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INTRODUCTION

Hypoxic and anoxic marine environments have
existed through geological time, but their occurrences
are increasing, and oxygen budgets of many coastal
ecosystems are now adversely affected by eutrophica-
tion (Diaz 2000). Hypoxia has direct influence on the
fauna through exclusion of non-tolerant species, and
many species disappear when oxygen values approach
~2 ml l–1 (Diaz 2000). There are also more subtle effects
generated by hypoxia, such as on the interaction
between predators and prey with different oxygen tol-
erances (e.g. Breitburg et al. 1997, Nestlerode & Diaz
1998, Keister et al. 2000, Robb & Abrahams 2003).
Upwelling regions and other coastal ecosystems sus-
tain large fish stocks, and these regions are where
hypoxic waters are most likely to occur (Helly & Levin
2004). To understand and manage marine ecosystems
it is necessary to unveil the effect of hypoxia on indi-
vidual species as well as predator–prey interactions.

Oxygen concentrations often decrease with depth,
and hypoxia in deeper layers can strongly affect the
vertical distribution of fish species (Domenici et al.
2007). Hypoxia may limit the inhabitable water col-
umn, enhancing vertical overlap between predator
and prey with resulting higher prey mortality (e.g.
Keister et al. 2000). On the other hand, hypoxic waters
may provide refuges for prey that are more tolerant
than their predators. In the absence of such hypoxic
refuges, the predators can reduce or completely wipe
out the prey population (Horppila et al. 2000, Klumb et
al. 2004). Therefore, whether hypoxia shifts the bal-
ance in favor of the predator or the prey depends on
their relative tolerance to hypoxia (Domenici et al.
2007).

Robb & Abrahams (2003) argued that within and
between species, smaller fish were the most tolerant of
hypoxic environments since their gill areas and red
blood cells are larger relative to body volume. Hypoxic
environments therefore have the potential of serving
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as a refuge from the bigger predators (Robb & Abra-
hams 2003). However, Nilsson & Östlund-Nilsson
(2008) concluded that body size, per se, has little or no
impact on the ability to take up oxygen during hypoxic
conditions, and that natural selection is more important
in determining fish hypoxia tolerance than scaling of
physiological functions.

Gadoids and clupeids are the major fish resources of
the North Atlantic, with gadoids being primary preda-
tors on clupeids. Clupeids often occur in dense schools
and, expectedly, are adapted to hypoxia, which may
occur in the center of the schools (e.g. Domenici et al.
2002, Herbert & Steffensen 2006). This might suggest
higher tolerance to hypoxia than their gadoid preda-
tors, which may avoid low-oxygen waters (e.g. Baden
et al. 1990). Nevertheless, there are reports on cod
occurring in less oxygenated waters than their clupeid
prey (in the hyposaline waters of the Baltic; Neuenfeldt
2002, Neuenfeldt & Beyer 2006). Therefore, how oxy-
gen contents affect the predator–prey relationship
between gadoids and clupeids is not established.

The clupeid sprat Sprattus sprattus is a widely dis-
tributed and commercially exploited fish in coastal en-
vironments, including habitats characterized by hyp-
oxia in deep waters like some fjords and the Baltic and
Black Seas (Daskalov 2003, Harvey et al. 2003, Casini
et al. 2006). A clupeid relative, the herring Clupea
harengus, may inhabit low-oxygen water during win-
ter (Lie et al. 1978, Dommasnes et al. 1994), but to our
knowledge, no assessment of the overwintering strate-
gies of sprat has been published. In the present study,
we evaluate the distribution and behavior of sprat and
their gadoid predators in a hypoxic Norwegian fjord
during 4 winters characterized by different oxygen
conditions. We establish the vertical distributions of
overwintering sprat and their potential predators in
relation to the vertical profile of water oxygen content
and other environmental parameters. We also assess
the in situ behavior of individual sprat and establish
the feeding conditions and their feeding behavior in
the overwintering habitat.

MATERIALS AND METHODS

The present study took place in the ~150 m deep
Bunnefjorden, which historically has sustained fish-
eries for sprat. Bunnefjorden constitutes the innermost
part of Oslofjorden, Norway (Fig. 1), and is character-
ized by an oxygen deficit in the deep water. This is due
to very limited water exchange of the basin water, and
the consequent natural tendency for hypoxia has been
enhanced by anthropogenic influence. Oslofjorden is
connected to outer waters through a narrow sound
with a 19 m deep sill (inside Drøbak; Fig. 1), with an

additional ~50 m sill at the inlet to Bunnefjorden. The
parallel orientation of this branch with the main fjord
axis further hampers exchange from these backwaters.
Still, the deep water is normally renewed every ~3 yr,
resulting in periods with oxygenated waters extending
to the bottom (Baalsrud & Magnusson 2002).

The present study was designed to assess the distri-
bution and in situ behavior of overwintering sprat, as
well as their physical/chemical environment, potential
food sources and predators. The approach consisted of
a combination of ship-mounted and submerged echo-
sounders and sampling. We provide results from 4 win-
ters (1995, 2002, 2004 and 2005), with the major part of
the study carried out in January and February 2004
and 2005.

Salinity and temperature were measured by a CTD
equipped with 12 Niskin water bottles, from which
samples for oxygen content were obtained. Dissolved
oxygen was quantified using the standard Winkler
procedure. Additional data on hydrography and oxy-
gen were made available by the Norwegian Institute
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Fig. 1. Study sites. The anchor depicts the main sampling and
CTD station in the deepest part of Bunnefjorden, and the
arrowhead the deployment location of the bottom-mounted,
upward-facing transducer (2002). Lines depict tracks of
acoustic transects and trawling (short line: 1995; long line:

2002, 2004, 2005)
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for Water Research (NIVA). Mesozooplankton (poten-
tial prey) was sampled by a WP2 plankton net (200 µm
mesh size) at 4 depth intervals day and night (bottom
to 85/80 m, 85/80 to 40 m, 40 to 20 m and 20 to 0 m).
Samples were fixed in 4% formalin for later analysis
and enumeration.

To identify acoustic targets and get samples for size
distributions and stomach contents, pelagic trawling
was conducted day and night using a 100 m2 trawl
towed at ~2 knots. Mesh size near the opening was
20 cm, declining to 1 cm at the rear end. In total, 22
pelagic tows were performed (see Tables 1 & 2), with
trawling depth selected from acoustic structures. Sam-
pling depth was monitored during trawling using a
Scanmar trawl sensor. In winter 2002, when oxy-
genated waters extended all the way to the bottom, we
also applied a bottom trawl (1 tow).

All larger fish (piscivores) from the trawl catches
were enumerated, weighed and measured for length.
Stomachs were frozen for later identification of con-
tents. The total volume of the remaining catch (sprat)
was measured, and subsamples of 30 individuals were
frozen for later length measurements and stomach
analyses. Fishing for piscivores was also performed by
lure from the ship to provide a qualitative check on
stomach contents for which cod-end feeding in the
trawl could be excluded.

Acoustic transects to assess fish distribution were
made both day and night. The ship was surveying at 8
knots, continuously logging acoustic data at 38 kHz
(SIMRAD EK500 echosounder, 12° beam width) and
120 kHz (data not shown). For winter 1995, an
echogram (night) was provided by the Institute of
Marine Research, Flødevigen. This echogram is in-
cluded since it documents the vertical distribution of
fish in a winter when hypoxic conditions occurred par-
ticularly shallow in the water column.

For more detailed studies of vertical distributions
and swimming behavior, acoustic records were made
with the ship (RV ‘Trygve Braarud’, 22 m) kept station-
ary. This was done to follow the movements of individ-
ual fish through a non-moving acoustic beam. The ship
was moored with 3 anchors, which assured that regis-
trations were made from a fixed position in the calm
fjord environment. The major part of the fjord was ice-
free during the investigations, but registrations one
afternoon were made with the ship kept stationary at
the ice edge in the inner part of the fjord. Stationary
research vessels function as fish aggregation devices
(FADs; Røstad et al. 2006), but we do not believe
that the enhanced concentrations of fish beneath the
moored vessel affect the conclusions presented here.

The ship-mounted echosounders were used in com-
bination with submerged 120 kHz and 38 kHz (the lat-
ter only in 2005) SIMRAD EK 60 echosounders, built

into a pressure case and using 7° beam width, pres-
sure-proof transducers. The system was powered from
the ship through 300 m of cable, which also conducted
digital data back to a PC on board. This submerged
equipment was deployed to get high resolution infor-
mation on individual fish in the deeper part of the
water column. We also applied a bottom-mounted,
upward-facing transducer in 2002 (38 kHz, 7° beam
width), which enabled records from near-surface
waters. This upward-facing transducer was connected
to the EK500 onboard the RV ‘Trygve Braarud’ by
300 m of cable. Studies of individual fish swimming
behavior were made by observing echo traces on
echograms (plotted in Matlab) and by using acoustic
target tracking (TT). By applying software allocating
subsequent echoes to the same target (Sonar5-pro,
Balk & Lindem 2002), TT provides data on individual
size (target strength [TS]) and swimming behavior.
Raw acoustic data were stored for later analysis.

The large trawl aperture and lack of a closing device
prevented sampling with sufficient resolution to unveil
the relative vertical distribution of sprat and their
predators in the sharp oxycline of the fjord. Acoustic
analyses were therefore made to assess the fine-scale
vertical distribution of potential predators in relation to
the sprat. We first performed TT on data from the hull-
mounted transducer to establish the distribution of
individuals with an average TS >–38 dB; this value cor-
responded to that of the prevailing predators and was
~10 dB stronger than the peak for the sprat TS-distrib-
ution (Røstad 2006). However, fish in deep water were
too densely distributed to be resolved individually at
range. Trawl catches suggested that this backscatter
could be ascribed to sprat. This assumption was tested
using the submerged echosounders which could re-
solve both the strong targets (representing larger fish)
and smaller fish (sprat) individually even in dense,
deep concentrations. Targets with TS between –60 and
–40 dB were allocated to sprat, and targets >–38 dB to
predatory gadoids.

The selection criteria for the tracking were a mini-
mum of 10 echoes, accepting a maximum of 1 missing
ping. We did not account for the expanding acoustic
beam with range in this analysis, which could lead to an
overestimation of predators by depth in data from the
hull-mounted transducer. This would also be the case if
multiple targets of sprat were accepted as predators.
These biases are not problematic as they would make
our conclusions (on reduced numbers of large fish in
deep water; see ‘Results’) conservative. On the other
hand, if high densities of sprat in deep waters swamps
echo detection of predators, their abundance becomes
underestimated. This would not relate to the high
resolution data from the submerged transducers. Addi-
tionally, the expanding acoustic beam would imply an
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increased registration volume by depth, but this would
relate to both predators and prey, and would not
prevent reliable results on their relative vertical
distributions.

RESULTS

Fish vertical distributions in relation to water
column properties

The deep water of Bunnefjorden was devoid of
backscatter (fish) in 3 of the 4 winters (Fig. 2). An
acoustic scattering layer (SL) that can be ascribed to
sprat (see below) was then situated in a steep oxycline
in ~mid-water day and night. The depth of the lower
edge of the SL varied between winters, in concert with
the varying depth for oxygen concentrations of ~7%
(0.5 ml O2 l–1 at 7°C; Fig. 2). The highest concentrations
of sprat occurred between 7 and 15% O2. The oxycline
was steeper in 2004 than in 2005, resulting in a smaller
depth interval with these oxygen concentrations in
2004 (7 to 10 m compared to 15 m). This coincided with
a more compressed vertical distribution of sprat at
night (Fig. 2). A strong SL (sprat) occurred along the
bottom in winter 2002, when minimum oxygen values
in the fjord were ~22% (Fig. 2). These vertical distrib-
utions did not correlate with profiles of salinities and
temperatures. The hydrography was largely homoge-
nous below 60 to 70 m, with temperatures and salini-
ties of 7 to 8°C and 32 to 33, respectively, and modest
variations between winters.

Catches in the deep SL oxycline were dominated by
sprat day and night, exceeding other components by
orders of magnitude, both by numbers and volume
(Table 1). Catches above this SL were low, apart from
reasonably high catches of sprat in upper waters at
night in 2004. Gadoids, mainly whiting Merlangius
merlangus and cod Gadus morhua, were captured at
most trawl depths (Table 2). The bottom trawling in
2002 resulted in large catches of sprat and no gadoids
(Tables 1 & 2).

The acoustic analysis (nighttime) showed that the
larger fish (predators) generally stayed shallower than
the concentration of smaller fish (sprat) that accumu-
lated in the oxycline, the gadoids largely being con-
fined to waters with oxygen contents above ~15 to 20%
(Figs. 3 & 4). The volume backscatter (Sv) below the
individually resolved fish (Fig. 3) can largely be
ascribed to sprat, as supported from data obtained by
the submerged echosounder in 2005, where acoustic
data are sorted according to TS (i.e. size classes). The
vertical separation of the predators from the lower part
of the sprat-SL was largest in 2005, when the oxycline
was less sharp than the previous year.

Behavior of sprat

The sprat were schooling during the daytime, apart
from the fish near-bottom in 2002. Schools dispersed
in darkness, and the sprat-SL spread out vertically,
including a slight deepening of its lower edge (Figs. 2
& 5). Sprat ascended in the afternoon, and a part of
the population apparently carried out normal diel
migrations, as suggested by acoustic records and noc-
turnal catches in upper layers. However, many indi-
viduals left the upwardly migrating assemblage of fish
upon initiation of or early in the afternoon ascent. The
downward pulse of individuals (descending at ~10 cm
s–1) next formed the deep nocturnal SL (Fig. 5). Sprat
in this SL were continuously swimming up and down,
yet generally remaining at the same depth over time
(Fig. 5). Descent rates in this setting were ~3 cm s–1,
which was interpreted as sinking, followed by com-
pensatory ascent. Additionally, asynchronous vertical
migrations were recorded, and echo traces of individ-
ual fish could be followed as they migrated between
the lower and upper part of the water column and
vice versa (Fig. 6). The upward-facing transducer
(2002) unveiled individuals that were swimming all
the way to the surface and immediately diving there-
after (Fig. 7).

Food and feeding

Copepods dominated the net samples, and all taxa
were more abundant in 2004 than in 2005 (Fig. 8).
Oithona was the prevailing copepod genus. It was
most abundant in the upper 20 m, which also was the
case for most calanoid copepods (Fig. 8). Calanus spp.
revealed an opposite trend in their vertical distribu-
tion, with the highest concentrations in the deepest
depth interval. The population of overwintering
Calanus spp. was by far dominated by copepod stage
V. There were no differences in vertical distribution
between day and night.

Sprat had little, and mainly unidentifiable, stomach
contents in 2004 (Table 1). Oithona spp. was the most
common among the few identified prey organisms, and
a few Temora longicornis were also recorded. Feeding
was frequent in 2005 (Table 1), when only deep-living
prey occurred among the stomach contents. Foraging
took place during the day and Calanus spp. occurred
in most of the stomachs from sprat collected in the day-
time (Table 1). Some Oncea spp. were also recorded
among the stomach contents, while other prey species
barely occurred. Food was well digested at night, some
Calanus spp. being the only recognizable prey.

Sprat was the main food item of the gadoids (Table 2;
also derived from fishing with lures). Whiting also for-
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Fig. 2. Acoustic transects (38 kHz) and vertical profiles of hydrography and oxygen in Bunnefjorden during 4 winters. Locations of
transects and CTD stations are depicted in Fig 1. The northernmost transect is from 1995, and is from a shallower station than the
oxygen measurements. Color scale refers to acoustic backscatter (Sv; dB). The acoustic results in 2002 include records during stop

at a sampling station



Mar Ecol Prog Ser 390: 237–249, 2009242

Date Time Depth (m) Sprat Sprat mean Stomachs Mean no. Mean no. % containing
(d.mo.yr) (l) length (cm) containing Calanus spp. other undigested

prey (%) copepods contents

20.02.02 Day 40–50 2 7.6 ± 0.6
80–90 37 7.6 ± 0.7

130–140 140 9.5 ± 1.8
Bottom trawl (90) >1000 11.3 ± 1.9

14.01.04 Day 70–80 0.5
75–90 65 8.3 ± 1.4 23 0 0.4 7

14.01.04 Night 20–26 1 8.2 ± 1.6 30 0 0.2 3
75–85 16 8.2 ± 1.0 41 0 0.2 13

28.01.04 Day 20–26 0.1
40–50 0
60–70 13 8.0 ± 1.0 37 0 0.5 7
70–80 220 9.8 ± 1.4 0 0 0 0

28.01.04 Night 15–21 20 10.8 ± 2.0 30 0 0 0
40–50 4 10.6 ± 1.7 20 0.2 0.1 3
75–85 70 9.0 ± 1.6 7 0 0.1 3

08.02.05 Day 60–80 40 7.9 ± 1.0 57 1.4 0.1 10
10.02.05 Day 20–27 0

31–46 0
55–68 1 9.3 ± 1.2 93 4.7 0.6 60
72–85 60 9.5 ± 1.3 93 5.6 0 37

10.02.05 Night 27–21 0.1 10.1 ± 1.9
65–30 6 8.9 ± 1.3 53 0 0 0
85–65 50 11.3 ± 1.8 47 0.3 0 0

Table 1. Trawl catches and sprat stomach contents (length and stomach contents for 30 individuals sample–1). Blanks: no data

Date Time Depth (m) Whiting Other gadoids
(d.mo.yr) No. Mean Stomachs Mean no. prey No. Stomachs Mean no. prey

length containing Sprat Gobies Krill Shrimp containing Sprat Krill Benthic
(cm) prey (%) prey (%) prey

20.02.02 Day 40–50 0 0
80–90 4 3

130–140 0 0
Bottom trawl (90)

14.01.04 Day 70–80 11 32.3 ± 4.8 60 0.73 0 0.27 0 1 100 1 1
75–90 16 30.7 ± 5.0 77 1.46 0 0.38 0 0

14.01.04 Night 20–26 4 27.8 ± 5.3 50 0.5 0 0 0 0
75–85 5 36.1 ± 3.3 75 1 0 0 0 0

28.01.04 Day 20–26 0 0
40–50 0 0
60–70 1 39.5 100 2 0 0 0 0
70–80 2 27.3 0 0 0 0 0 1 100 4 3

28.01.04 Night 15–21 8 31.6 ± 3.6 64 1.25 0 0.38 0 8 100 2.5 0.88 0.38
40–50 8 33.4 ± 3.5 75 1 0 0 0 1 100 3 0 0
75–85 9 35.1 ± 3.2 89 1.44 0 0.22 0.11 3 100 2.66 0 0

08.02.05 Day 60–80 13 29.5 ± 4.2 42 0.33 0.17 0.17 0 0
10.02.05 Day 20–27 0 0

31–46 0 0
55–68 22 33.0 ± 4.1 45 0.65 0.1 0 0 0
72–85 1 0

10.02.05 Night 27–21 13 32.7 ± 5.2 50 0.33 0 0.08 0 0
65–30 30 31.1 ± 5.1 68 0.76 0 0 0.12 1
85–65 8 32.4 ± 4.5 72 0.86 0 0 0.14 1

Table 2. Trawl catches and stomach contents of gadoids. Blanks: no data
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aged on krill, and some well-digested benthic prey
were recorded among stomach contents of cod col-
lected at night (2004).

DISCUSSION

Distribution and behavior of sprat

Sprat accumulated in hypoxic waters. The lower tol-
erable level seemed to be at ~7% saturation (0.5 ml O2

l–1 at ~7°C), which is below previous reports from
hypoxic habitats of clupeids (Dommasnes et al. 1994,
Domenici et al. 2002, Neuenfeldt & Beyer 2006). The
average oxygen concentrations encountered by an
individual fish was somewhat higher due to vertical
relocations within the steep oxycline and excursions
into upper waters at night might involve periodic relief
from the most severe oxygen stress. Spicer et al. (1999)
showed that the krill Meganyctiphanes norvegica
inhabiting low oxygen water by day would die if
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viduals appear as oblique
rising lines. The submerged
echosounder is seen at 50 m
in 2004 and at 40 m in 2005
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prevented from carrying out nocturnal migrations to
upper, more oxygenated layers.

There was a deepening of the lower edge of the sprat
distribution when schools dispersed in darkness, i.e.
non-schooling fish occurred in the least oxygenated
waters. Fish are able to tolerate lower oxygen levels
individually as respiratory distress in hypoxic waters
may be more severe in schooling fish; for example,
schools of herring break up at low oxygen values
(Domenici et al. 2000, 2002).

Water temperature had no explanatory power for the
stratified vertical distribution of sprat in the oxycline.
Below ca. 50 m, temperatures were fairly homogenous,
without gradients associated with the sprat-SL. How-

ever, low oxygen can better be tolerated in low tem-
peratures (e.g. Wood 1995), so the actual temperature
would affect the absolute oxygen level the sprat could
tolerate.

Low activity helps tolerate hypoxia, and fish occur-
ring in hypoxic waters often reduce their swimming to
lower metabolic demands (e.g. Herbert & Steffensen
2005, Domenici et al. 2007). Yet swimming seemed to
be necessary for sprat to keep afloat in their overwin-
tering habitat. We explain the continuous descent/
ascent cycle as sinking due to negative buoyancy, fol-
lowed by compensatory ascent. Our findings on sprat
parallel results by Huse & Ona (1996) on non-feeding,
overwintering herring: the negatively buoyant herring
appeared to adopt a rise and glide swimming strategy.
Such swimming behavior is considered to be energeti-
cally favorable (Huse & Ona 1996), thus reducing oxy-
gen consumption. Nevertheless, with an average sink-
ing velocity of 3 cm s–1, time spent sinking and
ascending apparently being about 50% each (Røstad
2006), a sprat would ascend 1300 m each day just to
stay at the same depth.

Buoyancy regulation in most teleosts is accom-
plished by swimbladder volume regulation (Horn
1975). The physostome swimbladder of clupeids lacks
a gas gland and apparently has to be filled through air
gulping at the surface (Blaxter & Batty 1984). The
swimbladder compresses and expands with ambient
pressure according to Boyle’s law. At a depth of 80 m,
the swimbladder volume would be only one-ninth that
at the surface, strongly reducing its contribution to
buoyancy. Accordingly, the swimbladder seems to play
a rather small part in buoyancy control among clu-
peids, fat content often being more important (Blaxter
& Batty 1984).

The records of sprat swimming all the way to the sur-
face at night and immediately returning to deeper
water suggest they refilled their swimbladder. Besides
buoyancy purposes (which may be limited), this points
at the possibility that the swimbladder functions as a
scuba tank, allowing them to spend an extended time
in hypoxic water (G. E. Nilsson pers. comm.). The oxy-
gen level in the swimbladder of herring Clupea haren-
gus is generally much below atmospheric levels at the
surface, which can only be explained by consumption
of the oxygen in the bladder (Blaxter & Batty 1984).
Love et al. (2004) reported on mesopelagic fish which
migrated into anoxic waters at day, where they sur-
vived by use of oxygen in the swimbladder. The
cephalopod Nautilus utilizes oxygen in its gas-filled
shell to extend the periods it can escape predators in
hypoxic water layers in tropical oceans (Boutilier et al.
1996). However, to what extent sprat use oxygen
stored in its air-filled swimbladder for respiration
remains to be examined.
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Fig. 6. Acoustic registrations showing asynchronous diel
vertical migration. Individual fish appear as individual lines.
Interchange of individual fish between the lower and upper
layers is documented both for ascending and descending
echo traces ascribed to sprat. The echogram is from

28 January 2004 (night)

Fig. 7. Fish ascending to the surface. Individual fish appear as
individual lines. Echo traces are ascribed to sprat that rise all
the way to the surface before immediately descending. The
echogram is from a bottom-mounted, upward-facing 38 kHz 

transducer on 19 February 2002 (night)
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Feeding of sprat

The feeding of sprat varied between winters and
apparently was not related to availability of prey.
Copepods were most abundant in 2004, when the

majority of sprat had empty stomachs. Feeding was
common the subsequent winter, when abundance of
prey was lower. The primary prey, overwintering
Calanus spp., were moderately abundant compared to
results from previous studies of overwintering Calanus
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spp. in the Oslofjord and other fjord locations (Bagøien
et al. 2000, 2001), but dormant Calanus spp. may occur
in dense microlayers just above oxygen-depleted
waters (Osgood & Checkley 1997).

The sprat in the oxycline were feeding on Calanus
spp. in deep water during the day. The transient and
short vertical migrations in the evening of individuals
that next formed the deep nocturnal SL might have
extended the time and water volume for feeding at
light conditions, representing antipredation windows
(cf. Clark & Levy 1988), before swimming back to deep
waters. These fish also carried out subsequent asyn-
chronous nocturnal vertical migrations. Asynchronous
vertical migrations are normally explained in terms of
the hunger satiation hypothesis, i.e. organisms leave
the upper layers once fed (see Pearre 2003 for a
review). However, this may not apply in our case, since
foraging of sprat constituting the SL was basically
restricted to deep-living copepods during the day.
These migrations possibly rather relate to refilling of
the swimbladder or for repaying oxygen debts.

The population apparently also contained a compo-
nent carrying out normal nocturnal vertical migrations.
We do not have sufficient data to distinguish these fish
from those in deep water or to establish to what extent
these individuals were foraging in upper layers at
night, but some shallow-living copepods were identi-
fied among sprat stomach contents. Different parts of a
population may make different choices due to factors
such as age (Giske & Aksnes 1992), stored resources
(Hays et al. 2001), hunger (Pearre 2003) or parasites
(Barber et al. 2000), or because the population splits
into risk-seeking and risk-aversive individuals (Wolf et
al. 2007).

The scarce feeding by sprat in the fjord, particularly
when copepod abundance was highest (and the oxy-
cline steepest), suggests that the overwintering habitat
was not selected based on feeding conditions. Diges-
tion requires oxygen (e.g. Reinhardt 2002), and fish
may reduce foraging when oxygen concentrations
become low (Jordan & Steffensen 2007), as in the steep
oxycline recorded in 2004. So life in hypoxic water has
its costs, but for the sprat in Bunnefjorden, some bene-
fits evidently also exceed the costs. We suggest that
predator avoidance is a major benefit to sprat overwin-
tering in hypoxic waters.

Distribution and behavior of predators

Predatory fish, primarily whiting, were located shal-
lower than most sprat, occurring in waters with oxygen
concentrations above ~15 to 20% O2 saturation. This is
in accord with tolerable oxygen contents reported for
gadoids from previous field studies (Petersen & Pihl

1995, Herbert & Steffensen 2005), as well as from
experimental data (Schurmann & Steffensen 1997,
Plante et al. 1998, Herbert & Steffensen 2005). Plante
et al. (1998) showed that cod can make short incursions
in waters as hypoxic as 15% O2 saturation with good
chances of survival. While a few larger fish dived into
such hypoxic waters in Bunnefjorden, sprat were pri-
marily captured during their migrations to upper
waters at night, and was then the primary prey for
whiting and cod. This was evident from stomach con-
tents analysis of both gadoids captured in trawls and
fish captured by lure from the ship, which had freshly
eaten sprat in their stomachs.

A few of the predators (cod) had remains of benthic
prey in their stomachs. Benthic prey could not have
been collected at the study site due to the nearly
anoxic bottom waters. This suggests that some preda-
tors performed horizontal, diel migrations, feeding
along the shallower shore of the fjord at day and
migrating into deep waters to prey on vertically
migrating sprat at night.

CONCLUSIONS

The present study has shown that sprat tolerate
severely hypoxic waters and a hypoxic fjord-basin rep-
resents a suitable overwintering habitat. Negatively
buoyant sprat adopted an energetically favorable rise
and glide swimming behavior, thus reducing oxygen
consumption in the hypoxic habitat. Dormant cope-
pods provided a food resource in deep water, but the
feeding of sprat was unrelated to copepod abundance.
Digestion requires oxygen, and varying hypoxic condi-
tions rather than availability of prey may explain the
variation in feeding. The population of sprat attracts
gadoid predators, which are less tolerant to hypoxia
and hence stay shallower in the water column. We
therefore hypothesize that the sprat can exploit
hypoxic waters as a predator refuge. However, the
sprat in the present study undertook both synchronous
and asynchronous nocturnal vertical migrations, possi-
bly to alleviate oxygen debt, refill their swimbladder or
forage. Vertically migrating sprat to some extent
became vulnerable to predators, even though they
ascended in the shelter of darkness. This scenario sug-
gests that a hypoxic water column facilitates co-occur-
rence of these prey and predator populations. The abil-
ity of sprat to tolerate — and potentially exploit — low
oxygen waters may be crucial for its continued success
in coastal habitats exposed to both natural and anthro-
pogenic hypoxia.
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