of sprat being a size-selective particulate feeder; 

choosing larger prey with larger size (Arrhenius 1996, 1998, Möllmann et al. 2004, Paper II). As 

further described below, feeding took place both day and night, pending the abundance and vertical 

distribution of prevalent prey. 

 

Distribution and feeding of potential predators of sprat   

The gadoid whiting was the dominant predator caught in Bunnefjorden during all winters (Paper 

II). Some individuals appeared in waters of oxygen concentrations as low as ~ 11 % O2 saturation. 

However, their distribution was generally restrained to waters with ~ 20-25 % oxygen saturation 

(or higher) which match other field- and experimental reports on oxygen tolerance of gadoids 

(Herbert & Steffensen 2005, Kaartvedt et al. 2009, Herbert et al. 2011).  

 

Gadoids are important predators of sprat (Neuenfeldt & Beyer 2006, Kaartvedt et al. 2009). 

Kaartvedt et al. (2009) proposed that sprat exploit hypoxic waters as a predator refuge by 

accumulating in oxygen depleted waters. In this study, large concentrations of krill apparently 

eased the predation pressure on sprat, as the whiting seemed to prefer krill as prey when abundant 

in the fjord (Paper II). Like the other variables measured throughout the course of four winters, 

also abundance and distribution of predators varied (Paper II). Generally, predator avoidance is 

one of the common drivers of DVM behavior in aquatic organisms (Clark & Levy 1988, Neilson 

& Perry 1990) and the vertical distribution of a fish may be shaped according to presence and 

distribution of its potential predators (Hardiman et al. 2004, Hrabik et al. 2006). For the 

overwintering sprat, it was particularly the large-sized individuals that seemingly adjusted their 

behavior according to perceived predation risk (Paper I, IV). It further appeared that reduced 

amount of predators in the winter of 09/10 allowed sprat to be more dynamic in terms of vertical 
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distribution as observed by high fluctuations in their weighted mean depths that year (see below, 

Paper II). 

Acoustic studies of sprat behavior 

The comparison of four winters unveiled recurrent distributional patterns among the overwintering 

sprat. Some processes were inferred as “general” behavior for sprat. However, the long-term 

acoustic study also revealed shifting behavioral modes and changes in distribution both within the 

same overwintering period and between different years (Paper I-IV). A range of behaviors were 

established also at an individual level (Paper III and IV). In the following section, the most 

important results related to diurnal and nocturnal behavior of sprat will be highlighted. DVM 

behavior and vertical distribution of sprat in light of different environmental conditions will be 

discussed with focus mostly on overall collective behavior and on results from paper I and II. 

Individual DVM behavior assessed in paper IV is also included in this part, while other individual 

behavioral modes addressed in paper III and IV are treated separately below.  

 

Sprat in hypoxic conditions 

Clupeids are known to tolerate low levels of dissolved oxygen (Neuenfeldt & Beyer 2003, 2006, 

Kaartvedt et al. 2009). Kaartvedt et al. (2009) reported the lower tolerance level of sprat to be at ~ 

7 % O2 saturation, which closely match the results from paper II showing that sprat generally 

avoided waters with O2 content less than ~ 0.7 mL O2 L-1 at temperatures of 8–9 °C. However, 

Paper IV documents that sprat can dive into waters with oxygen concentrations even below 0.45 

mL O2 L-1 for short periods. 

 

Diurnal swimming behavior  

Diurnal swimming behavior and vertical distribution of sprat varied according to oxygen content 

(Paper I, II). In winters when the lower half of the water column was severely hypoxic, the sprat 

schooled in mid-waters above the hypoxic interface of ~ 0.7 mL O2 L-1 during day (Paper II). 

Schooling is normally the diurnal swimming behavior displayed by sprat (Cardinale et al. 2003, 

Nilsson et al. 2003, Paper II), a behavior that is generally interpreted in terms of predation 

avoidance (Magurran 1990), and/or increased feeding (Pitcher et al. 1988). However, in the winter 

when minimum oxygen levels were barely hypoxic (~ 2 mL L-1) and the vertical range that sprat 

could potentially inhabit was twice as deep (0 -150 m) as the other years, most sprat did not school, 

but rather swam solitarily in bottom waters (Paper I). While light levels at ~ 60 m probably 
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imposed schooling as an anti-predation strategy, the limited amount of illumination that extends 

down to bottom waters (120–150 m) may have provided sufficient protection without schooling. 

Alternatively, the luminance threshold for schooling was too low in the deep (Glass et al. 1986). 

We suggest that the oxygen conditions in 05/06 permitted the majority of the overwintering sprat 

to replace schooling by a different anti-predation strategy; “hiding at depth” (Paper I). 

 

Diurnal “rise-and-sink” swimming behavior 

The close proximity of the bottom-mounted echosounder to the deeply distributed sprat in 05/06 

enabled detailed study of their unusual non-schooling behavior. They displayed a characteristic 

“rise-and-sink” behavior by swimming alternately up and down, generally with a low speed of 

about one third of a body length per second (~ 3.5 cm-1) (Paper I). In accordance with Huse & Ona 

(1996) and Kaartvedt et al. (2009) who previously reported on this behavior in overwintering 

herring and sprat, we ascribe such swimming to negative buoyancy. The prevalence of this 

behavior among clupeids thus reflects the effect of swimbladder compression by depth (Nero et 

al. 2004).  

 

Solitary swimming in near-bottom waters was only carried out by adult, non-feeding sprat (Paper 

I), and their behavior suggests an “energy/predation trade off”-strategy (Houston et al. 1993), 

where predator avoidance is prioritized at the expense of feeding. Similar predator-avoidance 

strategy may relate to overwintering herring that tend to hide in deep trenches prior to spawning 

(Skaret 2007, Langård et al. 2014). 

 

In Bunnefjorden, piscivorous predators are commonly distributed at depths shallower than 100 m, 

(Kaartvedt et al. 2009, Paper II). This is above the diurnal depth of the rise-and-sink swimming 

mode of sprat the winter of 05/06. The deep basin of Bunnefjorden may therefore be feasible for 

overwintering in terms of hiding from potential predators. We note that the length distribution was 

highly dominated by adult/mature sprat in this only winter when oxygen conditions in deep waters 

were sufficient to be inhabited at the start of the overwintering period.  

 

Nocturnal behavior  

Sprat never schooled at night (Paper II, IV). Hence, transition between diurnal and nocturnal 

behavior of sprat involved dispersal- and aggregation of schools (Paper II) (except for deeply 
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distributed sprat in 05/06). A wide range of “behavioral tasks” were carried out among the non-

schooling sprat between sunset and sunrise (Paper IV). Such patterns, and their corresponding 

swimming speeds will be further described in the section of individual behavior.  

 

Vertical distribution and DVM behavior 

Sprat commonly migrate to shallower depths during dusk (i.e. carries out normal DVM) (Cardinale 

et al. 2003, Nilsson et al. 2003, Kaartvedt et al. 2009). This was also the general pattern observed 

for the overwintering sprat. Nevertheless, the migration patterns varied and included both normal 

and asynchronous DVM, interrupted vertical migrations, and fish with a deeper nocturnal than 

daytime distribution (Paper II, IV).  

 

For planktivorous fish, the normal DVM behavior presumably relates to feeding on abundant prey 

in shallow waters when low light levels provide low predation risk (Levy 1990). Sprat is a visual 

predator (Arrhenius 1998) and other studies have documented highest feeding activity either 

shortly after sunrise (Cardinale et al. 2003) or just before sunset (Voss et al. 2003, Falkenhaug & 

Dalpadado 2014). Sprat may however also feed at night (Bernreuther 2007). In this study, the sprat 

seemingly adjusted their diel feeding pattern according to vertical distribution of their prey, and 

possibly also in relation to predator abundance. This was inferred because daytime feeding 

occurred in 07/08 when the preferred Calanus spp. was present in deep waters, whereas nocturnal 

feeding at shallow depths apparently prevailed in the winter of 09/10 when large amounts of small 

copepods were present in upper layers (Paper II).  

 

Common for all winters was that sprat displayed a bimodal vertical distribution with one part of 

the overwintering group distributed in upper waters and one part in deeper waters (Paper I-IV). 

Such group-wise variability in terms of vertical habitat selection is supposedly common in sprat 

(Nilsson et al. 2003). We suggest that separation into a shallow and deep mode reflects size 

differences in the group (based on trawl catches), with the smaller individuals being more active 

in upper, illuminated waters, and the larger individuals displaying a more-risk aversive behavior 

(e.g. Rosland & Giske 1997, Staby et al. 2013, Paper II). Yet, such distributional pattern is 

seemingly not static. Interactions between the two modes by solitary sprat were acoustically 

detected in all winters, particularly at night (Paper IV), but occasionally also during the day (Paper 

I). In addition to the changing state of hunger that might play a role in asynchronous migrations 
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(Pearre 2003), different “personality” traits of for example shyness and boldness (Brown et al. 

2005, Wolf et al. 2007), might to some extent explain deviating behaviors. Also, surfacing 

behavior of rapid excursions to- and from the surface occurred at night, contributing to the flux of 

individuals migrating between the shallow and deep groups of sprat (Paper III, see below). 

 

Relations to light 
 
Timing of DVM patterns were assessed in relation to light in the winter of 07/08 (paper IV), a 

winter when hypoxia prevailed below 65 m depth. Sprat then schooled at ~ 55 m during daytime 

and while schooling they initiated an upward migration about 1 h prior to sunset. While some 

migrated all the way to the surface, other individuals interrupted the ascent when at ~ 20 m, and 

returned solitarily to deep waters approximately 20 min after sunset, termed “dusk descent”.  

Previous acoustic studies on clupeid school dynamics suggest that dissolution of schools at dusk 

is slow and generally caused by passive dispersion as light decreases (Cardinale et al. 2003, 

Nilsson et al. 2003). This does not concur with the distinct dusk descent behavior detected in this 

study. The immediate change of direction with a relatively rapid downward swimming speed (~ 

10 cm s-1) indicate that these sprat actively left the schools, also evidenced in other winters (Paper 

I, Kaartvedt et al. 2009). A swimming speed of 1 bl s-1 is moreover about four times faster than 

apparent passive sinking rates documented in the rise-and-sink swimming. 

 

Sprat aggregated close upon the oxycline (~ 65 m) after performing dusk descent and once again 

migrated upward for a short period at dawn. They initiated upward migrations to ~ 20 m less than 

1 hour before sunrise (“dawn rise”), followed by a subsequent return to deeper waters ~ 30 minutes 

later. End of dusk descent and initiation of dawn ascent concurred with ending and beginning of 

the brightest form of twilight throughout the entire season (Paper IV). We propose the distinctive 

patterns mainly reflected a foraging strategy in accordance to the “anti-predation window” model 

(Clark & Levy 1988, Scheuerell & Schindler 2003) when sprat could optimize feeding 

opportunities while risk of being preyed on by visual predators was relatively low. Dusk descent 

and dawn ascent behavior seemingly paralleled each other, and the movements were also 

performed within matching depth ranges. Yet, the behavioral modes did not relate to corresponding 

light levels as initially hypothesized. Dawn ascent was concluded at surface light intensities less 

than 1 µmol m-2 s-1, whereas dusk descent was initiated at levels about twice as high (Paper IV). 

Because the dark-to-light adaptation in the retina is more rapid than the light-to-dark adaptation 
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(Ferwerda et al. 1996), it is possible that fish are more efficient in detecting prey at low light 

intensities in the morning than in the evening.  

 

Impact of ice 

The approach of up-ward facing echosounders applied in this study proved to be a successful tool 

for under-ice studies. Responses by sprat to ice conditions could be addressed over the entire water 

column, and it was clear that ice impacted sprat’ swimming behavior as well as their vertical 

distribution (Paper I).  

 

In the winter of 05/06, the weighted mean depth of the group became shallower during day and 

night subsequent to ice covering.  Sprat also changed diurnal swimming behavior from rise-and-

sink swimming in near-bottom waters to schooling in mid-waters. Possibly, the ice cover created 

a “shadow effect” which made the sprat shift their anti-predator strategy from hiding at depth to 

hiding in schools in the darker waters resulting from the ice cover. Days with heavy snowfall (25 

cm snow depth) during the period of ice conditions revealed that both sprat schools and krill 

responded to reduced illumination by moving upwards in the water column (Paper I). Such thick 

snow layer can reduce transmittance through the ice by an order of magnitude (Maykut & Grenfell 

1975). Later studies (Papers III) furthermore documented effects of ice covering on filling of the 

swim-bladder and associate buoyancy. Staying higher in the water column subsequent to the fjord 

froze over might have been beneficial with regard to saving energy (see below).  

 

At nighttime, sprat accumulated in dense aggregations underneath the ice (Paper I). This behavior 

parallels observations made of the arctic cod Boreogadus saida that has a tendency to move 

underneath drifting ice (Crawford & Jorgenson 1993). Experimental studies of salmon suggest that 

ice cover is beneficial in terms of shelter and rest (Finstad et al. 2004). However, the acoustic 

backscatter ascribed to sprat declined in the period after the ice covering event in 05/06, suggesting 

that part of the sprat group left the overwintering basin of Bunnefjorden from February and 

onwards (Paper I). Ice conditions may constrain the physostome sprat in terms of buoyancy 

regulation (Paper III), which might have caused the sprat to seek ice-free waters. Further discussion 

on this subject follows in the section of surfacing behavior.  
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The fjord froze over also during two of the other winters, which allowed further studies and 

comparison of the effect of permanent ice cover (Paper II). Results from the winter of 08/09 

corresponded well with findings from the winter of 05/06 in that the sprat distributed shallower 

concurrently with the fjord freezing over and that the majority of the assemblage gathered in layers 

close under the ice at night. An apparent response to ice was less clear the third winter ice 

conditions prevailed (09/10), yet nocturnal sprat aggregations under the ice were also observed 

this year (Paper II).  

 

Surfacing and gas-release behavior 

The aim to study surfacing behavior of individual sprat (Paper III) required enhanced resolution 

in upper waters. This need was addressed by deploying additional echosounders floating at 30 m 

(200 kHz) and 80 m depth (120 kHz). This approach also enabled detection of the echoes from gas 

bubbles released by sprat (Fig. 10). 

 

A significant correlation between surfacing and gas release in ice-free waters (Paper III) supports 

the interpretation that surfacing among physostomes is related to gulping of atmospheric air 

(Brawn 1962, Blaxter & Batty 1984). The surfacing activity of sprat increased after the fjord 

became ice-covered, (daily surfacing rate was ~ 3.5 times fish-1 in ice-free conditions and ~ 12.5 

times fish-1 in ice-covered waters), whereas daily gas bubble releases decreased dramatically (~ 70 

times fish-1 and ~ 2 times fish-1 prior to- and after ice covering, respectively) (Fig. 11). 
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Figure 11. Barplot showing the 
average rate of surfacing per fish per 
day (upper) and the average rate of 
gas release per fish per day (lower) 
during the period before the fjord 
became ice covered, during ice 
coverage, and after the ice had 
melted. The error bars depict 95 % 
confidence interval. 
 

Figure 10. Acoustic records 
from November 11th – 12th 2009 
(200 kHz) showing surfacing 
sprat in the evening (upper) and 
sprat releasing gas (lower) in the 
following morning.  
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Gas release in herring is previously reported (Thorne & Thomas 1990, Suuronen et al. 1997), and 

whether the gas originates from atmospheric air (e.g. Blaxter & Batty 1894), bacterial activity 

(Brawn 1962, Nero et al. 2004) or by secretion of gas (Nøttestad 1998), is debated. Findings in 

paper III suggest that gas release and surfacing are linked behaviors, hence supporting the 

hypothesis of atmospheric air being the source. It is also debated whether gas release in 

physostomes is a physiological response triggered by reduced ambient pressure (Brawn 1962, 

Thorne & Thomas 1990, Wahlberg & Westerberg 2003), a behavioral response to stress (Wilson 

et al. 2004, Hahn & Thomas 2008) or predator attacks (Nøttestad 1998). Or that associated sound 

perhaps is used for intraspecific communication so as to keep contact in the dark (Wilson et al. 

2004). Except from the fact that sprat mainly released gas during night time, there was an apparent 

lack of a consistent pattern of gas release in relation to specific movements or situations, and we 

have not drawn conclusions on the function of this behavior (Paper III).  

 

The vertical swimming speed during surfacing depended on environmental conditions. It was 

considerably higher during descent than ascent, particularly when the fjord was not ice-covered 

(ascent and descent speed of ~15 cm s-1 ~ 30 cm s-1 in ice free conditions, respectively). The high 

descent rate after assumingly gulping air at the surface may be explained by the need to generate 

extra thrust to counteract positive buoyancy. This corresponds to a behavior observed in seals and 

sea birds that may strike heavily during the initiation of a dive to overcome the hydrostatic force 

(Sato et al. 2003, Lovvorn et al. 2004, Watanuki et al. 2006).  

 

A different surfacing behavior was displayed in ice-covered waters, as the sprat then repeatedly 

ascended towards the ice (Fig. 12). Such behavior was interpreted as “searching for the surface”, 

and resembles behavior observed among Atlantic salmon when being denied access to air in a 

submerged cage (Korsøen et al. 2012). In sprat, negligible gas release during the period with ice 

indicated unsuccessful gulping for air. Several studies of salmonids have shown that denial of 

surface access leads to negative buoyancy and may cause increased mortality, reduced welfare 

(Ablett et al. 1989), and deformation in the vertebrae due to tilted “tail-down head-up” swimming 

(Korsøen et al. 2009). Behaviors to compensate for negative buoyancy may, in addition to rise-

and-sink swimming (Huse & Ona 1996, Paper I), include increased swimming speed (Dempster 

et al. 2009) and tilted swimming (Huse & Ona 1996, Strand et al. 2005). Based on findings in this 

thesis (Paper I, IV), it can be inferred that negative buoyancy is a rather usual state for this 
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physostome fish. The frequent surfacing behavior documented in paper III, including the 

consistent pattern of repetitive ascents underneath ice cover, further suggest that access to 

atmospheric air is important for sprat. It also indicates that hampered surface access represents a 

constraint.  

 

Environmental-based analyses have suggested that productivity of Baltic sprat is positively 

correlated with mild winters and less ice cover (MacKenzie & Köster 2004). More research is 

currently needed to uncover the disadvantages ice may pose for physostomes, but one hypothesis 

can be that ice conditions lead to increased energy expenditure related to swimming. In the setting 

of global warming, reduced ice coverage with consequent altered access to the surface is then 

potentially a favorable change for temperate physostome fish, perhaps particularly for the species 

in fresh water habitats where ice formation is more common. 

 

It is uncertain whether surfacing in sprat can also be linked to their capability of occupying hypoxic 

waters, for example by using oxygen from the swimbladder for respiration like some fish do 

(Lefevre et al. 2011). In this study, we found no evidence of change in frequency of the surfacing 

events after the fjord apparently became more oxygenated from mid-February.  

 

    

Figure 12. Acoustic records (200 kHz) from when the fjord was ice covered in February 2010 showing two 
examples of sprat that repeatedly ascend towards the surface before swimming down. 
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Surfacing behavior and Target Strength 

Air in the swimbladder accounts for more than 90 % of the TS in fish (Foote 1980a), and TS-

values were significantly stronger of sprat when descending in ice-free waters versus descent when 

the fjord was ice covered (~ 0.8 dB). This supports the assumption that sprat gulped atmospheric 

air when surfacing. If these findings also apply to other physostomous fish, one may speculate 

whether TS of such fish is stronger right after sunset when surfacing is predominant and gas release 

less frequent (as observed in sprat). 

 

Both with, and without ice, TS was stronger during descent than ascent (Paper III). All tracks were 

registered within the same depth interval, while sprat were carrying out excursions to the surface 

(~ 20 m – 0 m). Pressure was therefore less likely a determining factor for the varying echo 

strength. Rather, this variation is probably explained by a tilt angle difference (see Box 3). Røstad 

(2006) reported that ascending sprat scatter less echo than descending tracks, due to the orientation 

of the swimbladder, which is angled upwards relative to the body axis (Box 3). The measured TS 

strength also related to swimming speed. Røstad (2006) found the strongest TS when sprat 

descended with a low speed of ~ 3 cm s-1, while lower or higher vertical speed (in either direction) 

gave significantly weaker values. In coherence with Røstad (2006), it is likely that the unusual 

high downward swimming speed after surfacing in ice-free conditions (~ 30 cm s-1) actually 

resulted in a relatively weak TS due to a steep tilt angle. Since descent rate was slower when the 

fjord was ice covered, this difference adds to the argument that filling of the swim bladder was 

unsuccessful, i.e. with similar diving speed the difference in TS with and without ice would have 

been greater. The difference in TS of ascending sprat from the periods with and without ice actually 

differed by ~3 dB (Paper III).  

 

TS is dependent on the echosounder’s operational frequency. Effect of tilt angel on target strength 

increases with increasing frequency (Miyanohana et al. 1990, Gauthier & Horne 2004), and for 

detection of surfacing, a high-frequency, 200 kHz transducer was used. 
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Certainly, TS-measurements made in situ must be interpreted with caution due to the various 

factors interacting, and affecting echo strength. Nevertheless, the fact that TS of sprat was 

significantly lower in ice-covered waters than in ice-free waters independent of swimming 

direction, implies that hindered access to atmospheric air reduces TS in sprat. This indirectly 

agrees with the experimental study of Blaxter and Batty (1984) who reported high reduction in 

swimbladder volume of herring after seven days of being denied access to atmospheric air. 

Reduction in surface integrated acoustic backscattering was detected subsequent to ice-covering 

in both paper I and III. It is a possibility that the low sa during ice conditions was caused by weaker 

TS since sprat seemingly could not replenish their swimbladder volume.  

 

Paper III represented the first attempt to quantify diel frequency of surfacing- and gas-release of a 

physostome fish. Besides revealing that these are behavioral modes sprat display daily, the results 

indicate that air gulping has an effect on the acoustic properties of sprat. These findings are 

important considering the potential implications this can have for reliable stock assessments of 

forage, physostome fish.  

 

Individual nocturnal swimming behavior 

As already outlined, a range of behavioral patterns were recorded at night and are further analyzed 

below, with focus on results from paper IV. A summary of the DVM patterns and nocturnal 

swimming behaviors performed by sprat that winter is shown in Fig. 13, together with schematic 

distributions of potential prey. Swimming speed differed between the various behavioral traits 

Box 3. About tilt angle 

 Tilt angle of a fish is defined as the angle of the body to the horizontal plane. 
 TS is strongest when the main backscattering component (i.e. swimbladder) is perpendicular 

to the transmitted sound wave (Foote 1980b). 
 In several species, the swimbladder is not horizontally oriented along the axis of the body, 

but angled upwards at the anterior end. It commonly differs from the body aspect with an 
angle between ~ 5-10º, as for example is the case for cod, saithe, herring and sprat (Blaxter 
& Batty 1990, Gorska & Idczak 2010).  

 For these fishes, a slight head-down orientation would make the swimbladder axis lay more 
parallel to the sound. Conversely, if the fish is tilted upwards, the angle of the swimbladder 
relative to the horizontal will be steeper, creating a weaker TS.  

 For example, Nakken & Olsen (1977) found TS of cod and saithe to be strongest when the 
fishes had negative tilt angles of 7-11º, meaning a body posture with the head tilted down.  
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outlined in Figure 13, as summarized in Figure 14 for the studies in paper IV. These distinct 

differences in swimming speed underline the reference to separate behavioral traits.  

 

 

 

Figure 13. Schematic overview of the DVM- and nocturnal behavior of sprat. Sprat schools initiated normal 
DVM 1 h prior to sunset. While some sprat migrated all the way to surface waters, other individuals 
interrupted the ascent, left the schools and returned to deep waters (“dusk descent”). Descending sprat 
accumulated near the interface of oxygen depleted waters (depicted in red) where they continued with 
solitary “rise and sink” swimming. A “surfacing behavior” was dominant 1-2 hours after sunset. 
Interactions between the surface and deep group occurred (“interchanges”). Sprat close to the minimum 
oxygen boarder occasionally dived into the highly oxygen depleted waters, followed by an immediate return 
to the interface (“hypoxic diving”). All sprat from the deep layer initiated an upward migration ~ 1 h prior 
to sunrise (“dawn ascent”). The sprat merged with descending sprat from upper layers, with a subsequent 
return to deeper waters, then while schooling. Abundance and distribution of krill, small copepods and 
overwintering Calanus spp. are denoted in the figure. 
 

 

Swimming speeds related to surfacing has been outlined earlier and adds to the information in Fig. 

14. These were the highest recorded for any behavior, being about 15 cm s-1 and 30 cm s-1 in ice 

free waters for ascent and descent, respectively. The following will elaborate on two of the traits, 

nocturnal rise-and-sink swimming and hypoxic diving. 
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Figure 14. The sprat’ average vertical swimming speed during various behavioral modes; upwards 
swimming in the afternoon (schools), “dusk descent”, sinking in “rise-and-sink swimming, hypoxic diving, 
“dawn ascent” and downwards swimming in the morning (schools). Error bars are standard deviations. 
 

 

Nocturnal rise and sink swimming 

Sinking speeds in rise-and-sink swimming performed among sprat at depths between 55 and 65 m 

(above an hypoxic interface) were ~2.5 cm s-1 (Paper IV). In comparison, sinking rates documented 

in paper I for near-bottom distributed sprat were 3.5 cm s-1. This > 30 % higher sinking speed in 

deep waters supports the interpretation that this swimming pattern relates to negative buoyancy as 

of swimbladder compression in physostomes (Huse & Ona 1996, Nero et al. 2004), which will 

have an increased effect by depth. The observations further indicate that sprat may have a negative 

buoyancy state from at least 55 m depth. Although their swimming technique is considered 

beneficial in terms of energy savings (Fish 2010), costs associated with negative buoyancy are 

likely not negligible. Different sinking rates imply that energy budgets for locomotion will vary 

with depth and therefore may affect the sprats’ vertical habitat selection.  
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Hypoxic diving 

Sprat displaying rise-and-sink swimming above the hypoxic interface occasionally dived into more 

oxygen depleted waters (Fig. 15). We propose that these dives were carried out in the attempt to 

forage on the preferred prey, Calanus spp., that was present in particularly high concentrations at 

~ 80 m that winter. Acoustic records of fish apparently targeting echoes ascribed to Calanus spp. 

further support this assumption (Fig. 15). Feeding on zooplankton aggregating in hypoxic waters 

has also been indicated in juvenile anchovies (Anchoa spp.) (Taylor et al. 2007) and mud minnows 

(Umbra limi) (Rahel & Nuntzman 1994).  

 

 
 
Figure 15. Acoustic record (200 kHz) from March 6th 2008 showing a single fish diving ~20 m into oxygen 
depleted waters before returning towards the fish layer above. The diving depth of the fish corresponds with 
the depth of a dense layer ascribed to overwintering Calanus spp. 
 

The short-termed “hypoxic dives” revealed that sprat could withstand oxygen levels lower than 

0.45 mL O2 L-1 (paper IV). The results suggest maximum exposure time of ~2 min (2.0 ± 0.7 min, 

n = 145) for sprat at such oxygen concentrations, in waters of 8 ºC. A limiting effect of such levels 

of hypoxia was indicated by a significant reduction in total diving time between dives from 

December and dives from February, when oxygen levels had declined with only 0.2 mL O2 L-1. 

Tactile foraging, e.g., prey being located by the lateral line system (e.g. Janssen et al. 1995), may 

have been the feeding strategy of sprat during such night dives. This is less efficient than prey 

search by sight (Sørnes & Aksnes 2004). However, the lipid reserves Calanus spp accumulate 
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during diapause (Svetlichny et al. 2006, Wilson et al. 2015), would make them attractive prey 

organisms and so the energy bonus might have justified the hypoxic excursions.  

 

The discovery of hypoxic diving in sprat adds new information on the behavioral repertoire of this 

fish. Their potential ability to exploit oxygen depleted waters may contribute to their winter 

survival in northern, hypoxic areas. Zooplankton abundance in upper waters are generally low 

during the unproductive winter months (Cushing 1975), and as found in paper II, hypoxia-tolerant 

overwintering copepods may then represent the main potential food source for zooplanktivores. 

Increased occurrence and severity of hypoxia is a growing global phenomenon (Rosenberg & Diaz 

2008). The evident flexible behavior of sprat and their tolerance for low oxygen content could 

make them rather resilient to changes imposed by such ecosystem shifts.   

AUTHORS’ THOUGHTS ON POTENTIAL IN DATA SET 

There is considerable potential for further studies in the rich dataset of this study. The data are 

well-suited for more specific analyses of school dynamics of sprat, with time series available for 

vertical school counts, investigations of shape, size, and packing density, as well as examinations 

of structural changes and the responses of schools to predator attacks, which was occasionally 

observed during daytime (not shown). Following up on work from paper IV, further assessments 

can also be done on the variability of school structure during the crepuscular time periods, and on 

the formation and disruption processes that happen around dawn and dusk.  

 

Results from paper III and IV on surfacing behavior and rise-and-sink swimming motivate further 

studies on the individual level. The data from the winter 09/10 allow for comparisons between 

sinking rates in ice-free waters versus ice-covered waters, and could be used to further test the 

importance of surfacing for buoyancy. We would hypothesize higher sinking rates in ice-covered 

waters, when sprat presumably do not attain atmospheric air from the surface for refilling their 

swimbladder (Paper III). If the hypothesis is confirmed, the measured sinking rates can be used to 

calculate potential metabolic costs related to the extra compensatory swimming required under ice.  

 

The surfacing behavior was followed by nocturnal gas release when the fjord was not ice covered. 

The function of such gas-release has been debated, including that it may play a role in 

communication between individuals in the dark (Wilson et al. 2004). Further analyses of patterns 
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of gas release, i.e. if there are particular temporal patterns in which gas release from many 

individuals are correlated or the release is random, may be applied in addressing hypotheses of 

potential functions. 

APPROACHES AND JUSTIFICATIONS 

Individual echoes 

All echograms in this thesis show volume backscattering strength (Sv), regardless of whether they 

display multiple or single targets. An alternative display of the echo strength of single targets 

would be in terms of their TS. Echoes in TS echograms are corrected with respect to the TVG-

function 40 Log R, instead of the function applied for integration of multiple targets (20 Log R). 

However, restrictive criteria for detection of echoes from single targets may create fragmented 

trajectories in TS-echograms, and can make them less suitable to display behavioral patterns. 

Because the main purpose with the echograms was to show behavior and distributional patterns, 

an accurate echo-strength presentation was traded-off against a more compatible presentation of 

Sv-echograms, so that individual- and collective behavior in various settings could be compared. 

Reports on echo strength made of single targets, i.e. rise-and-sink swimming sprat (Paper I, IV), 

potential predators of sprat (Paper II), surfacing sprat (Paper III) and sprat diving into hypoxic 

waters (Paper IV), were nevertheless based on TS-echograms. Echoes in SED-echograms (Single 

Echo Detection) in which Target Tracking (TT) were performed are compensated for any off-axis 

position in the beam. They are also corrected according to the 40 Log (R) TVG-function, to 

represent real echo strength values.  

 

Echo integration 

Echo integration was performed at one single Sv-threshold during each winter, from which 

estimations of relative quantity of sprat and weighted mean depth were based. It was assumed that 

sprat was the major source of backscatter at the chosen threshold. This appears a reasonable 

assumption since the dominant fish component at the study site was sprat in all winters. Yet, 

inclusion of other backscattering sources is to some extent inevitable with such generic approach. 

The biggest inclusion of other targets would likely have been in the winter of 07/08, when herring 

contributed about 7 % in the catches. 
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Krill was another potential contributor to backscattering during three of four winters, and affected 

the chosen threshold for echo integration. Previous in situ measurements of krill in the Oslofjord 

indicate an average TS of -72.3 dB at 120 kHz (Klevjer & Kaartvedt 2006), whereas average TS 

of overwintering sprat is -53.4 dB at the same frequency (Røstad 2006). The applied Sv-threshold 

of -65 dB appeared suitable for excluding backscatter of krill in the winter of 05/06 when a 120 

kHz echosounder was used. The integration threshold was further heightened to -60 dB in the 

winter of 07/08 and 08/09 when a high-frequency, 200 kHz transducer was applied, and detection 

of echoes from smaller organisms (even mesozooplankton) was enabled. Most krill backscatter in 

Bunnefjorden were sorted out at the threshold of -60 dB, as illustrated in Figure 16, but in the case 

of dense aggregations, echoes from multiple krill targets can exceed this threshold. It is therefore 

likely that echoes ascribed to krill became included in the integration results in some occasions. 

We justify that such limited inclusion of krill echoes has not affected overall conclusions presented 

in this thesis. Changes in the sprat’ vertical distribution inferred from integration results matched 

with overall vertical distribution and behavior observed in the echograms (e.g. the evident change 

of sprat moving higher up in the water column during ice covering was timely mirrored as 

shallower WMD).  

 
 
 

 
Figure 16. Acoustic records (200 kHz) from the January 2008 showing total acoustic backscatter at three 
different thresholds; -80 dB (left), - 70 dB (middle) and -60 dB (right), which was the applied threshold for 
echo integration during 07/08 and 08/09. 
 

 

In the study of paper III numerical density of sprat was calculated based on echo integration. This 

was the winter of 09/10 when the use of a low-frequency transducer (38 kHz) and negligible krill 

presence allowed integration at -73 dB, and estimates with higher precision could be made. In this 
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case, a fixed TS-value for sprat was used in the conversion from sa to sprat density (-48.2 dB from 

38 kHz). This is a simplified application of TS which, as shown in paper III and discussed above, 

may vary with both physical factors (pressure and ice conditions) and behavioral modes (e.g. 

surfacing, gas release and tilt angle).  

STATIONARY ECHOSOUNDERS 

The land-based setup of this study allowed the echosounders to operate continuously through four 

winters and collect measurements with a time resolution of seconds, thereby providing a unique 

high resolution dataset. Minimum maintenance was required and data acquisition was reliable 

throughout the whole period. Such relatively simple, cabled observatories that we have pioneered 

have also other advantages. For example, they can be easily moved according to the particular 

scientific questions. In contrast to most, and much more advanced, cabled observatories that 

currently are being established worldwide (Malakoff 2004), the “home-made” version used in our 

studies can be moved among locations. This is particularly valuable in a country like Norway, 

where fjords offer near-shore deep habitats that can be used as model studies of deep-living 

organisms. Fjords can differ considerably in their topography and biota and therefore provide 

several near-shore habitats with different characteristics and research opportunities. To mention 

some examples, this approach has been used for studies of deep-sea jellyfish in a fjord dominated 

by this taxon (Kaartvedt et al. 2015), swimming behavior of individual krill has been studied in a 

calm and sheltered location, thus facilitating measuring the biological component of movements 

(Klevjer & Kaartvedt 2011). Diel vertical migration behavior of mesopelagic fishes has 

furthermore been addressed in locations that have enabled continuous and long-term studies of 

these, otherwise rather inaccessible organisms (Staby et al. 2011, Dypvik et al. 2012). 

 

An important aspect that follows the use of acoustic methods is “groundtruthing” of data. Target 

characterization is under constant improvement along with the ongoing development of 

technology, as exemplified by the relative new wideband echosounders that can transmit several 

frequencies across one single transmission. The incapability of identifying targets with absolute 

certainty is anyway a well-known limitation associated with acoustic methods and thus, sampling 

of biological components should ideally always supplement acoustic studies.  
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In this study, ample sampling was performed to identify acoustic scattering layers and targets, to 

classify and estimate zooplankton abundance, as well as to map the physical conditions of the 

study site. However, with respect to the biological questions addressed we would ideally have 

liked to sample with higher temporal resolution, covering full 24 h cycles on some occasions. 

Continuous trawling for sprat throughout all hours of day would have allowed stomach content 

analyses from midnight, as well as at specific times of dusk and dawn. This could potentially have 

enhanced our understanding of the underlying mechanisms behind the modes of hypoxic diving, 

dawn ascent and dusk descent (Paper IV). This said, comprehensive sampling regimes can be 

difficult to achieve in practice, as they are often restricted by factors like ship-time, logistics, 

instrumentation and funding.  

 

For mapping of environmental parameters, more cost-effective methods can be applied to obtain 

measurements of high temporal resolution. There are examples in this study where continuously 

operating instruments where highly useful. One of them is the deployment of an autonomous, 

portable CTD-probe in the winter of 05/06. This instrument provided measurements every second 

and, hence, precise timing of water renewal and sudden alteration of water temperature at depth 

could be documented. This instrument contributed with valuable data for publications on krill 

(Klevjer & Kaartvedt 2011) besides sprat (Paper I). Also, a web camera provided valuable hourly 

pictures and revealed the exact timing of ice formation and melting at the study site, a physical 

factor that proved to be an important element of this study. 
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CLOSING REMARKS 

This study has revealed that the overwintering strategies of sprat are flexible and highly diverse. 

Their strategies may change with varying environmental conditions and also differ between 

individuals within a group. The use of stationary, submerged echosounders proved to be a powerful 

tool for establishing the behavioral modes of sprat. The findings underline that studies of 

individuals may provide new knowledge on behavioral traits that do not appear from population 

studies, particularly emphasized by the novel information reported on surfacing behavior and 

hypoxic diving behavior.  

 

How different physical and biological factors affect fish behavior was demonstrated in this thesis: 

Oxygen content, light, ice, temperature and hydrostatic pressure were all parameters that 

apparently shaped the vertical distribution and swimming activity of sprat, and the coupling 

between feeding and predator avoidance seemingly created a dynamic and mixed DVM behavior. 

Sprat was, in 2016, upgraded from a category as a “low threat” to a “near threatened” species of 

extinction in Norway due to population decline in Norwegian waters (Henriksen & Hilmo 2015). 

There is generally little knowledge about migration patterns and population dynamics of 

Norwegian coastal sprat, and the reason behind reduced landings of sprat in the fjords are 

uncertain. The findings of this work underline the importance of conducting long-term studies in 

order to obtain a better understanding of these matters. This is shown by high variation in physical 

and biological conditions between winters and the associated highly varied feeding ecology and 

behavioral responses observed in the course of four years. The value of identifying the processes 

that generate ecological heterogeneity in biological systems was recently pointed out by Schindler 

et al. (2015), who suggested such mapping to be an effective strategy for risk management and 

conservation of ecosystem functions and species.  

 

All in all, this thesis has provided new and unique information on the dynamic conditions that 

overwintering sprat may encounter, and how the fish deal with the shifting challenges and 

opportunities. Such knowledge is of value for potential monitoring programs of this important 

forage fish.  
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