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Abstract

The principal features of the marine ecosystems in the Barents and Norwegian Seas and some of their responses to

climate variations are described. The physical oceanography is dominated by the influx of warm, high-salinity Atlantic

Waters from the south and cold, low-salinity waters from the Arctic. Seasonal ice forms in the Barents Sea with maximum

coverage typically in March–April. The total mean annual primary production rates are similar in the Barents and

Norwegian Seas (80–90 gCm�2), although in the Barents, the production is higher in the Atlantic than in the ice covered

Arctic Waters. The zooplankton is dominated by Calanus species, C. finmarchicus in the Atlantic Waters of the Norwegian

and Barents Seas, and C. glacialis in the Arctic Waters of the Barents Sea. The fish species in the Norwegian Sea are mostly

pelagics such as herring (Clupea harengus) and blue whiting (Micromesistius poutassou), while in the Barents Sea there are

both pelagics (capelin (Mallotus villosus Müller), herring, and polar cod (Boreogadus saida Lepechin)) and demersals (cod

(Gadus morhua L.) and haddock (Melanogrammus aeglefinus)). The latter two species spawn in the Norwegian Sea along

the slope edge (haddock) or along the coast (cod) and drift into the Barents Sea. Marine mammals and seabirds, although

comprising only a relatively small percentage of the biomass and production in the region, play an important role as

consumers of zooplankton and small fish. While top-down control by predators certainly is significant within the two

regions, there is also ample evidence of bottom-up control. Climate variability influences the distribution of several fish

species, such as cod, herring and blue whiting, with northward shifts during extended warm periods and southward

movements during cool periods. Climate-driven increases in primary and secondary production also lead to increased fish

production through higher abundance and improved growth rates.

r 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Almost a century ago, Helland-Hansen and
Nansen (1909) pointed out that variations in
physical conditions had a great influence on the
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biology of various marine fish species, and that
ocean temperature variations ‘‘are the primary
cause of the great and hitherto unaccountable
fluctuations in the fisheries’’. In his review of
Norwegian cod and herring fisheries, Hjort (1914)
reported fluctuations in fisheries back to the early
1700s. He stated that attempts had been made to
explain these fluctuations, but most of the theories
were valueless and only served ‘‘as indicators of the
.

www.elsevier.com/locate/dsr2
dx.doi.org/10.1016/j.dsr2.2007.08.013
mailto:harald.loeng@imr.no


ARTICLE IN PRESS
H. Loeng, K. Drinkwater / Deep-Sea Research II 54 (2007) 2478–2500 2479
state of general knowledge concerning marine
biology at the time they arise’’. Although Hjort
(1914) was critical of Helland-Hansen and Nansen’s
hypothesis, later investigations have shown that the
physical conditions are at least important indicators
for recruitment, distribution and growth of many
important commercial species (Loeng, 1989a;
Ottersen and Loeng, 2000; Dippner and Ottersen,
2001; Ottersen and Stenseth, 2001; Ottersen et al.,
2004).

The relationship between the physical and biolo-
gical conditions in the Barents and the Norwegian
Seas has been discussed in hundreds of papers since
Helland-Hansen and Nansen (1909). Loeng (1989b)
and Blindheim (1989) summarized the ecological
features of the two seas up to the mid-1980s.
Sakshaug et al. (1994a) gave a thorough description
of the Barents Sea ecosystem in their book
(in Norwegian) based on several years of intense
research during the 1980s, and an updated English
version will soon be published. A comprehensive
description of the Norwegian Sea ecosystem is given
by Skjoldal (2004a), including the physical oceano-
graphy, a description of most levels of the food web,
and the interactions between the physical and
biological components of the entire system.

In this paper we provide a brief overview of the
physical conditions in the Norwegian and Barents
Seas and describe the structure and function of their
ecosystems and how they respond to climate
variability. Although the shelf ecosystem of the
Barents Sea and that of the Norwegian Sea are
designated as separate Large Marine Systems
(http://woodsmoke.edc.uri.edu/Portal/jsp/LME_PO.
jsp), they are closely linked in many ways. The
physical conditions in both seas depend to a large
extent on the inflow of Atlantic Water, and many
of the atmospheric driving forces are similar (Loeng
et al., 2005). The main zooplankton species in both
seas is Calanus finmarchicus, which overwinters in
the deep Norwegian Sea. They ascend to the upper
layers during spring and, in the case of the Barents
Sea, are transported into the Sea by the Atlantic
inflow. Herring (Clupea harengus) spawn along
the Norwegian coast, using the Barents Sea as a
nursery area, and feed in the Norwegian Sea as
adults. Cod (Gadus morhua L.) also spawn along the
Norwegian coast, and their larvae drift with the
currents into the Barents Sea and to the west coast
of Spitsbergen, where they remain through their
adult life. Also, many other fish species, marine
mammals and seabirds are connected to both
ecosystems. For these reasons, the overview includes
both regions.

2. Physical oceanography

2.1. Topography

The Norwegian Sea, together with the Greenland
Sea and the Iceland Sea, comprise the Nordic Seas.
They are separated from the rest of the North
Atlantic by the Greenland–Scotland Ridge. The
Norwegian Sea consists of two deep basins, the
Norwegian Basin and the Lofoten Basin (Fig. 1),
and is separated from the Greenland Sea in
the north by the Mohn Ridge and from the
shallower Iceland Sea in the south by the Jan
Mayen Ridge. The Norwegian Sea has a surface
area of about 1.1million km2 with an average depth
of about 1800m, resulting in a total volume of
about 2million km3. The Greenland and Norwegian
Seas represent 42% and 49%, respectively, of the
total area and volume of the entire Nordic Seas
(OSPAR, 2000; Skjoldal, 2004b).

The Barents Sea is one of the shallow shelf seas
that collectively form the Arctic continental shelf.
Its western boundary is defined by the shelf break
towards the Norwegian Sea, the eastern boundary
by Novaya Zemlya, the southern boundary by
Norway and Russia, and the northern boundary by
the continental shelf break towards the deep Arctic
Ocean (Fig. 1). It covers 1.4million km2 with an
average depth of 230m. The maximum depth,
�500m, is situated in the western part of the Bear
Island Trench. Stretching from 701 to over 801N, it
is subject to large seasonal variations in light levels,
experiencing 24 h of darkness in winter and of
sunlight in summer.

2.2. Circulation and water mass properties

2.2.1. Mean conditions

The Norwegian and Barents Seas are transition
zones for warm and saline water on their way from
the Atlantic to the Arctic Ocean, and for cold
and less saline water from the Arctic to the Atlantic
(Fig. 2). The Greenland–Scotland Ridge forms a
barrier between the deep waters of the Nordic Seas
and the North Atlantic, limiting the exchange of
deep water. The upper water of the Nordic Seas
consists of warm, salty (435) Atlantic Water in the
east and cold, fresher (o34.4) Polar Water from the
Arctic in the west (Blindheim, 2004). Mixing occurs

http://woodsmoke.edc.uri.edu/Portal/jsp/LME_PO.jsp
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Fig. 2. Schematic of the circulation patterns in the Norwegian and Barents Seas.

Fig. 1. Chart of the Norwegian and Barents Seas.
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between these two water masses, especially in the
Greenland Sea, and the resultant water mass is
called Arctic Water. It tends to be cold (To0 1C)
with salinities of 34.4–35 and is situated geographi-
cally between the Atlantic and Polar Waters
(Blindheim, 2004). The Arctic Front separates
Arctic from Atlantic Waters and the more north-
westward Polar Front separates Polar and Arctic
Waters.

Within the Norwegian Sea, Atlantic Water is
carried northwards along the Norwegian continen-
tal shelf break by the Norwegian Atlantic Current
(Fig. 2). Off northern Norway, it splits into two
branches (Blindheim, 2004). The smaller branch
enters the Barents Sea, while the larger branch
continues northward as the West Spitsbergen
Current before again splitting; some deflects south-
westward to circulate in the Nordic Seas and the
remainder enters the Arctic through Fram Strait.
The upper layers of the Norwegian Sea are
dominated by Atlantic Water, except on the
Norwegian Shelf where Coastal water with low-
salinity and seasonally varying temperature is
transported northward by the Norwegian Coastal
Current. A salinity front separates this Coastal
water from the offshore Atlantic water. The source
of the low-salinity Coastal water originates from the
Baltic and southern North Sea, augmented by
runoff from Norwegian rivers (Sætre, 1999, 2007).

A salinity minimum (34.85–34.91) at mid-depth in
the Norwegian Sea is Arctic Intermediate Water
intruding between the surface Atlantic Water and
the Norwegian Sea Deep Water. A young version of
this deep water forms in the Greenland Basin
consisting of approximate equal amounts of Green-
land Sea Deep Water and deep water from the
Eurasian Basin in the Arctic. It then enters the
Norwegian Sea through gaps in the mid-ocean
ridge. Older Norwegian Sea Deep Water, also found
in the Iceland Sea, is a mixture of the water from the
two basins (Aagaard et al., 1985; Swift and
Koltermann, 1988).

Relatively warm Coastal (T43 1C, S434.7) and
Atlantic (T42 1C, S435) waters enter the Barents
Sea between Bear Island and northern Norway and
dominate the southern region of the sea. During
winter the inflow of Atlantic Waters increases, being
deep and narrow, while during summer it decreases,
becoming wide and shallow (Ingvaldsen et al.,
2004a). As these waters transit the Barents Sea,
they are modified through mixing, atmospheric
cooling, and the addition of discharge from several
rivers and low-salinity outflows from the Kara Sea,
and exit principally to the north of Novaya Zemlya
(Fig. 2). This transformation is important for the
ventilation of the Arctic Ocean (Aagaard and
Woodgate, 2001; Schauer et al., 2002). Atlantic
Water inflow has a typical temperature range of
4.51–6.5 1C but varies seasonally and interannually.
Polar Waters (To0 1C, 34.3oSo34.7) dominate
the northern Barents Sea, entering between Franz
Josef Land and Novaya Zemlya and to a lesser
degree between Franz Josef Land and Spitsbergen
(Loeng, 1991). A small amount also enters through
the Kara Sea (Loeng et al., 1997). Polar Waters
principally exit on the north side of the western
entrance to the Barents Sea out into the Norwegian
Sea (Blindheim, 1989; Loeng, 1991). In summer, a
thin (5–20m) layer of melt water overlays the Polar
Water and at times extends over top of Atlantic
Waters (Loeng, 1991). In winter, convection over
the shallow banks and in polynyas forms dense
bottom water (�1.7 1C, 435) that sinks into local
depressions (Midttun, 1985). It eventually enters the
Arctic Ocean between Spitzbergen and Franz Josef
Land through the Saint Anna Trough, or via the
Norwegian Sea and Fram Strait to form Inter-
mediate water to a depth of approximately 1200m
(Rudels et al., 1994; Harms, 1997; Schauer et al.,
1997). In the Barents Sea, the position of the Polar
Front, which separates the Polar and Atlantic
Waters, is strongly influenced by bottom topogra-
phy in the western region (Parsons et al., 1996;
Harris et al., 1998) but is more variable in the east
where it depends upon the strength of the Atlantic
inflow (Loeng, 1991).

2.2.2. Variability

Variations in the hydrographic properties and
circulation patterns at interannual and longer time
scales have been documented within both the
Barents and the Norwegian Seas. Of particular
value in this regard has been the temperature and
salinity record along the Kola section (along
331300E), a transect north of Russia in the southern
Barents Sea, that began in 1900. The time series of
temperature in the 0–200m layer at stations 3–7
between 701300–721300 N (Fig. 3) is considered to
reflect temperature variability in the southern
Barents Sea and serves as an indicator of marine
climate variability in the region (Tereshchenko,
1997; Ingvaldsen et al., 2003). In the Norwegian
Sea, hydrographic properties have been monitored
at Ocean Weather Station (OWS) Mike since 1948
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Fig. 3. Time series of yearly mean temperature anomalies in the

0–200m layer in the Kola section (701 300–721 300 N, 331 300 E) in

the Barents Sea (thin line) and their 11-year running means (bold

line) (based on data from PINRO, Murmansk).
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(Gammelsrød et al., 1992). Transects perpendicular
to the Norwegian coast crossing the Atlantic inflow
in the Norwegian Sea off Svinøy and Gimsøy, and
at the eastern entrance to the Barents Sea towards
Bear Island have monitored temperature and
salinity approximately seasonally from the late
1970s. Long-term current measurements, beginning
in the early to late 1990s and continuing to present,
also have been carried out along these three sections
(e.g., Skagseth et al., 2004; Ingvaldsen et al.,
2004a, b).

The large-scale atmospheric pressure patterns, as
reflected in the North Atlantic Oscillation (NAO),
influence the circulation patterns and hydrographic
conditions in the Norwegian and Barents Seas,
especially at near-decadal time scales. The most
common NAO index is the normalized pressure
difference between Iceland and Lisbon (Hurrell,
1995). A positive NAO phase occurs with an
intensification of the Icelandic Low and Azores
High, giving stronger than normal southwesterly
winds to the Nordic and Barents Seas, while during
a negative phase the pressure systems weaken and
the southwesterly winds are weaker than normal.
When the NAO is positive, the Norwegian Atlantic
Current tends to be stronger and confined closer
to the Norwegian coast, while it is weaker and
extends farther offshore during its negative phase
(Blindheim et al., 2000). The difference between its
broadest recorded extent (1968) in the Norwegian
Sea and its narrowest (1993) exceeds 300 km.
Skagseth et al. (2004) noted higher transport in
the Norwegian Atlantic Current along the slope of
the Norwegian shelf from altimetry data during the
positive phase of the NAO. These links to the NAO
are also consistent with the relation between the
wind-stress curl and the Norwegian Atlantic
Current found by Orvik and Skagseth (2003).

Blindheim et al. (2000) also suggested stronger
Atlantic inflow into the Barents Sea during high
NAO years and weaker during low NAO years. A
positive NAO tends to push the main transport of
Atlantic inflow up against the Norwegian coast,
although the local wind field also forces Atlantic
Water northwards, increasing the area of Atlantic
Water at the eastern entrance to the Barents
(Ingvaldsen, 2005). Consistent with these results,
Barents Sea temperatures and the NAO covary with
higher temperatures during a positive phase of the
index (Ottersen and Stenseth, 2001; Dippner and
Ottersen, 2001; Ingvaldsen, 2005).

However, the NAO index, being a simple two-
point pressure difference, is not able to capture all
the important details in the Barents Sea (Stenseth
et al., 2003). There is temporal variability in the
ability of NAO to account for the interannual
changes in the physical conditions in the Barents
Sea (Ottersen et al., 2003). Part of this is related to
the spatial variability in the atmospheric pressure
patterns, in particular east–west shifts in the
position of the Icelandic Low. Local winds also
contribute with a close connection between winds at
the western entrance of the Barents Sea and both
the transports of Atlantic and Polar Waters at the
entrance and the hydrographic properties in the
Barents Sea (Ådlandsvik and Loeng, 1991; Ingvald-
sen et al., 2004a). A warm Barents Sea is associated
with a stable atmospheric low pressure over the
region, while low temperature is linked to a high-
pressure system (Ådlandsvik and Loeng, 1991;
Johannessen et al., 2004). The year-to-year varia-
bility in sea temperatures in the southern region is
strongly influenced by the changes in the properties
and volume of the Atlantic inflow (Loeng, 1991;
Ingvaldsen et al., 2003), as well as by regional heat
exchange with the atmosphere (Ådlandsvik and
Loeng, 1991; Loeng et al., 1992).

There is also significant variability at lower
frequencies, for example a 60–80 year period, called
the Atlantic Multidecadal Oscillation (AMO) by
Sutton and Hodson (2005). Following a cold period
in the late 19th century and early 20th, temperatures
throughout the northern North Atlantic, including
the Norwegian and Barents Seas, increased during
the 1920s and remained warm through the 1960s
(Drinkwater, 2006). This is clearly shown in the
temperatures of the Kola Section (Fig. 3). A cold
period followed during the 1960s and into the 1970s,
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before the recent warm conditions that began in
earnest in the 1990s. The warmest conditions
observed on the Kola Section over the past 100
years were in 2004, and similar warm temperatures
were recorded in the Norwegian Sea Atlantic
Waters; however, the highest decadal mean tem-
perature was in the 1930s (Ingvaldsen et al., 2003).
During this warm period, there was increased
Atlantic flow in the Norwegian Sea resulting in
higher transport of the northward flowing West
Spitzbergen Current (Brooks, 1938) and higher
inflow into the Barents Sea (Bengtsson et al., 2004).

Blindheim et al. (2000) concluded that the
structure of the water-mass distribution in the
Nordic Seas has changed gradually since the 1960s.
In particular, this is manifested by the development
of a layer of Arctic intermediate waters, deriving
from the Greenland and Iceland Seas and spreading
over the entire Norwegian Sea, and a freshening of
the Atlantic waters above. In the Norwegian Basin,
it resulted in an eastward shift of the Arctic Front
and, accordingly, an upper layer cooling over a wide
area due to increased Arctic influence. The forcing
behind this shift is the large-scale wind pattern,
principally that associated with the NAO. The wind-
induced eastward advection of Arctic Waters seems
to be the principal cause of the freshening, even in
the main core of Atlantic inflow near the edge of the
Norwegian shelf, as well as in the shelf waters. The
considerable regional increase of precipitation, also
associated with the NAO, seems to have some, but
far less, effect.

2.3. Sea ice

Although sea ice is transported from the Arctic
into the Nordic Seas through Fram Strait, there is
little to none in the Norwegian Sea due to presence
of the warm Atlantic Water. This is not the case in
the Barents Sea, where the presence of cold Polar
Water results in an annual average of approximately
40% of the region being ice covered, but
with extensive seasonal variability (Loeng, 1979;
Vinje and Kvambekk, 1991). Minimum ice coverage
occurs in August/September, when the ice edge
retreats as far as the northern shelf break. By the
end of October, new ice begins to form and by
November to January there is a steady advance
everywhere towards the peak coverage that usually
occurs in March or April, although in some years it
does not occur until early June. Approximately 60%
of the Sea is covered at the time of maximum extent,
with open areas confined to the southern and
western regions. In addition to the seasonal
variability, there are short-term changes over hours
and days mainly in response to changing winds.

The interannual variability of ice coverage in the
Barents Sea generally reflects local temperature
conditions. For example, in the cold winters of
the 1960s and late 1970s, more than 80% of the sea
area was ice-covered, while in mild winters of the
mid-1950s, mid-1970s and early 1990s, it was about
50%. In August–September of extremely warm
years, there was no ice at all over the entire Barents
Sea, but in cold years, 15–30% of the sea area was
ice covered in these months. During the warming in
the 1920s and 1930s, ice extent was reduced by
approximately 15%. This warming was nearly as
great as that during the period 1978–1996, when ice
coverage in the Kara and Barents seas decreased by
approximately 20% (Parkinson et al., 1999),
although this decrease is only 10% if one considers
a slightly longer period (1967–2002; Kvingedal,
2005). Nevertheless, the record high temperatures
in the Barents Sea in recent years has led to new
record lows in wintertime sea-ice extent (Sorteberg
and Kvingedal, 2006).

The magnitude of interannual variations of ice
extent in March–April over the long-term exceeds
40%. The April sea-ice extent for the period
1864–1998 is correlated with the NAO index;
however, there is temporal variability in the
relationship with 40% of the variance in sea-ice
coverage accounted for by the NAO during the
period 1966–1996, but only 9% during 1864–1900
(Vinje, 1998, 2001). The linkage to the NAO is
strongest at decadal time scales. Using cyclone
activity in eastern Siberia, the central North
Atlantic, Western Europe and the southern Barents
Sea, Sorteberg and Kvingedal (2006) were able to
account for 77% of the interannual variability in the
winter sea-ice coverage in the Barents Sea 1–2 years
later. They suggest that the relationship is due to a
combination of transport of ice from the Arctic, the
presence of warmer or colder air masses, and
changes in Atlantic Water inflow, all of which are
linked to the number and intensity of cyclones.

3. Ecosystem structure and productivity

The ecosystem structure in the region is largely
dependent upon hydrographic properties, with the
Arctic and Coastal fronts in the Norwegian Sea and
the Polar Front in the Barents Sea being major
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faunal boundaries (see, e.g., Fossheim et al., 2006).
Northern assemblages are often labelled as Arctic
while more southern ones associated with temperate
waters are called boreal (Ekman, 1953). Ecosystem
structure is also affected by topography, however.

3.1. Phytoplankton

Rey (2004) has provided a detailed description of
the seasonal changes in the phytoplankton in the
Norwegian Sea. During winter and early spring,
phytoplankton production and biomass tend to be
low (o20mgCm�2 day�1 ando0.5mg chlorophyll-
am�3, respectively) and mostly composed of small
flagellates (usuallyo5 mm). Production, mainly by
diatoms, begins in early March through April in
response to high nitrates and increasing light levels,
but at highly variable rates, typically between 200
and 400mgCm�2 day�1 (Rey, 2004). By early May,
the spring bloom of diatoms develops as stratifica-
tion increases (Fig. 4), with production rates
exceeding 300–500mgCm�2 day�1 and reaching
1–1.5 gCm�2 day�1. However, chlorophyll-a con-
centrations seldom exceed 3mgm�3 due to grazing
by zooplankton, especially the new generations of
Calanus finmarchicus (Rey, 2004). While the spring
blooms first develop in the Coastal waters over the
Norwegian shelf, there is no clear trend latitudinally
in the Norwegian Sea in the timing of the blooms.
Fig. 4. Schematic representation of the seasonal development of phyt

represent phytoplankton biomass (Rey, 2004).
By the summer, production decreases, with the
proportion of diatoms dropping to 30% and being
replaced by coccolithophorids, dinoflagellates and
other flagellates (Rey, 2004). Through the summer,
the production that does occur is based mainly
on regenerated nutrients. During autumn, with
increased wind mixing, small blooms (usuallyo
250mgCm�2 day�1) are generated. By October,
although nutrients become more plentiful, the
declining light levels limit production, which gradu-
ally falls off towards the winter rates. The annual
production rate has been estimated to be 80 gCm�2,
of which about 60% is new production and 40%
regenerated production.

In the Barents Sea, the initial blooms in Atlantic
and Coastal Waters, as well as near the ice edge in
the southeast (Wassmann et al., 1999), are usually
dominated by diatoms, although the flagellate
Phaeocystis pouchetii also can be abundant (Rey
and Loeng, 1985). These blooms tend to be sporadic
(Sakshaug et al., 1995), and a significant portion of
phytoplankton settles to the seabed especially in the
Polar Waters (Matishov et al., 1994). By May–June,
stratification develops over a large part of the
Barents Sea, and bloom activity peaks. At the
western entrance to the Barents Sea, the bloom
starts in the south when the low-salinity waters from
the Norwegian Coastal Current spread northward,
while in the central region it is triggered by thermal
oplankton and the main physical factors affecting it. White dots
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Fig. 5. The temporal evolution of the biological response to retreating sea ice. 1. Flagellates are produced under the ice. 2. As the ice

begins to break up diatoms appear. 3. Further melting produces salinity stratification that leads to large diatom blooms which later sink to

the vicinity of the pycnocline. 4. Some of the bloom sinks to the bottom to feed the benthos. 5. Copepods ascend and begin feeding on the

phytoplankton. 6. The adults lay their eggs during the peak blooms. 7. The new generation of copepods develop and feed. 8. Capelin feed

on the copepods (Modified after Loeng, 1989b).
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stratification (Olsen et al., 2003). In the north, the
blooms occur in water stratified by ice melt (Fig. 5).
During this period, the phytoplankton abundance
increases much more rapidly in Polar than in
Atlantic Waters. The decline in phytoplankton
abundance after the peak is also faster in Polar
Water due to rapid nutrient depletion during
June–July (Rey and Loeng, 1985). A sub-surface
‘‘bloom’’ develops in the nutricline, and the relative
importance of regenerated production increases.
Microflagellates tend to dominate in the upper
oligothrophic layers, while in the sub-surface
chlorophyll maximum, diatoms and other larger
phytoplankton dominate. During June and July, a
zone of spring ‘‘bloom’’ associated with the retreat-
ing ice edge spreads towards the north and north-
east (Rey and Loeng, 1985).

In the second half of summer and in the autumn,
most of the nutrients in the euphotic layer are
contained in the phytoplankton biomass. Towards
the autumn, as the chlorophyll subsurface max-
imum tends to disappear, most of the phytoplank-
ton is comprised of microflagellates. New primary
production continues in the western part of the
Barents Sea supported by an episodic supply of
nutrients in Atlantic Water that is mixed to the
photic zone in frontal regions. In Polar Water, a
bloom continues to follow the retreating ice edge
until August–September (Rey and Loeng, 1985).
During winter, production is low, and the distribu-
tion of nutrients in the water column becomes more
homogeneous.

The annual production in the Barents Sea varies
between 20 and 200 gCm�2, with the highest values
in the Atlantic Water, while the overall average is
estimated to 90 gCm�2 (Loeng et al., 2005), which
is close to the average in the Norwegian Sea. In
general, in Polar Water, primary production is
largely limited to the spring bloom while in Atlantic
Water, a relatively large portion of primary
production occurs in the summer and autumn.
For this reason, annual primary production in
Atlantic Waters is approximately 3 times, and new
production 2 times, greater than in the Polar Waters
of the Barents Sea.

3.2. Zooplankton

Zooplankton act as a link between phytoplankton
and higher trophic levels such as fish, whales and
seabirds through predation in the case of the former
and as prey for the latter. Copepods, most notably
Calanus spp., are the most numerically abundant
zooplankton group (Melle et al., 2004) and play an
important role in the ecosystem of both the Barents
and Norwegian Seas. C. finmarchicus is the domi-
nant herbivore and inhabits primarily Atlantic or
Coastal waters. Overwintering in the deep Norwe-
gian Sea, it ascends in the spring with much of its
production transported or actively moving onto the
shelves or into the Barents Sea. It has an annual life
cycle, and each new generation develops during
spring and summer, being nourished by the seasonal
phytoplankton bloom. The larger C. hyperboreus

has a similar life cycle to C. finmarchicus, but is
mostly confined to the colder waters of the western
Norwegian Sea (Melle et al., 2004). It usually has a
2-year life cycle, overwintering at depth and
returning to the surface layer in the early spring to
feed on phytoplankton blooms. However, depend-
ing upon food and environmental conditions it can
vary its life cycle from 1 to 3 years (Melle and
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Skjoldal, 1998). In the cold Polar Water in the
northern Barents Sea, another closely related
species C. glacialis, which is suggested to have a
biennial generation pattern, is the dominant cope-
pod (Melle and Skjoldal, 1998). It is also found,
though in rather low abundance, in the cold water
over the deeper basins in the Greenland and
Norwegian Seas.

Carnivorous zooplankton, such as amphipods
(Themisto spp.) may feed on C. finmarchicus.

Among the omnivores zooplankton, krill (Euphau-
siid) species (e.g., Thysanoessa spp.) are regarded as
the most important. T. inermis is predominant in the
northwest, while T. raschi prevails in the southern
Barents Sea, constituting 70% of the biomass
(Bliznichenko et al., 1984). T. longicaudata is found
in the central and southwestern Barents Sea, where
it reproduces (Dalpadado and Skjoldal, 1996). The
euphausiid Meganyctiphanes norwegica sometimes
occurs at high abundance in coastal waters, but it
does not reproduce in the Barents Sea. In the
Norwegian Sea, however, M. norwegica is widely
distributed, with the highest abundance in warmer
Atlantic Water along the Norwegian continental
slope (Melle et al., 2004).

Zooplankton production typically starts in the
southwest of the Barents Sea in April and May, then
spreads on to the northwestern, central and eastern
areas in June–July, and finishes in the northeast in
August–September (Fig. 5). The difference in the
timing corresponds with the timing of the phyto-
plankton blooms. The long-term mean biomass of
the zooplankton is about 200mgm�3 but changes
interannually by a factor of 2–3 (Nesterova, 1990).
3.3. Benthos

Benthic organisms are important components of the
food web in the two regions, and some invertebrates
are commercially important (Gerasimova and
Kochanov, 1997), such as shrimp (Pandalus bor-

ealis) and the relatively recently introduced species
to the Barents Sea, the red king crab (Paralithodes

camtschaticus). The regions are also home to many
cold-water corals as well as mussel banks and large
coastal kelp forests off the coasts of Norway and
Russia. The presence of sand or ooze at a site
defines the composition of the dominant species,
with an inverse relationship between depth and
biomass (Antipova, 1975). Because of the great
depths in most of the Norwegian Sea, benthos
studies there have mostly been confined to the shelf
regions off Norway and Spitzbergen.

3.4. Fish

The bulk of the fish biomass in the Barents Sea
is contained in relatively few species (Bjelland
and Holst, 2005; Fossheim et al., 2006). In the
Norwegian Sea, they are mainly pelagics, but in the
Barents Sea there are also large numbers of
demersal species. Cod, capelin (Mallotus villosus),
herring and blue whiting (Micromesistus poutassou)
are the key commercial species at present, with the
bulk of the catches for the first two species caught in
the Barents Sea and the latter two from the
Norwegian Sea. From an ecological point of view,
there is a close interaction between many fish species
in the Barents Sea and the Norwegian Sea. Due to
the circulation patterns, the Barents Sea serves as a
nursery area for the offspring of several fish stocks
spawning along the western and northwestern
coasts of Norway including herring, cod, haddock
and saithe.

3.4.1. Polar cod (Boreogadus saida Lepechin)

Polar cod are small, semipelagic, gadoid fish
found throughout the Arctic including within the
eastern and northern Barents Sea (Loeng et al.,
2005). They spend much of their time in and around
sea ice. While often near-bottom, they are consid-
ered pelagic in an ecological context because
they take practically all of their food from the
pelagic part of the ecosystem (Gjøsæter, 1995).
Their principal spawning sites within the Barents
Sea are in the southeast within Russian waters and
in the northwest near Spitzbergen (Vilhjálmsson
et al., 2005).

3.4.2. Capelin (Mallotus villosus Müller)

Capelin in the Barents Sea spawn during the
winter off the coasts of Norway and Russia (Fig. 6).
After spawning, they migrate towards the high
biological production within the marginal ice zone
to feed (Fig. 5), and follow this zone as it moves
northward during the spring and summer. The
immature capelin overwinter in the region of the
Polar Front. Capelin play a key role as an
intermediary of energy conversion from zooplank-
ton production to higher trophic levels, including
many fish species, marine mammals and seabirds
(e.g., Haug et al., 1995; Lawson and Stenson, 1997;
Mehlum and Gabrielsen, 1993).
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Fig. 6. The seasonal distribution of capelin together with their spawning area (marked in green) and the primary drift path of their larvae.

Also shown are the drift path of herring larvae and the location of the herring offspring which overlaps with those of capelin. Modified

from Hamre (1991).
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The capelin population is subject to extreme
fluctuations in their distribution and abundance
(e.g., Gjøsæter and Loeng, 1987; Sakshaug et al.,
1994b; Vilhjálmsson, 1997a). The biomass in the
1970s and early 1980s ranged from 4 to 9million t
and was the largest pelagic stock in the Barents Sea.
Since then, the population has undergone three
declines interspersed by relatively rapid recoveries
(Fig. 7). The stock biomass in 2005 was estimated to
be only 389,000, one-tenth of the long-term
(1972–2005) average biomass, and the lowest level
since the mid-1990s.

3.4.3. Atlantic herring (Clupea harengus)

Atlantic herring is a boreal species that is
generally restricted to Atlantic Waters in both the
Nordic Seas and the Barents Sea (Holst et al., 2004).
The Norwegian spring spawning stock is one of the
largest fish stocks in the world with a spawning
biomass that exceeded 10 million t for much of the
20th century. Spawning occurs along the Norwegian
coast between 581 and 701N mostly in five
main areas, but their relative importance, the arrival
time on the spawning grounds, and the spawning
time all vary due to a combination of varying
environmental conditions, food supply and popula-
tion structure (Slotte, 1998). From the spawning
areas, the offspring are transported northwards
by the currents. The distribution of young and
adolescent herring is widespread, ranging from
the fjords of northern Norway to the open Barents
Sea (Fig. 6). The herring remain in these areas
until they are 3–4 years old, when they migrate
to the Norwegian Sea. As adults they generally
migrate from the spawning grounds out into the
Norwegian Sea to feed. They are planktivores,
feeding mainly in highly productive frontal areas of
the open sea.
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Fish stock size in the Barents Sea
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Fig. 7. The biomass of capelin, cod and herring in the Barents Sea (based on data provided by Harald Gjøsæter, Institute of Marine

Research, Bergen, Norway).
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3.4.4. Atlantic cod (Gadus morhua) and haddock

(Melanogrammus aeglefinus)

Atlantic cod and haddock are the most valuable
commercial demersal species inhabiting the shelf
areas off Norway and in the Barents Sea. Cod live
mainly in the southern Barents Sea, around Bear
Island and Hopen, and along the coast of Spitzber-
gen. They can be found east to Novaya Zemlya
but typically avoid bottom temperatures o0 1C.
Haddock prefer areas shallower than 200m and
temperatures 42 1C, with the highest concentra-
tions during the feeding season at 51–6 1C
(H. Gjøsæter, pers. comm.). There have been great
variations in the biomass of both cod and haddock
since the mid-1940s (Fig. 7). Cod biomass was at a
maximum in 1946, at 4 million t (age 3 and older),
while in 2004 it was approximately 1.6 million t.
Haddock abundance peaked in the early 1970s at 1
million t and is presently around half of that.

3.4.5. Blue whiting (Micromesistius poutassou)

The blue whiting, a rather small plankivorous
gadoid, is an oceanic and semi-pelagic species. It is
considered a warm water boreal species as its
distribution extends from Morocco to Spitzbergen,
mainly along the continental margins (Fig. 8), and is
presently one of the most numerous fish species in
the Norwegian Sea (Monstad, 2004). After spawn-
ing on the banks and shelf edges west of the British
Isles during winter, the northern stock migrates
north in April/May towards the feeding areas in the
Norwegian Sea where it disperses over large areas
on the warm side of the Arctic Front (Monstad,
2004). The highest concentrations appear in the
vicinity of the Front (Monstad and Blindheim,
1986). In the summer and autumn, blue whiting
spreads over the Norwegian Sea and has recently
penetrated into the eastern entrance of the Barents
Sea, where its abundance was estimated at more
than 1 million t in autumn 2004.

3.4.6. Mackerel (Scomber scombrus L.) and horse

mackerel (Trachurus trachurus L.)

The Atlantic mackerel and the horse mackerel are
visitors to the Norwegian Sea during their summer
feeding migration. Both species are widely distrib-
uted in the North Atlantic and have their main
spawning areas west of the British Isles and in the
Bay of Biscay. After spawning, some of these stocks
migrate into the southeastern Norwegian Sea, and
in warm years mackerel has been observed as far
north as 731N (Fig. 8). Horse mackerel has a more
limited geographic distribution in the Norwegian
Sea, being largely confined to the southern region.
The distribution and amount of mackerel in the area
is believed to have varied considerably over the
years, depending on the sea temperature and feeding
conditions (Iversen, 2004).

3.5. Marine mammals

There are about 20 species of cetaceans and 7
species of pinnipeds along with walrus (Odobenus

rosmarus) and polar bears (Ursus maritimus) that
depend upon the marine environment of the Barents
and Norwegian Seas. Many of the cetaceans are
only present seasonally, migrating into the region to
feed during the summer (Vilhjálmsson et al., 2005).
These include blue, fin, humpback, minke, sei,
sperm, pilot and bottlenose whales. Resident marine
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Fig. 8. Blue whiting and mackerel distributions (Skjoldal, 2004a).
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mammal populations include the bowhead, beluga
and killer whales, the narwhale, white-sided and
white-beaked dolphins, the ring, bearded, harp and
hooded seals as well as walrus and polar bears.
Among the most common species are the minke
whale, Balaenoptera acutorostrata, (approximately
80,000 individuals in the Barents Sea and 30,000 in
the Norwegian Sea; Nøttestad and Olsen, 2004) and
the white-beaked (Lagenorhynchus albirostris) and
white-sided (L. acutus) dolphins (8000 individuals in
the Barents Sea and 58,000 in the Norwegian Sea;
Nøttestad and Olsen, 2004). Of the pinnipeds, the
most common is the harp seal (Phoca groenlandica)
whose abundance is estimated to be over 400,000
individuals in the Norwegian Sea and over 2 million
in the Barents Sea (Nøttestad and Olsen, 2004).
High numbers of hooded seals (130,000) are found
in the Norwegian Sea, but few extend into the
Barents (Nøttestad and Olsen, 2004). Abundance
trends of marine mammals in recent years are
largely unknown, though an upward trend has been
noted for harp seal, walrus and the common seal
(P. vitulina), while the ringed seal (P. hispida) in the
western part the Barents Sea may be declining.

3.6. Seabirds

Approximately 20 million seabirds of more than
20 species breed around the coasts of the Barents
Sea (Barrett et al., 2002). Major breeding colonies
are found on Novaya Zemlya and Spitzbergen with
Brünnich’s guillemot (Uria lomvia) being the
most important species. The next most important
species are the Atlantic puffin (Fratercula arctica)
and common guillemot (Uria aalge), with the
largest colonies occurring on the coasts of northern
Norway and West Murman.

In the Norwegian Sea, there are approximately
19.5 million individuals and 4.5 million breeding
pairs of seabirds, with the Atlantic puffin account-
ing for 40% of the breeding pairs and northern
fulmar (Fulmarus glacialis) 23% (Anker-Nilssen and
Lorentsen, 2004). Most pelagic-feeding species of
seabirds around Norway are in decline, while the
populations of most near-shore species, such as
gulls and cormorants, are increasing (Anker-Nilssen
and Lorentsen, 2004).

4. Ecosystem function: interactions between species

Interactions between ecosystem components oc-
cur through predator–prey relationships and com-
petition. In this section we briefly describe some of
the major linkages in the Norwegian and Barents
Seas.

4.1. Fish– zooplankton

Calanus spp. are the major prey of most pelagic
fish (e.g., capelin, herring, blue whiting and mack-
erel) both in the Norwegian and Barents Seas. This
is especially true of larvae and juveniles, with the
dominant prey species being C. finmarchicus. Polar
cod living in and around sea ice feed on lipid-rich
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amphipods, primarily Thermisto libellula and Apher-

usa clacialis (Vilhjálmsson et al., 2005). Capelin are
a major predator of euphausiids (krill) and amphi-
pods, with the relative importance of the prey
varying with season and capelin size. Predation by
capelin can be as much as 26% of the available
biomass of euphausiids (4� 106 t y�1, on average)
and 10 times larger than the consumption by other
fishes (Sakshaug et al., 1994a). A statistically
significant negative relationship has been observed
between capelin stock size and zooplankton bio-
mass in the Barents Sea (Dalpadado and Skjoldal,
1996; Dalpadado et al., 2002). Adult blue whiting
also feed upon and prefer krill. While mackerel feed
heavily upon Calanus, they are opportunistic
feeders, eating whatever is available, from small
zooplankton to fish such as herring and sand eel
(Iversen, 2004).

Cod larvae and early juveniles feed upon cope-
pods, especially the nauplii of C. finmarchicus, but
their prey also includes veliger larvae, rotatoria and
copepod eggs (Sundby, 2000). As the juveniles grow
their major prey switches to euphausiids and
amphipods. In summer, mature cod enhance their
growth rates, fatness and fecundity by feeding on
euphausiids (Ponomarenko, 1984; Orlova et al.,
2001). Adult cod also tend to switch their diet to
euphausiids and amphipods, when the capelin stock
size is extremely low (Dalpadado and Bogstad,
2004). The diet of haddock resembles that of cod,
although krill and amphipods remain important in
the diet, even of older haddock.

Cod and capelin impact euphausiid populations
differently. Capelin influence the formation of
future generations by feeding on spawners, while
cod consume post-spawners. Capelin consume large
quantities of euphausiids in spring, and thus capelin
can effectively influence the availability of euphau-
siids for cod in summer. Given that cod feed on
capelin and their own juveniles, they contribute to
the conservation of euphausiid stocks by reducing
predation pressure. In the Barents Sea ecosystem,
capelin plays a key role in trophic transformations.
Zooplankton and capelin define the efficacy of
utilization of primary and secondary production
there, and thus impact the overall biological
production. Annually, the feeding areas of capelin
and cod shift northeastward over spring and
summer, following the pattern of development of
C. finmarchicus and euphausiids (Degtyareva, 1979).

Polar cod feed on phytoplankton and zooplank-
ton and, to a lesser extent, on small bottom
crustaceans including shrimp eggs (Andriyashev,
1954; Gjøsæter, 1995).

4.2. Fish– fish

Of particular importance to the Barents Sea
ecosystem are the dynamics between three of the
most abundant and commercially valuable fish
stocks: cod, capelin and herring (Bogstad and
Gjøsæter 1994; Gjøsæter and Bogstad, 1998; Hamre
and Hatlebakk, 1998; Hjermann et al., 2004a).
Young herring, growing up in the southern Barents
Sea, are efficient plankton feeders, but they also eat
fish larvae. Since capelin spawn close to the herring
nursery area, strong year classes of herring tend to
keep the capelin recruitment low thereby decreasing
the capelin stock (Hjermann et al., 2004a). At such
times, transfer of plankton production in the
marginal ice zone into food for cod and other fish
eating species in the south is reduced. In this way the
herring not only decrease the capelin stock, but also
prevent utilization of plankton production, thereby
impacting cod growth (Hamre, 2003; Gjøsæter,
1998; Gjøsæter and Bogstad, 1998; Hjermann
et al., 2004a). Another challenge for the capelin
occurs during their spawning migration as they have
to traverse through the area occupied by over-
wintering immature cod. If the cod stock is large,
the feeding pressure on the capelin is high (Dolgov,
2002). This probably does not constitute a signifi-
cant problem when the capelin stock is large
but can, if the capelin abundance is low, further
reduce potential capelin recruitment. However,
cod appear to play less of a role in controlling
capelin abundance than herring, as the capelin stock
can rebuild quickly if the herring population is low
(Fig. 7; see also Hjermann et al., 2004a).

Mature cod also feed on capelin, and their
growth rate and somatic and liver condition
increase as capelin population increases (Yaragina
and Marshall, 2000). Cod also prey on herring, but
to a lesser extent than on capelin, and at times
on younger cod. Bogstad et al. (1994) found
the frequency of occurrence of cannibalism of
cod increases with the abundance of juvenile cod,
while Hjermann et al. (2004b) noted the survival of
2–4-year old cod is negatively related to the cod
abundance relative to capelin. This they interpreted
as evidence of cannibalism when there was less
capelin available.

At the larval and early juvenile stages, haddock
feeding habits are similar to cod. Thus competition
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is the likely explanation of the negative effect of
0-group cod abundance on haddock (Dingsør et al.,
2007). At older ages the haddock diet contains less
fish and more benthic organisms than cod. After
settlement to the bottom, haddock eat polychaetes,
krill, amphipods, fish larvae and capelin. At
approximately age 2, haddock begin to eat echino-
derms, molluscs, prawns and larger fish, predomi-
nantly capelin. Haddock also can be an important
predator on capelin eggs.

Capelin prey upon larvae of polar cod. It is not
known to what extent this affects the polar cod
stock, but the capelin collapse in the 1980s was
followed by unusually large amounts of polar cod
larvae. In addition to reduced predation during such
periods, food availability for polar cod larvae
may have improved as capelin became scarce
(H. Gjøsæter, pers. comm.). Indeed, because of
largely overlapping diets, adult capelin and polar
cod are potential food competitors. The main
dietary difference is that capelin prefer krill over
amphipods, while it is opposite for polar cod.
Normally, however, competition is lessened because
polar cod exploit food resources farther north and
east than capelin.

In addition to between-species interactions and
cannibalism of cod, there is evidence of density
dependent effects for 0-group cod, haddock and
herring and age 1 capelin and haddock in the
Barents Sea although the mechanisms are not clear
(Dingsør et al., 2007). These authors also found that
the density dependent affect was greatly attenuated
between 0-group and age 1 for cod and herring.

The large fish stocks in the Norwegian Sea are
pelagic, and the fish–fish interactions appear much
less pronounced than in the Barents Sea, where
there are both large demersal stocks, as well as
pelagics. However, it is known that blue whiting
feed upon mesopelagic fish, and when available,
0-group herring (Monstad, 2004). The diet of
Atlantic salmon (Salmo salar L.) in the Norwegian
Sea consists of a wide range of different food items,
but they seem to prefer fish if available. Herring,
redfish (Sebastes) and especially blue whiting are on
the menu; however, there is a large uncertainty as to
how much the feeding by salmon influences other
stocks (Holm et al., 2004).

4.3. Marine mammal– fish– zooplankton

Minke whale prey consumption in the Barents
Sea is approximately 1.8 million t, including about
140,000 t of capelin, 600,000 t of herring, 250,000 t
of cod, and 600,000 t of euphausiids (Bogstad et al.,
2000). Yearly food consumption by harp seals in the
Barents Sea is estimated at a maximum of 3.5
million t, including 800,000 t of capelin, 200,000–
300,000 t of herring, and 100,000–200,000 t of cod
(Bogstad et al., 2000; Nilssen et al., 2000). Model-
ling studies of interactions between capelin, herring,
harp seals and minke whales indicated herring is
negatively related to minke whale abundance
through predation of recruits, while harp seals have
a larger influence on capelin and cod (Bogstad et al.,
1997).

4.4. Seabirds– fish– zooplankton

Seabirds in the Barents Sea annually consume
approximately 1.2million t, of which fatty fish
constitute 45% and invertebrates 46% (Barrett
et al., 2002). Brünnich’s guillemots are the most
important consumers of fish (accounting for about
47% of the total seabird consumption), with polar
cod (up to 95–100% on Novaya Zemlya) and
capelin (up to 70–80% on Spitzbergen) dominant
in their diets. Atlantic puffins and the common
guillemot prey upon herring, sand eel, capelin,
haddock and saithe. On Spitzbergen and Bear
Island, polar cod predominate in the diet of Atlantic
puffin.

In the Norwegian Sea, total consumption by all
seabirds is estimated at 1.24 million t of food
annually, of which 47% is lean fish such as gadoids,
15% are fatty fish such as herring, sand eels and
sprat, and 38% are invertebrates (Anker-Nilssen
and Lorentsen, 2004). Because of their larger size,
the northern fulmars account for the highest
predation (38% of the seabird total), with puffins
an additional 28%.

A strong anthropogenic impact on fish popula-
tions has indirect adverse effects on the commu-
nities of fish-eating birds, as their numbers are
directly related to the availability of food (Erikstad,
1990). For instance, in the mid-1980s, the stocks of
capelin and polar cod were severely depleted by the
fisheries, and seabird chicks in colonies on the
coasts of Norway, Murman, and Novaya Zemlya
suffered high mortality (Vader et al., 1990). In such
years, guillemots in the Bear Island region of
the Barents Sea switched to euphausiids (Mehlum,
2001). Herring is the principal food for puffins, and
although the herring population in the Norwegian
Sea in recent years has recovered from the low
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numbers of a few decades ago, puffin numbers
continue to decline.

4.5. Biomass, production and consumption

To compare the different trophic levels within
each of the two seas, we have used published
estimates of their biomass, production and con-
sumption. Note that the consumption estimates are
what each trophic level eats, not how much of the
trophic level is eaten. The Norwegian Sea estimates
have been taken from Skjoldal et al. (2004), except
for seabirds, which were obtained from Anker-
Nilssen and Lorentsen (2004). For the Barents Sea,
estimates were from Sakshaug et al. (1994b ) with
updated estimates for fish and higher trophic levels
taken from Sakshaug and Walsh (2000). While the
Skjoldal et al. (2004) attempted to include most
major species, those for the Barents are confined to
Calanus and krill for zooplankton, capelin for
pelagics, cod for demersals, and whales and seals
for marine mammals. Also, estimates for squids
were provided for the Norwegian Sea but are not
available for the Barents Sea. Thus, only relative
comparisons between the regions can be made.
Production and consumption units are in
gCm�2y�1. For the Norwegian Sea production
estimates, the wet weight production was divided by
total area times the conversion factor from wet
weight to carbon (i.e. 10, as assumed by Skjoldal
et al., 2004).

Zooplankton dominates the biomass spectra with
over 10 times greater biomass than that of phyto-
plankton in the Norwegian Sea, but only slightly
more in the Barents Sea (Fig. 9). The latter does not
include microzooplankton, amphipods, or gelati-
nous medusae all of which are significant compo-
nents of the Barents Sea ecosystems (Dalpadado
et al., 1998). Biomass and production for demersals,
pelagics and squids are more or less similar in the
two regions; however, in the Norwegian Sea, the
pelagics dominate the squids, which are more
productive than demersals, whereas in the Barents
Sea the production of the pelagics (capelin) and
demersals (cod) is more equal. Production and
biomass of the marine mammals is significantly less
than that of the lower trophic levels but higher than
seabirds.

In the Norwegian Sea the estimated consumption
by zooplankton exceeds the production of phyto-
plankton, even after taking into account carnivor-
ous zooplankton. The estimates of primary
production assumed that regenerated production
was 2 times the new production. If the regenerated
production is 3 times the new production, then there
is a closer fit between the estimates of primary
production and consumption by herbivorous zoo-
plankton (Skjoldal et al., 2004). This indicates the
level of uncertainty in such estimates. The highest
consumption to production levels occur for seabirds
and marine mammals, so although their biomass
and production are relatively minor in comparison
with the other trophic levels, their consumption is
still important due to their relatively high metabolic
maintenance costs.

While such estimates, especially of production
and consumption, require many assumptions, are
highly uncertain, and must be interpreted with
extreme caution, they do provide a means for
comparison both within a region and between
regions. Such exercises in the future for the
Norwegian and Barents Seas should focus on using
similar species and assumptions in the two areas.

5. Ecosystem response to climate variability

As indicated in the introduction, changes in
climate have historically lead to significant varia-
bility in various components of the marine ecosys-
tems of the Norwegian and Barents Seas. Below we
document some of those changes for plankton,
benthos and fish.

5.1. Plankton

Mixing and stratification have long been known
to influence primary production (Sverdrup, 1953).
In the Barents Sea, stratification of the water
column is largely determined by the opposing forces
of wind mixing, heating and freshwater supply, with
the relative importance of the later two dependent
upon location (Sakshaug and Slagstad, 1992). In the
middle of the western entrance to the Barents Sea,
Olsen et al. (2003) found that in years of westerly
winds primary production was higher than in years
with easterly winds. This is because easterly winds
push low-salinity, low-nutrient Coastal Water
northward off the Norwegian coast. This increases
the upper level stratification and reduces the supply
of nutrients from below, thereby limiting primary
production in the middle of the Barents Sea
entrance. During westerly winds, the Coastal Water
is confined closer to the Norwegian coast and the
reduced stratification in the middle of the entrance
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Fig. 9. The estimated biomass, production and consumption by trophic level in the Norwegian and Barents Seas. Descriptions of the data

sources are provided in the text. The vertical axis is in gCm�2 for biomass and in gCm�2y�1 for production and consumption.
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results in higher nutrient levels through wind mixing
and ultimately higher primary production levels.

Sea ice also can influence year to year variability
in phytoplankton production (Rey and Loeng,
1985). Modelling studies (Slagstad and Wassmann,
1997) suggest that primary production levels are as
much as 400% higher in ice-free regions in a warm
year (1984) compared to when these same areas are
ice-covered during a cold year (1981). Relative to
the entire Barents Sea region, reduced ice cover
results in an approximately 30% increase in primary
production. This is due to a combination of higher
light levels in areas of decreased ice extent and
higher nutrient levels as the Atlantic Waters extend
farther northward and eastward. Timing of produc-
tion also can be affected by sea ice. For example,
during colder winters with ice cover that extends
towards the Atlantic Waters, the heat from the
latter melts the ice, resulting in vertical stratification
and earlier blooms than in warm years when the ice
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is farther north (Skjoldal and Rey, 1989; Skjoldal
et al., 1992).

Atlantic inflow was hypothesized to advect
C. finmarchicus into the Barents Sea in the spring
and summer (Skjoldal and Rey, 1989; Skjoldal
et al., 1992; Sundby, 2000), a result later borne out
by direct measurements (Edvardsen et al., 2003). It
was also suggested that greater amounts of warm
water from the increased inflow would lead to
elevated zooplankton production because of faster
growth and, hence, lower mortality. The inverse
relationship found between temperature and zoo-
plankton biomass (Skjoldal et al., 1992; Tande
et al., 2000) does not support this hypothesis,
however; it has been suggested that different faunal
and seasonal succession in Polar versus Atlantic
Water masses may explain this unexpected relation-
ship (Tande et al., 2000).

5.2. Benthos

Benthic populations tend to respond more to
long-term variations in marine climate than short-
term fluctuations. Thus during the extended warm
period that began in the 1920s and extended into the
1950s, Arctic benthic species retreated along the
Murman coast in the Barents Sea, while the number
of boreal species increased, such that the relative
number of boreal species doubled between the
period prior to and during the peak of the warming
(Nesis, 1960). Also, Atlantic Water species of
gastropods (Gibbula tumida, Akera bullata), hermit
crabs (Eupagurus bernhardus L.) and cockles (Cer-

astoderma edule L.), were reported along this coast
for the first time in the 1930s (Cushing, 1982). West
of Spitzbergen, Atlantic benthos species spread
northward approximately 500 km between studies
prior to 1931 and those in the 1950s (Blacker, 1957,
1965). This was due to an increased influence of
Atlantic Waters over the bottom (Blacker, 1957).
With the onset of the cold period in the 1960s, there
was a decline of benthic biomass (Antipova, 1975),
which was suggested to have been the result of
increase of the trawl fishery by Denisenko (2001).
However, the contraction of the distribution of
boreal (warm-water) species and an expansion of
Arctic (cold-water) forms indicate an environmental
cause (Galkin, 1981). More recently, the blue mussel
(Mytilus edulis) was discovered in northern Spitz-
bergen after an absence of almost 1000 years and
was attributed to warming caused by the increased
transport of Atlantic Waters (Berge et al., 2005).
5.3. Fish

Climate also plays an important role in the
changes in distribution and production of the major
fish species. Cod moved north and eastward during
the warm periods of the 1930s and 1940s and
retreated farther south and westward in the Barents
Sea during cooler periods in the 1960s (Blacker,
1957). During the warm 1930s a herring fishery also
developed along the Murman coast whereas pre-
viously this species was almost unknown in this
region (Beverton and Lee, 1965). In warm years, the
feeding area of capelin is extensive and reaches as
far north as Franz Josef Land and in cold years the
feeding area shrinks and is displaced to the south-
west (Ozhigin and Luka, 1985; Vilhjálmsson,
1997b).

The southern Barents Sea is home to the world’s
largest cod population, the Arcto-Norwegian (or
Northeast Arctic) stock. Good recruitment of cod is
dependent on higher than average temperatures
(Sætarsdal and Loeng, 1987; Ottersen and Sundby,
1995; Dippner and Ottersen, 2001; Ottersen and
Stenseth, 2001; Sirabella et al., 2001; Dingsør et al.,
2007). The main reasons for this link has been
suggested to be due to (i) higher primary production
due to a larger ice-free area, (ii) a larger influx of
zooplankton carried by the increased inflow of
Atlantic water masses from the southwest, and
(iii) higher temperatures promoting higher biologi-
cal activity at all trophic levels (Sakshaug, 1997;
Drinkwater et al., 2003). Warm conditions in the
Barents Sea are related to a positive NAO phase,
and links between the NAO and cod recruitment
have been demonstrated (Dippner and Ottersen,
2001; Ottersen and Stenseth, 2001). Recently it was
shown by Ottersen et al. (2006) that the statistical
relationship between temperature and the recruit-
ment of Barents Sea cod has been increasing during
recent decades. They suggest this is related to
fishing-induced changes in the age of the spawning
stock biomass from being dominated by 13+ year
old fish in the late 1940s and early 1950s to 6–8 year
old fish in the 1990s.

Changes in climate patterns associated with the
NAO also affect predator–prey interactions in the
Barents Sea. An increase in the basic metabolic rate
of cod, associated with higher temperature during
years of high NAO index values, results in an
increase consumption of capelin by 100,000 t per
degree centigrade (Bogstad and Gjøsæter, 1994).
The capelin can move north and eastwards partly
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Fig. 10. Herring SSB (in red) and filtered Kola Section

temperatures (in blue) (modified from Toresen and Østvedt,

2000).

H. Loeng, K. Drinkwater / Deep-Sea Research II 54 (2007) 2478–2500 2495
escaping cod predation. Feeding so far north,
however, causes slower growth and later maturity,
thus leading to a smaller spawning stock biomass of
capelin. This produces a weak year-class, which
would in any case have a low chance of survival due
to strong predation by herring. These examples
emphasize that species interactions change under
different climate regimes, a topic discussed further
by Dingsør et al. (2007).

The abundance of Norwegian spring spawning
herring increased in the 1920s, remained high for a
number of years, and declined in the 1960s (Fig. 10).
This occurred in parallel with temperature changes,
with high temperatures favouring high recruitment
and vice versa, although fishing pressure also played
a significant role in the decline (Toresen and
Østvedt, 2000; Fiksen and Slotte, 2002). The stock
underwent large distributional changes as well
(Vilhjálmsson, 1997b). During the warm period of
the 1920s to the 1960s, herring migrated from their
spawning locations on the west coast of Norway
and around the Faroes and their nursery areas in
the western Barents Sea to the feeding grounds off
northeastern Iceland. The overwintering grounds at
this time were primarily to the east of Iceland, and
in spring, the herring migrated back to their
spawning grounds. As the front between the cold
Arctic Waters to the northwest and the warmer
Atlantic Waters to the southeast shifted south-
eastward during the colder 1960s, the herring
feeding grounds moved farther eastward and then
to southwest of Spitzbergen. When the population
declined to drastically low levels, they no longer
migrated but remained near the Norwegian coast to
both feed and spawn (Vilhjálmsson, 1997b). In the
1990s, as temperatures warmed and the population
increased, they again began migrating back towards
Iceland to feed (Vilhjálmsson, 1997b).

6. Concluding remarks

In this paper we have provided brief descriptions
of the ecosystem structure and function in the
Barents and Norwegian Seas. There is a close link
between the two regions, both in terms of the
physical oceanography and their ecosystems. For
example, both regions exhibit high interannual
as well as low-frequency (with an approximately
80-year period) hydrographic variability with cool
periods recorded in the early part of the 20th
century and in the 1960s and 1970s and warm
periods in the 1920s to the 1950s and since the
1990s. The NAO exerts a strong influence in the
interdecadal variability of their climate and physical
oceanography, although the precise response in
terms of the latter can differ depending on the
variable being considered. In addition to similar
large-scale atmospheric forcing, there is a direct link
as the ocean climate in the Barents Sea is largely
influenced by the heat flux of Atlantic Water coming
from the Norwegian Sea.

Species distributions of the plankton and many
fish are largely determined by the distribution of the
Atlantic, Arctic and Polar Water masses and
the fronts separating them. The seasonal cycles
and the total annual primary production are similar
in both seas; however, in the northern Barents Sea
the timing of the production is linked to the retreat
of the sea ice. Calanus finmarchicus dominates the
zooplankton in the Atlantic Water in both seas
while in the Polar Water, C. glacialis dominates.
There is high fish production of pelagics in the
Norwegian Sea, while in the Barents Sea there are
both demersals and pelagics.

In both regions, there is ample evidence of the
effects of climate variability on the marine ecosys-
tems, e.g., the response of the abundance and
distribution of herring in the Norwegian Sea and
the cod in the Barents Sea associated with long-term
temperature changes. These occur as direct physio-
logical responses as well as indirectly through effects
on the prey, predators or competitors. However,
many aspects of the interaction between the atmo-
sphere and the ocean, and between climate and the
marine ecosystem, require a better understanding
before the high levels of uncertainty associated with
present predicted responses to climate change can
be significantly reduced. This understanding only
can be achieved through monitoring and research.
The later should include comparisons between and
among other sub-Arctic and Arctic regions.
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Some common gaps in our knowledge of the
Barents and the Norwegian Seas that need to be
addressed include improved understanding of the
processes determining the variability in the ocean
circulation, positions of oceanic fronts, species
sensitivity to climate change, match/mismatch
between predators and prey, indirect and non-linear
effect on biological processes, and competition
when/if new species are introduced into the ecosys-
tem. The thermohaline circulation, on the scale of at
least the North Atlantic Ocean, may decrease as a
consequence of climate change, which might alter
the Atlantic inflow to the Nordic Seas. This would
impact the transport of zooplankton from the
Norwegian Sea to the Barents Sea and alter the
positions of ocean fronts between the major water
masses. Such fronts act as barriers to many marine
organisms and are important feeding areas for
higher trophic organisms. The timing of reproduc-
tion for many species is related to that of their prey.
How timing and location of production and
spawning of most species might alter in response
to climate change remains unclear, e.g., cod spawn-
ing in relation to the presence of C. finmarchicus or
the effects of changes in hatching time of herring
larvae on the survival of young puffins. Further,
many arctic species have relatively narrow habitat
and niche requirements. Their likely response to a
possible increase in competition from more oppor-
tunistic species in a warmer Arctic is unclear. One
question is what may happen to the Barents Sea if
mackerel and blue whiting become more common
inhabitants—how will this influence other species
such as herring, capelin and cod?

During the past half century, heavy fishing has
made it more difficult to attribute changes in fish to
climate. While many wish to partition changes to
fishing or climate, the two interact and their effects
cannot often be separated. For example, Ottersen
et al. (2006) found that the age at maturity of cod
has decreased over the past several decades from
+13 years to 8–10 years. The authors have
attributed an increase in the correlation between
temperature and recruitment over this time period
to an increased sensitivity to climate caused by
fishing. Thus, future studies need to focus not only
on the mechanisms through which climate affects
the structure and function of marine ecosystems but
also the interaction between fishing and climate.
Only by doing this will we be in a position to
adequately tackle the problem of the response of the
ecosystem to future climate change.
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Climate variability in the Barents Sea during the 20th century

with focus on the 1990s. ICES Marine Science Symposia 219,

160–168.

Ingvaldsen, R.B., Asplin, L., Loeng, H., 2004a. Velocity field of

the western entrance to the Barents Sea. Journal of

Geophysical Research 109, C03021,10.

Ingvaldsen, R., Asplin, L., Loeng, H., 2004b. The seasonal cycle

in the Atlantic transport to the Barents Sea during the years

1997–2001. Continental Shelf Research 24, 1015–1032.
Iversen, S.A., 2004. Mackerel and horse mackerel. In: Skjoldal,

H.R. (Ed.), The Norwegian Sea Ecosystem. Tapir Academic

Press, Trondheim, pp. 289–300.

Johannessen, O.M., Bengtson, L., Miles, M.W., Kuzmina, S.I.,

Semenov, V.A., Alekseev, G.V., Nagurnyi, A.P., Zakharov,

V.F., Bobylev, L.P., Pettersson, L.H., Hasselmann, K.,

Cattle, H.P., 2004. Arctic climate change—observed and

modelled temperature and sea ice variability. Tellus 56A,

1–18.

Kvingedal, B., 2005. Sea-ice extent and variability in the Nordic

Seas, 1967–2002. In: Drange, H., Dokken, T., Furevik, T.,

Gerdes, R., Berger, W. (Eds.), The Nordic Seas: an Integrated

Perspective. Geophysical Monograph 158, pp. 39–49.

Lawson, J.W., Stenson, G.B., 1997. Diet of northwest Atlantic

harp seals (Phoca groenlandica) in offshore areas. Canadian

Journal of Zoology 75, 2095–2106.

Loeng, H., 1979. A review of the sea ice conditions of the Barents

Sea and the area west of Spitsbergen. Fisken og Havet 1979

(2), 29–75 (in Norwegian with English abstract).

Loeng, H., 1989a. The influence of temperature on some fish

population parameters in the Barents Sea. Journal of North-

west Atlantic Fishery Science 9, 103–113.

Loeng, H., 1989b. Ecological features of the Barents Sea. In: Rey,

L., Alexander, V. (Eds.), Proceedings of the Sixth Conference
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