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Summary
The polar front is defined as the boundary in the Barents Sea which divides relatively warm,
saline water masses of Atlantic origin and colder, fresher water masses of Arctic origin. This
front is particularly distinct not only around Spitsbergen Bank and the Hopen Deep, but also
around Central Bank and to some extent eastwards in the Barents Sea. Due to the physical
characteristics and implications for biological activity, this area is identified as a particularly
valuable and vulnerable area. This report summarises the physical characteristics of the front,
and its variation in time and space. A summary is also presented of the biological activity in
the polar front region and its value and vulnerability.
The report presents a more detailed overview of the structure of the polar front than has been
given in previous summaries, and notes that there are three fronts around Spitsbergen Bank
and the Hopen Deep, all of which have different origins and structures, and therefore also
different impacts on biological production and activity.
High up on the flank of Spitsbergen Bank ( depth ~50-100 m) is a front which is caused by a
combination of shallow depths and strong tidal currents. This front was therefore formerly
referred to not only as a tidal front, but also a summer front, as the hydrographic differences
that define the front itself are mostly present only during the summer months, even though the
driving forces themselves which maintain the front are present at all times. This front helps to
make parts of Spitsbergen Bank a "hotspot" with regard to biological production. As this front
is determined by water depth and tidal currents, it is predictable and relatively easy to map.
The polar front proper, which separates Arctic waters from Atlantic waters, is typically
located along the ~200 m isobate around the entire the Hopen Deep, and during the summer is
identifiable from a depth of approximately 50 metres and down towards the bottom. This front
is dynamically "passive" and therefore does not contribute to any increase in primary
production. However, the polar front acts as a habitat limit for some species, and it can also
act as an aggregation area for different species. It is closely linked to topography and
therefore relatively easy to map, and it is present all year round, with relatively minor
variations both during the year and between years.
In addition to the two fronts referred to above, there is a meltwater front in the surface layer
which is present during the spring and summer. This front is typically no more than 50 m
deep and may be linked to the polar front, but not necessarily. This front is more volatile and
therefore harder to map on a general basis, as it depends on the melting of sea ice and thus the
ice cover during the previous winter. Like the tidal front, this front is also important for the
dynamics of the spring bloom, with subsequent cascade effects further up the food chain.
Overall, the frontal system which is normally referred to under the collective term ‘polar
front’ is an important area for various species at different trophic levels at different times of
the year. During the winter, the polar front act as an overwintering and spawning ground for
various fish species. The area in general, and Spitsbergen Bank in particular, is an area with
high levels of biological activity as a result of high primary production during the spring, and
is therefore also an important feeding ground for seabirds. Throughout the summer, the whole
area also forms part of the feeding grounds used by fish. Furthermore, both seals and whales
migrate here to feed during the summer, although it has not been possible to document large
accumulations over time.
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2 Introduction
2.1 Background and purpose
Report to the Storting No. 20 (2014-2015) ‘Update of the integrated management plan for the
Barents Sea–Lofoten area including an update of the delimitation of the marginal ice zone’
states that the need to update the delimitation of the polar front as a particularly valuable and
vulnerable area will be considered in connection with the revision of the management plan in
2020. The Expert Forum therefore tasked the Norwegian Institute of Marine Research (HI)
and the Norwegian Polar Institute (NP) with carrying out a scientific investigation of both the
polar front and the marginal ice zone, focusing on how the particularly valuable and
vulnerable areas of the polar front and the marginal ice zone can be delimited based on
physical and biological characteristics, including how these vary in time and space. Both the
physical and biological conditions were to be described, as well as how these vary both during
the year and between years, and what are the key drivers for natural variations versus
anthropogenic variations. However, the assignment did not include defining where the
boundary for these valuable and vulnerable areas should be placed. It was decided that the
work on the polar front and the marginal ice zone should be carried out in parallel and
submitted in the form of two separate reports. The report on the marginal ice zone was
submitted to the Expert Forum in 2017 (von Quillfeldt et al., 2017).
2.2 Approach to the assignment and delivery format
2.2.1 Geographical delimitation
In principle, the polar front extends from the Fram Strait in the northwest to the area between
Novaya Zemlya and Franz Josef Land in the northeast. In the report, the polar front is
described as the boundary between Atlantic waters and Arctic waters, and references to “the
polar front" in this document refer back to the polar front as defined here, i.e. where the
boundary between the water masses is located. If reference is made to the polar front as
defined in the Barents Sea management plan, this is noted explicitly. The report primarily
focuses on the Norwegian part of the Barents Sea, from Spitsbergen Bank in the west to
Central Bank in the east. However, some information has also been provided on the polar
front in parts of the Barents Sea further east which include the Russian economic zone.
2.2.2 Approach to the assignment
At the start of the work, it was decided to:
•
•
•
•

Describe the location and physical characteristics of the polar front in the past, present
and future based on available literature and observations (past and present), as well as
using numerical ocean circulation models (past, present and future)
Describe the biological activity, as well as the biological value and vulnerability of the
polar front based on existing knowledge
Conduct new analyses of available observation data and model data to investigate the
structure and variability of the polar front
Identify knowledge gaps which impact on the value and vulnerability assessment, as
well as knowledge gaps which must be closed in order to understand how the polar
front can be expected to respond to any climate variability and changes in the future
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2.2.3 Delivery format
The report is a technical report which uses references in the same way as scientific, peerreviewed publications. However, some so-called ‘grey literature’ has also been used in the
review of existing knowledge, possibly to a greater extent than would have been the case for a
peer-reviewed publication. The report largely comprises two modules:
•
•

Module 1 Review of physical and biological conditions at the polar front
Module 2 Value and vulnerability assessment of the polar front

Both modules also consist of sub-chapters which cover the various trophic levels in the food
chain, including physics. In addition, Module 1 includes a review of the structure and
variability of the polar front, as well as expected changes in the future.
The report was submitted to the Expert Forum on 30 June 2018 as a PDF file, and with an
extended deadline of 15 September to carry out scientific quality checks, as well as time for
internal approval within the Institute of Marine Research ahead of the official distribution of
the scientific report. The report will be printed as a separate report in the Institute of Marine
Research's own "Fisken og Havet" report series.
2.2.4 The polar front as a valuable and vulnerable area in the management plan for the
Barents Sea
All the management plans for Norwegian marine areas, including the Barents Sea and the
marine areas off the coast of Lofoten (Report to the Storting No. 8 (2005-2006); updated
Report to the Storting No. 10 (2010-2011)), identify particularly valuable and vulnerable
areas on the basis of various scientific studies. Valuable and vulnerable areas are sub-areas in
a planning area which, based on scientific assessments, are of special importance as regards
biodiversity and/or biological production, where adverse effects could be either persistent or
irreversible.
In both the management plan for the Barents Sea and the marine areas off Lofoten (Report to
the Storting No. 8 (2005-2006) and the update of this Report to the Storting No. 10 (20102011), the polar front is, based on scientific assessments, identified as a particularly valuable
and vulnerable area as a result of the high primary production in the area and its associated
importance as a feeding and nursery ground for many species at various trophic levels (Olsen
& von Quillfeldt, 2003). Environmental changes and damage in this area may therefore have
major, and possibly irreversible, adverse effects on the biological production and diversity of
the polar front region. However, in connection with the follow-up of the management plan for
the Barents Sea, there has been a need to improve the delimitation of the polar front region as
a particularly vulnerable and valuable area. In this work, emphasis has therefore been placed
on the physical structures of the polar front region, how these vary during the year and
between years, and biophysical couplings and impacts upwards in the trophic levels.
2.2.5 Relationship to the scientific report on the marginal ice zone
The marginal ice zone and the polar front region overlap geographically at times, particularly
in the western parts of the Barents Sea and primarily during the winter months, as there is a
close link between the location of the polar front and the distribution of the sea ice (Loeng &
Vinje, 1979; Loeng, 1991). There will therefore be a significant overlap between the polar
front area and the area which is covered by the marginal ice zone when its seasonality is
7

included. At the same time, our knowledge of the marine ecosystem in the Barents Sea has
limited resolution in terms of time and space. For example, we know that some fish stocks
reside entirely or in part in the area which comprises the marginal ice zone and the polar front
region and that this may apply for all or certain parts of the year. Thus, there is some overlap
between this report on the polar front and the marginal ice zone report as regards the
biological description, as well as the value and vulnerability assessment for the polar front.

3 Previous studies
Over the years, a number of studies have been carried out in parts of the area along and
around the polar front, and literature is available concerning the physical conditions. Through
its routine surveys in the Barents Sea, the Institute of Marine Research has a significant
number of observations concerning the position of the polar front. A number of detailed
surveys in the front area were initiated under the "Lodda på sommerbeite” project in 1979 and
continued under Pro Mare (1984-1989). Various foreign studies have also been conducted,
but these have primarily focused on the physical characteristics of the polar front.
3.1 Pro Mare (1984-1989)
The Norwegian Research Program for Marine Arctic Ecology (Pro Mare) was an extensive
research programme in the Barents Sea which focused on the central and northern parts of the
Barents Sea. Central to this monitoring programme was "Section I", which was an extension
of the "Vardø Nord" section in a north-northeasterly direction. This section extends through
the extension of "Vardø North" from the northern Hopen Deep, through the polar front and up
onto Great Bank. It is worth noting that a similar section is also pivotal to the monitoring
programme for the national “The Nansen Legacy" project. It is therefore logical to highlight
the results from Pro Mare as a basis for the interpretation of results from upcoming surveys.
Pro Mare has resulted in more than 300 publications, and many summary articles were
published in Polar Research (Sakshaug et al., 1991), as well as in the book "Økosystem
Barentshavet" (Sakshaug, 1992). However, many of the results, especially those presented in
the research cruise reports, are what are known as "grey literature", which has not undergone
peer review. These results have been included in this report, as they help to support recent
literature by confirming/disproving changes over time, and as they also include seasonal
variations. This data, which is not referred to in previous underlying documents for the
management plan, includes physical oceanography, nutrient salts, plant and zooplankton, as
well as some information concerning the prevalence of fish.
3.2 International Polar Year 2007 - 08
During the International Polar Year 2007 - 08, the Norwegian Ecosystem Study of Subarctic
and Arctic Regions (NESSAR) carried out a major field programme on the polar front, both
along Spitsbergen Bank and on Great Bank in 2007. The results from this were first published
in 2014 (Drinkwater & Tande, 2014), i.e. after the most recent update of the management plan
for the Barents Sea and Lofoten. The results are nevertheless included here in the literature
review, rather than as part of section 5.2 "New analyses of the physical conditions at the polar
front". The conclusions from this are largely the same as those from Pro Mare, but with far
more detailed analyses of the front and its characteristics. Results from this which contribute
to new knowledge in relation to the conclusions in the update to the management plan for the
8

Barents Sea and Lofoten (Sunnanå et al., 2010) are noted in the literature review below.
3.3 International publication
There is also some literature based on sporadic investigations, particularly regarding the
physical characteristics of the front, including its position. Some information has also been
obtained from literature which describes other frontal systems for comparative purposes.

4 Topography, circulation and water masses
The Barents Sea is one of the shallow shelf seas which surround the deep Arctic Ocean. In
the west, it borders the Norwegian Sea around the continental slope, while in the east Novaya
Zemlya forms the boundary (Fig. 4.1). In the south, Norway and Russia form the natural
boundary, while in the north, it is the continental slope towards the Arctic Ocean which
delimits its extent. The Barents Sea covers an area of approximately 1.4 million km2 and has
an average depth of 230 m (Loeng, 1991). The maximum depth is approximately 500 m and is
located in Bjørnøyrenna (Bear Island Trough) on the boundary with the Norwegian Sea. The
Barents Sea has many extensive shallow bank areas which have a major impact on ocean
currents in the area. The most important of these are Spitsbergen Bank, Great Bank, Central
Bank and Novaya Zemlya Bank (Fig. 4.1).

9

Figure 4.1. Map of the Barents Sea. The blue shades indicate the bottom topography.
The Barents Sea is a transition zone between relatively warm Atlantic waters and coastal
waters in the south, and cold Arctic waters in the north (Loeng, 1991; Ozhigin et al., 2011). In
the Barents Sea, the Coastal Current and the Atlantic Current, both with temperatures above
3oC, flow in through the western opening (Fig. 4.2). The Coastal Current has a salinity of less
than 34.7 close to land, while the salinity of the Atlantic water is generally higher than 35.0 at
the entrance to the Barents Sea and decreases eastwards. These two water masses dominate in
the southern part of the Barents Sea (Fig. 4.3). During the winter, the transport of Atlantic
water reaches a peak when the current is narrow and deep (Ingvaldsen et al., 2004). During
the summer, the flow is shallower and broader. As it passes through the Barents Sea, the
properties of the Atlantic water are altered by mixing with surrounding water masses, cooling
from the atmosphere and the run-off of fresh water from land and some water from the Kara
Sea (Smedsrud et al., 2013).
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Figure 4.2. The key features of the current conditions in the Barents Sea.

This transformation is important for ventilation of the Arctic Ocean (Aagaard & Woodgate,
2001; Schauer et al., 2002). Arctic water dominates the northern Barents Sea. It primarily
enters the strait between Franz Josef Land and Novaya Zemlya, with somewhat less
originating from the north (Loeng, 1991). Most of the Arctic water exits the Barents Sea
around Spitsbergen Bank and northwards along the west coast of Svalbard. During the
summer, there is a layer of meltwater with a typical thickness of 5-20 m (but sometimes up to
50 m) above the Arctic water (Loeng, 1991). During the winter, the water column becomes
mixed as a result of cooling and ice formation in the north, causing the water column to
become homogeneous from the surface and as deep as Arctic water extends.
In addition, there are a number of water masses which form locally in the Barents Sea. This
applies to Barents Sea water, Barents Sea bottom water and Spitsbergen Bank water (Ozhigin
et al., 2011). The physical oceanographic conditions in the Barents Sea, including water mass
distribution, circulation patterns, mixing conditions and fronts, are described in Loeng (1991),
Pfirman et al. (1994), Sundfjord et al. (2007) and elsewhere, and later updated by Loeng &
Drinkwater (2007), Ingvaldsen & Loeng (2009), Ozhigin et al. (2011) and Lien et al. (2013).
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Figure 4.3. Fronts and water mass distribution in the Barents Sea. T - fronts determined by
temperature, S – fronts determined by salinity, T,S – fronts defined by both temperature and salinity.
NCW – coastal water, AW – Atlantic water, ArW – Arctic water, BSW – Barents Sea water, MCW –
Murman Current water, WSCS - White sea water, SBW – Spitsbergen Bank water, PCW – Pechora
Sea water, AMW – mixed Arctic water, NZCW – Novaya Zemlya coastal water. From: Ozhigin et al.,
2011

5 Oceanographic conditions
Fronts between different water masses often involve the efficient transfer of physical and
biochemical properties between the water masses, which can affect biological production.
Fronts are often associated with an increase in primary production (Le Fèvre, 1987), normally
linked to an increase in the vertical transport of nutrient salts due to extensive mixing of water
masses and resultant upflow (Allen et al., 2005). Fronts can also be areas of aggregation and
thus high concentrations of zooplankton and fish larvae (Franks, 1992; Munk et al., 2009),
which result in hotspots for marine life. Fronts can also be the boundary between different
12

species which prefer different water masses based on temperature preferences, between Arctic
and boreal species in the case of the polar front.
5.1 Summary of available literature
There are a number of fronts in the Barents Sea (Fig. 4.3). In the far south, there is a front
between the coastal water and the Atlantic water, which is largely due to differences in the
salinity of the two water masses. North of Bjørnøyrenna and the Hopen Deep is the front
which is normally defined as the polar front. Using horizontal gradients in temperature and
salinity as a basis, the position of the polar front was first mapped by Izhevsky (1958), a
position which is heavily influenced by the bottom topography of the western part
(Johannessen & Foster, 1978; Gawarkiewics & Plueddemann, 1995; Parson et al., 1996;
Harris et al., 1998). The position is more variable in the east, where the strength of the inflow
of Atlantic water is of considerable importance (Loeng, 1991; Årthun et al., 2012; Lien et al.,
2017). In the west, around Spitsbergen Bank, the polar front largely follows the bathymetric
contour between 150-200 m (Harris et al., 1998; Fer & Drinkwater, 2014). It then extends
around the Hopen Depth (southwest of Great Bank) and then turns south and further east
around Great Bank (Fig. 4.3). East of Central Bank, there is no strong topographic influence,
and it gradually loses its distinctive characteristics as a front. According to Matishov et al.
(2012), the polar front is approximately 1,500 km long.
5.1.1 The front around Spitsbergen Bank
Around Spitsbergen Bank, the polar front has a complicated spatial structure (Fig. 5.1). In this
area, the polar front is defined by gradients in both temperature and salinity, both of which
decrease from the Atlantic side to the Arctic side. This area is marked T,S in Figure 4.3 and is
located at a depth of approximately 200 m along the eastern side of Spitsbergen Bank (Loeng,
1991; Fer & Drinkwater, 2014) and around the Hopen Deep (Ozhigin et al., 2011). However,
because the horizontal differences in temperature and salinity have the opposite effect on
density – decreasing temperature increases density, while decreasing salinity reduces density
– the horizontal density gradient through the front is very weak. This part of the front
therefore does not set up secondary circulation, which gives rise to vertical stirring and
subsequent turbulent mixing processes. The polar front around Spitsbergen Bank is therefore
referred to as a ‘passive’ front (Fer & Drinkwater, 2014).
However, the complicated spatial structure of the polar front around Spitsbergen Bank has
given rise to some inaccuracies when referring to the polar front. This is because there are
also two other fronts in this area (Loeng, 1991; Fer & Drinkwater, 2014), both with different
characteristics relative to the polar front, as described above, and with associated physicalbiological implications.

13

Figure 5.1. Schematic representation of fronts/boundary layers between water masses (lines)
and mixing processes (arrows) along Spitsbergen Bank. The currents flow into the page, i.e.
with shallower depths to the right (circle with a cross). BSW – Barents Sea Water. From Fer
& Drinkwater (2014).
As much of Spitsbergen Bank is very shallow, the areas of the bank which are shallower than
50-60 m will mostly be vertically mixed due to the presence of strong tidal currents,
combined with mixing caused by wind. In addition, the inertial waves will have the same
period as the half-daily tides (12.5 hours) near Bjørnøya (approx. 74.5°N), contributing to the
mixing processes in this area. Consequently, there will be a zone along the edge of the bank
where the water column changes from mixed to layered. This sets up a tidal front around the
bank approximately along the contour of the 50-metre bottom depth (Fer & Drinkwater,
2014). As seasonal hydrographic variations mean that the front will only be apparent in the
water mass characteristics during the summer months, this front was referred to as the
"summer front" by Loeng (1991), although the mechanism that causes the front (low bottom
depth and strong tidal currents) occurs all year round. However, unlike the polar front
described above, this tidal front has strong horizontal density gradients during the summer
months, and is therefore an "active" front with strong vertical mixing (Fer & Drinkwater,
2014). Nevertheless, this tidal front is referred to in many previous studies as the polar front
or the surface signature of the polar front. This is despite the fact that these two fronts are
located at different bottom depths (the tidal front at bottom depths <100 m and the polar front
at bottom depths of ~200 m), and they have different causes (tidal versus differences between
water masses) and associated dynamics (active versus passive). We will return to the
biophysical implications of the tidal front in the chapters on the various trophic levels, but the
principal conclusion is that the active tidal front (as opposed to the passive polar front) is very
important for primary production, with subsequent cascade effects upwards in the trophic
levels of the food chain.
14

In addition to the tidal front (the summer front) and the polar front, a meltwater front is
formed at the transition between the Atlantic water and the area where there is a surface layer
that is significantly fresher, as a result of the supply of fresh water from the melting of sea ice
(Loeng, 1991; Dare et al., 2014). The ice melting need not take place where this front is
observed; meltwater from sea ice which melts further north and east in the Barents Sea will
generally tend to flow towards the southwest, so that the meltwater front can be observed
south and west of the areas which have been covered by ice for a given period. This surface
layer will also be rapidly warmed by incoming solar radiation, and both the fresh water and
warming will help to stratify the water column and result in very stable layering. This layering
will help to "mask" the polar front at the surface, and during the summer, the polar front will
therefore typically be identifiable from a depth of approximately 50 metres down to the
bottom. However, this meltwater front may coincide with the polar front and thus may give
the polar front a signature all the way to the surface (in section 5.1.3, Fig. 5.3, further down,
an example is given where the two fronts are uncoupled from each other at Great Bank (Våge
et al., 2014)). This front is also often referred to as the surface signature of the polar front,
although in some cases it is uncoupled from the polar front which separates Atlantic water
from Arctic water at depth. Like the tidal front during the summer, the meltwater front has a
horizontal density gradient and is characterised as an "active" front. However, unlike both the
tidal front and the deeper polar front, both of which are strongly topographically controlled,
the meltwater front is more variable and can vary significantly between years in both strength
and position.
It was previously thought that the warmer and more saline Atlantic water flows north along
the eastern flank of Spitsbergen Bank, while the colder and less saline Arctic water flows
southwards (Johannessen, 1986; Loeng, 1991; Loeng, 1979). In this case, such opposing
currents will give rise to turbulent mixing in the area of the front between the two water
masses. However, results from current measurements and modelling have shown not only that
Atlantic water recirculates in the Hopen Deep, as it flows northeastwards along the eastern
side of the Hopen Deep and recirculates in a south-flowing current of Atlantic water parallel
to the Arctic waters, as indicated in Figure 4.2 (Parson, 1995; Poulin et al., 1995;
Gawarkiewicz & Plueddmann, 1994, 1995; Skagseth, 2008), but also that Atlantic water can
episodically turn and flow northeastwards (Lien et al., 2013a). Along the full length of the
flank of Spitsbergen Bank, there are a number of eddies in the boundary area between the two
water masses. Drifting buoys released in the area during Pro Mare demonstrated this clearly,
and these eddies can have a life span of between a few hours up to 14 days (Fig. 5.2). These
eddies probably have a major impact on the mixing of the two water masses. The relatively
steady southerly drift along the eastern flank of Spitsbergen Bank confirms that the currents
on both sides of the front flow southwards. This current pattern is governed by the bottom
topography of the Hopen Deep. A more detailed summary of the current patterns in the
Barents Sea is presented in Ingvaldsen & Loeng (2009) and Ozhigin et al. (2011).
At the polar front, there is a vertically stable density gradient (density increases with depth),
while there can be substantial variations in vertical temperature and salinity distribution (Fer
& Drinkwater, 2014). This is due to the mixing (merging) of Atlantic and Arctic water in thin
layers (1-10 m thick) when these two water masses flow in opposite directions to each other.
This means that there are layers of high temperature and salinity and layers of low
temperature and salinity interlayered, while a stable water column is maintained.
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Figure 5.2. Drifting of the
Argos buoy by sail at a
depth of 30 metres. The
buoy was released southeast
of Hopen on 2 June and
recovered on 29 August
1984.
(Hassel et al., 1984)

5.1.2 Annual cycle over Spitsbergen Bank
The results of three successive research cruises during Pro Mare are referred to and discussed
(Hassel et al., 1984) below. The original text from the research cruise report is shown in
italics (with minor modifications) and the figures are shown in the Appendix.
In May 1984, the conditions above the bank were vertically almost homogeneous, i.e.
temperature and salinity did not vary in the water column. This also means that there was no
vertical density gradient. The coldest water occurred on the eastern flank of the bank, where
there is a south-flowing current. The temperature was the same as observed in previous years.
On both flanks of Spitsbergen Bank was the frontal area between Atlantic water and Arctic
water. This area was characterised by strong horizontal gradients in temperature and
salinity, and the water masses were layered at some stations in the frontal area. This is due to
mixing between the water masses, e.g. in connection with vortex formation. Despite the strong
horizontal gradients in temperature and salinity, there is only a weak horizontal density
gradient.
The remark about Atlantic water and Arctic water being layered and with a small density
gradient horizontally in the frontal area is consistent with what Fer & Drinkwater (2014) note
in their observations.
In August 1984, observations were made along a section identical to the section used in May
of the same year. The summary from Hassel et al. (1984) states the following:
On the eastern flank of Spitsbergen Bank, there was a southwest-flowing current of cold
Arctic water. This current originates from the areas north of Hopen and continues south past
Bjørnøya. This can be clearly seen in Figure 5.2, which shows the drifting path of a satellitepositioned buoy equipped with a drift-sail at a depth of 30 m. The buoy drifted in the polar
front along the eastern flank of Spitsbergen Bank, although at times it remained for a
relatively long period of time in areas with eddy formation, where Arctic water and Atlantic
water meet and mix. Although the water masses over the shallowest parts of the bank were
mixed as in May, major changes had occurred in both temperature conditions and salinity
between the two research cruises. The temperature had risen by approximately 3oC and was
between 2-3°C above the shallow areas in August. Salinity was between 0.3-0.5%, lower in
the same areas in August than in May/June. This is because, in August, the water masses
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largely consist of warmed Arctic water, whose salinity has decreased during the summer as a
result of ice melting. The relatively high temperature is evidence that the water masses must
have remained over the shallow areas for an extended period of time. There is probably a
large eddy in the centre of the bank where the water masses will remain for a long period of
time.
The observations from August clearly show strong horizontal gradients in temperature and
salinity, although there is no density gradient. However, a horizontal density gradient was
observed on the northern flank along the Arctic water, which Loeng (1991) defined as a
summer front and Fer & Drinkwater (2014) as a tidal front.
In January 1985, the hydrography was observed along a section which extended a little further
north. The findings are summarised in Hassel et al. (1986):
Along the eastern flank of Svalbard Bank, the conditions were somewhat more complicated.
The cold water in the Bjørnøy Current (t<-1°c) flowed towards the south in the upper approx.
70 m. Beneath this current, Atlantic water was found with significantly higher salinity and
temperature. Nothing is yet known about how stable this system is, or whether conditions will
remain the same throughout the winter.
Unlike the previous autumn, when Arctic water was observed near the bottom, the core of the
cold Arctic water in January occurred near the surface. A horizontal density gradient was also
observed in the polar front between the Atlantic and Arctic water. The presence of Atlantic
water higher up the slope along Spitsbergen Bank was also observed in March 2014
(Dobrynin & Pohlmann, 2015). Lien et al. (2013) showed that the current along the eastern
flank of Spitsbergen Bank is governed by local wind fields, and that local low pressure
activity will push Atlantic water higher up the slope along the bank. Low pressure activity
will typically occur more frequently during the winter, which may explain why this
displacement of the polar front has primarily been observed in the winter months. The
importance of the volume of inflowing Atlantic water at the position of the polar front is also
discussed by Ingvaldsen (2005) and Oziel et al. (2016). Ingvaldsen (2005) showed that the
position of the polar front south of Bjørnøya was not as stable as previously thought. The
position of the front varies in line with the climate of the Barents Sea. In warm years with
strong winds, the front is located higher up the bank than during cold periods.
5.1.3 The front south of Great Bank
A detailed study of the physics of the polar front at Great Bank in the summer of 2008 was
conducted by Våge et al. (2014). Arctic water was observed over the bank, while Atlantic
water was observed south of the bank. In the area of Great Bank, the front forms where the
somewhat denser Atlantic water flows northwards beneath the south-flowing and somewhat
less dense Arctic water (Fig. 5.3; Fig 2 in Våge et al., 2014). The density at the surface is
higher south of the front than north of the front at the same depth. The surface water in the far
north is somewhat less dense because it contains more fresh water as a result of ice melting.
At depth, there is no horizontal density gradient from south to north (Fig. 5.3). These
observations correspond to the results of Pro Mare, e.g. Ellertsen et al. (1982) and Hassel et
al. (1984). In this area, it is clear that the less saline Arctic water lies above the more saline
and denser Atlantic water; there is clear vertical layering along the entire length of this
section. A clear example can also be seen of the polar front between the Atlantic water and
the Arctic water being uncoupled from the meltwater front further south, with the
consequence that the polar front loses its surface signature and is only visible at depths below
approximately 50 metres (Fig. 5.3). Here, the distance from the polar front to the meltwater
17

front is approximately 30 km (~15 nm).
Figure 5.3. Hydrographic
section from the Hopen
Deep and north to Great
Bank. (Våge et al., 2014)

Further east, around Central Bank, the polar front is largely governed by the temperature
gradient (marked T in Fig. 4.3; Oziel et al., 2016), while north of the same bank is a front
which is mainly governed by the salinity gradient (marked S in Fig. 4.3; Oziel et al., 2016).
Both of the latter two parts of the polar front are less distinct than the fronts around
Spitsbergen Bank (Fer & Drinkwater, 2014; Oziel et al., 2016), but these eastern parts of the
polar front have a horizontal density gradient and thus also a more dynamic frontal zone, and
the polar front here is therefore more "active" than it is further west.
Skjoldal et al. (1987) found a significant relationship between the position of the polar front in
the Hopen Deep and the temperature of the Atlantic water in the Vardø-N section. They found
that the position of the polar front varied by more than 40 nautical miles north of the Hopen
Deep between the cold years of 1979 and 1981 and the warmest year during the analysed time
series, which was 1983. They related the position of the polar front to the strength of the
Atlantic inflow into the Barents Sea. Changes in the inflow of Atlantic water into the Barents
Sea will also produce a response in the position of the polar front downstream in the eastern
Russian part of the Barents Sea. Interannual fluctuations in temperature result in co-variations
in the ice sheet (a rise in temperature causes less ice) on an interannual timescale in the
eastern part of the Barents Sea (Årthun et al., 2012; Onarheim et al., 2015), as well as
interannual changes in the distribution of Atlantic water and consequently also the position of
the polar front in the eastern Barents Sea. Johannesen et al. (2012) and Dalpadado et al.
(2012) showed that the area covered by Atlantic water in the Barents Sea had increased since
1970. Oziel et al. (2016) looked at data for the period 1980-2011. They concluded that the
volume of Atlantic water in the Barents Sea had doubled over a period of 30 years. The
doubling is linked to the Atlantification process proposed by Årthun et al. (2012), mainly due
to increases in temperature and salinity in the inflowing Atlantic water, as observed in the
fixed sections from Gimsøy-NW to Vardø-N. Changes in temperature and ice distribution in
the Barents Sea on an interannual and longer timescale are mainly linked to changes in the
temperature of the inflowing Atlantic water (e.g. Onarheim et al., 2015). At the same time,
18

changes in the volume of inflowing water on a daily to weekly timescale, as a result of low
pressure activity in the Barents Sea, can produce a more immediate response in the position of
both the polar front and the marginal ice zone downstream in the eastern Barents Sea (Lien et
al., 2013a; 2017).
5.2 New analyses of the physical conditions at the polar front
In addition to the literature study in section 5.1, new analyses have been carried out of the
available hydrographic data and results from a numerical simulation. These analyses are
presented in sections 5.2.1 and 5.2.2. Whereas the results of existing literature are largely
based on a number of field surveys covering limited areas, the new analyses will provide
better coverage and resolution both spatially and temporally. These analyses will therefore be
able to reveal information about the stability and persistence of the front in both a short
timescale (between seasons and years) and a long timescale (between decades). Furthermore,
if the results of new analyses based on both observations and model simulations over a longer
period of time correspond to previous observations, albeit carried out over short periods of
time, then this will underpin a consistent understanding of the polar front. Although the polar
front is characterised by gradients in both temperature and salinity, we have only used
temperature to identify the frontal area, as the boundary between Atlantic water and Arctic
water is represented by both temperature and salinity differences.
5.2.1 Hydrographic observations
Based on hydrographic observations in August-September during the period 1960-2017,
calculations of the horizontal temperature gradient at a depth of 50 metres have been
performed (equation 5.1), i.e. the change in temperature per unit length (total both north-south
and east-west), in this case °C/km. It is defined as a front if the temperature gradient exceeds
0.04°C/km. The results are presented in Figure 5.4, which shows the likelihood of the
presence of a temperature front, i.e. the probability that the temperature gradient at a depth of
50 metres exceeded 0.04°C/km during the period 1960-2017. It is apparent that a temperature
front is normally present along the eastern flank of Spitsbergen Bank and eastwards along the
Hopen Deep towards Great Bank. In this area, the probability of the presence of a temperature
front exceeding 0.04°C/km at a depth of 50 metre is above 50% during the months of August
and September. There is also a probability of more than 50% of a temperature front being
present around South Cape in Spitsbergen. In addition to the polar front, the tidal front along
the eastern and northern flanks of Spitsbergen Bank and Hopen Bank is also evident. East of
Great Bank and Central Bank, the probability of a temperature front being present is
significantly lower than around the Hopen Deep, and the area where a temperature front can
be observed is also much greater, indicating that the position of the front changes over time.
𝑑𝑑𝑑𝑑 2
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(equation 5.1)

Figure 5.5 indicates the interannual variation in temperature gradients at a depth of 50 metes,
by showing the difference between 1989 (greatest temperature gradients) and 2010 (lowest
temperature gradients). This result shows that the strength of both the polar front and the tidal
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front can vary significantly between years, possibly by more than previously thought. The
tidal front also shows considerable variation between years. However, it must be noted here
that the tidal front will also vary with the spring-neap cycle (i.e. the variations in tides caused
by the lunar phases, where the tide has the greatest amplitude at the new and full moons; Fer
& Drinkwater, 2014). In addition, a depth of 50 metres was chosen here because this is the
depth which exhibits the highest temperature gradients in the area. The fact that the strength
of the front can also vary with depth between years may explain some of the differences
between the two selected years.

Figure 5.4. Probability of the presence of a temperature front stronger than 0.04°C/km at a
depth of 50 metres during the period August-September, 1960-2017.
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Figure 5.5. Observed temperature gradient (°C/km) at a depth of 50 metres in AugustSeptember 1989 (left) and 2010 (right). The colour scale ranges from 0.04°C/km (green) to
0.14°C/km (red)

5.2.2 Numerical modelling
In addition to observations for studying possible differences in the position of the polar front
over different timescales, the same method as for observation data has been used (equation
5.1) to analyse the results of a Regional Ocean Modelling System (ROMS); Shchepetkin &
McWilliams, 2005) which covers the entire Barents Sea and surrounding regions. ROMS uses
terrain-following vertical coordinates, which provide a good vertical resolution in shelf areas
such as the Barents Sea. The model simulation used here has a horizontal resolution of 4 km,
which means that dynamics and structures larger than ~20 km will be well-represented in the
model, while dynamics and structures with a size of 10-20 km will be represented. Dynamic
processes on a smaller scale, such as turbulent mixing processes, are represented through
parameterisation in the model (in that the results of processes on a smaller scale than the
model grid spacing will either be calculated based on the more large-scale conditions or
directly stipulated and then added to the model results). The model is therefore not
particularly suitable for looking at fine-scale structures and dynamics in the front itself, such
as different mixing processes, but it is well-suited for studying the position and general
strength of the front. The simulation covers the period from 1960 to 2017 and the quality of
the modelled circulation, hydrographic conditions and ice cover is documented in a number of
publications and reports (Lien et al., 2013a,b; Lien et al., 2014; Melsom & Gusdal, 2015; Lien
et al., 2016; Lien et al., 2017). In other words, the following model results primarily differ
from the model results used by Oziel et al. (2016) in that they have a higher resolution both
horizontally and vertically, and cover a longer period (1960-2017 with high resolution versus
1979-2012 with a coarse resolution and 1997-2001 with a high resolution in Oziel et al.
(2016)).
The modelling results are consistent with the observations and indicate that the polar front is
strongly influenced by topography in the western Barents Sea and in the areas around Great
Bank and Central Bank (Fig. 5.6). This applies to both historical warm and cold periods,
represented here by the mean for the ten-year periods 1976-1985 and 2006-2015. The main
difference between different climatic regimes appears to be that the polar front is somewhat
stronger and pushed slightly further up the slopes around the banks during warmer periods
compared with cold periods, which corresponds to results based on observations presented in
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Ingvaldsen (2005). This also applies when looking at individual years. Figure 5.6 (lower left)
shows the modelled temperature front in 1979, which was an exceptionally cold year,
compared with the temperature front in 2012 (lower right), which was an exceptionally warm
year in the Barents Sea. However, in 1979, the polar front was both weaker and in some areas
also two-fold, with a front extending approximately along the 1°C isotherm, in addition to the
polar front's position along the isobath for 200 m bottom depth. However, the front along the
200 m isobath is evident in both years, even though the 1°C is displaced to the 200 m isobath
in western areas, and is also located considerably further downstream in the eastern Barents
Sea in 2012 compared with 1979. This is also evident when looking at the 10-year periods
1976-1985 (cold period) and 2006-2015 (warm period), where the location of the front
coincides in both periods, even though the 1°C isotherm is slightly higher up the bank slopes
(mostly following the 200 m-isobath), and further downstream in the east during the warm
period compared with the cold period. However, in the west, along the eastern flank of
Spitsbergen Bank and around the Hopen Deep, the 1°C isotherm is located in more or less the
same place in both periods.
The modelling results and the results based on observations show different outcomes as
regards interannual variability, in that the observations indicate greater variations in the
temperature gradient across the polar front between years than the modelling results. Part of
the reason for this may be that the model may tend to overestimate the influence of
topography on the currents, and thereby excessively tighten up the gradients across the
topography. However, it must be added that the observations have been ‘gridded’, i.e.
interpolated via statistical interpolation, to a mesh with a grid spacing of approximately 10x10
km, compared with the model results which were produced using a grid with a spacing of 4x4
km. This means that the model will be able to capture strong horizontal gradients to a greater
extent and that the observations may tend to underestimate the gradients. Furthermore, the
observations represent maps based on different point measurements in time, while the model
results represent the mean at each model point for a given period, in this case quarters.
However, this would suggest that the model will weaken the gradients to a greater extent than
the observations, as more high-frequency variability will be smoothed out within a quarter.
One final difference which may be significant is that the calculations based on observations
were performed for a depth of 50 metres, while the model results used a depth of 100 metres.
Some of the differences in interannual variability may therefore be due to interannual
variations in depth for the core of the polar front. However, model results for 100 m and 200
show a high level of conformity. The core of the Atlantic water is located at a depth of 100200 m (Skagseth et al., 2006), and 100 m was therefore chosen in the analysis of the model
results to avoid the mixing of surface water, as the model on the Arctic side has a tendency to
exaggerate vertical mixing (e.g. Lind & Ingvaldsen, 2012).
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Figure 5.6. Mean modelled temperature gradients (°C/km) at a depth of 100 metres during
the period August-October in the years 1976-1985 (top left), 2006-2015 (top right), 1979
(bottom left) and 2012 (bottom right). Values below 0.025 °C/km are excluded. The blue line
shows the 200-metre bottom contour. The red line shows the 1°C isotherm at a depth of 100
metres over the same period.
The model results show only minor differences in the strength and position of the polar front
between the summer (Fig. 5.6) and the winter (Fig. 5.7), but the position of the 1°C isotherm
moves further north and east during the summer. The most obvious seasonal difference is
found in the tidal front at Spitsbergen Bank, where there are no temperature gradients during
the winter. The model results also show that the density gradients in the tidal front are
eliminated during the winter. This outcome is in line with the conclusion of Loeng (1991),
who based on hydrographic observations found that this front is only visible only in the
hydrography during the summer.
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Figure 5.7. Mean modelled temperature gradients (°C/km) at a depth of 100 metres during
the period February-April in the years 1976-1985 (top left), 2006-2015 (top right), 1979
(bottom left) and 2012 (bottom right). Values below 0.025 °C/km are excluded. The blue line
shows the 200-metre bottom contour. The red line shows the 1°C isotherm at a depth of 100
metres over the same period.
Like previous observations (e.g. Hassel et al., 1984; 1986; Fer & Drinkwater, 2014), the
model results also show a low density gradient through the polar front along the western and
northern sides of the Hopen Deep (<0.0025 kg/m³/km), compared with the tidal front around
Spitsbergen Bank (>0.01 kg/m³/km) (Fig. 5.8). However, there are some differences in
density along the western flank of Central Bank (~0.005 kg/m³/km) in both periods (19761985 and 2006-2015). There are also some density differences in the frontal area in the
southeastern part of the Barents Sea. Furthermore, there are only minor changes in both
density gradients (<0.0025 kg/m³/km) and temperature gradients (<0.025 °C/km) across the
polar front between the two ten-year periods. In other words, the characteristics of the front as
regards temperature and density differences (or absence thereof) across the polar front change
little between historically warm and cold periods, according to the model results. This is
despite the fact that the modelled temperature at a depth of 100 metres throughout the Barents
Sea generally rose by between 0.5 and 2oC during the same period. A similar temperature
increase has also been observed in annual CTD observations in August-October (e.g. ICES,
2017).
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Figure 5.8. Mean modelled horizontal density gradients (kg/m3/km) at a depth of 100 metres
during the summer period (August-October) during the years 1976-1985 (top left), 2006-2015
(top right), and during the winter period (February-April) during the years 1976-1985
(bottom left) and 2006-2015 (bottom right). Values below 0.005 kg/m3/km have been
excluded. The blue line shows the 200-metre bottom contour. The red line shows the 1°C
isotherm at a depth of 100 metres over the same period.
5.3 Future changes in the polar front, tidal front and meltwater front
Ellingsen et al. (2008) used Scenario B2 from IPCC (2001) as a starting point and applied the
SINMOD ocean model (Slagstad et al., 1990; Støle-Hansen & Slagstad, 1991; Slagstad &
McClimans, 2005) to look at developments in the Barents Sea through to 2060. They
concluded that there would be minor changes in the volume of inflowing Atlantic water
during this period, but the temperature would rise. Thus, the volume of water with a
temperature above 1oC will increase by 25% through to 2060. Another important conclusion
from Ellingsen et al. (2008) is that the position of the polar front west of Central Bank will
nevertheless change little due to the strong topographic influence in this part of the Barents
Sea. This conclusion is supported by model simulations using the ROMS ocean model, where
this was used to scale down global future scenarios from CMIP5 (IPCC, 2007) to regional
conditions in the Barents Sea (Sandø et al., 2014). These results also show a similar position
of the polar front during the decade 2060-2069 compared with the decade 2010-2019,
although the general temperature throughout the Barents Sea rises during the same period.
The tidal front around Spitsbergen Bank and its possible changes under a changing climate
have not been studied in detail, and it is therefore not known how this will respond to any
climate changes over the coming decades. However, what is certain is that the tidal front is
formed as a result of a combination of shallow water (bottom depth ~50 metres) and strong
tidal currents, a situation which will not change in the future. The uncertainty therefore relates
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to the way in which any hydrographic changes at Spitsbergen Bank could alter the
hydrographic structure of the front in the future. However, there is little reason to believe that
the tidal front will cease to exist as an active summer front during the period covered by the
upcoming update to the management plan, i.e. the period from 2020 to 2040.
East of Central Bank, where the topographical influence is significantly weaker, the polar
front is expected to continue to move further north- and northeastwards in the event of further
warming, or possibly be eliminated altogether. This tendency can already be seen in observed
changes from the colder 1970s and 1980s through to the 2000s, where the area with
temperatures above 0oC has extended further downstream with the Atlantic Current
northeastwards (see for example Figs. 5.6 and 5.7). This has also contributed greatly to
reducing the winter ice cover in the eastern Barents Sea in recent decades (Årthun et al., 2012;
Onarheim et al., 2015; Lien et al., 2017). It has also resulted in a decrease in the volume of ice
being imported into the Barents Sea, and consequently a reduction in fresh water in the
northern Barents Sea. In particular, ice imports through the strait between Novaya Zemlya and
Franz Josef Land have proved to be an important factor in the reduction in the amount of
Arctic water north of the polar front (Lind et al., 2018). A further reduction in the ice cover in
the eastern Barents Sea would further weaken the presence of cold and relatively fresh Arctic
water in the northern Barents Sea, thereby helping to weaken the polar front. It is conceivable
that, with a further reduction in ice imports, the presence of Arctic water in the northern
Barents Sea will collapse in a non-linear, irreversible response (Lind et al., 2018). If so, the
polar front could undergo major changes over the coming decades. With reduced ice imports
and a possible situation where Atlantic water displaces Arctic water, the sea ice in the Barents
Sea would also disappear during the winter. Consequently, the meltwater front could
disappear in the future. However, in the near future, the meltwater front will continue to be
present, but varying in strength and position depending on the distribution and amount of sea
ice in the Barents Sea. Scaled-down climate models indicate that a total collapse in the Arctic
water is not imminent (no earlier than after 2050), but the results of the models depend on
their ability to replicate critical processes for ice imports and circulation within the northern
Barents Sea. Experience from modelling indicates that this area requires a high resolution
both horizontally and vertically, in addition to the fact that it is sensitive to the selection of
vertical coordinates and parameterisation of mixing processes in the models (see for example
Melsom et al., 2009; Lind & Ingvaldsen, 2012; Sandø et al., 2014; Røed et al., 2015a,b; Lien
& Budgell, 2018). This is an area which requires further work to obtain better answers to
anticipated developments through to 2040 and beyond.
Between Great Bank and Hopen, the topography is less steep compared with that along
Spitsbergen Bank and Central Bank. In this area, hydrographic measurements indicate that
leakage of Atlantic water may be occurring from the Hopen Deep beneath the polar front and
into the Olga Basin, particularly during the winter when atmospheric drivers can push
Atlantic water higher up against the banks (Lien et al., 2013; Dobrynin & Pohlmann, 2015).
In addition, hydrographic observations during the Pro Mare research cruises in the 1980s
suggested that Atlantic water was leaking from the Hopen Deep into the Olga Basin.
However, we know little about the extent to which such leakage occurs, how stable the polar
front is in this area, or whether it could change in an altered climate. Observations from the
winter of 2014 (Dobrynin & Pohlmann, 2015) indicated greater variation in the differences in
water mass characteristics of Atlantic water from the southwestern and northern Barents Sea
than is suggested by data from previous periods (Lind & Ingvaldsen, 2012). However, this
will be a focus area for The Nansen Legacy project, and we expect to gain significant new
knowledge which can answer questions regarding the stability of the polar front or the
absence of such a front in this area, which in turn can provide information on how the polar
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front is likely to respond to future climate changes in this area. The channel between Great
Bank and Central Bank is another area where the distribution of Atlantic water varies as a
direct response to variations in inflows to the Hopen Deep (Lien et al., 2013). Here, too, we
have limited knowledge of how stable the polar front is in this area or how this could affect/be
linked to the hydrographic conditions on the banks, particularly Central Bank, and further
implications for primary and secondary production on and around Central Bank.
Using the ROMS model, Førland et al. (2009) concluded that the position of the polar front
will be relatively stable around Spitsbergen Bank and at Great Bank, where the topography is
the determining factor. At the same time, Forland et al. (2009) suggest that Atlantic water will
take over at Central Bank by the middle of this century, and that the Arctic water may also
disappear over Spitsbergen Bank. As the summer front up on Spitsbergen Bank is the result of
strong tidal currents over a shallow area, this front could also be maintained in an altered
climate with changing local hydrographic conditions.
All these model studies indicate that temperatures will rise generally throughout the Barents
Sea, on both sides of the polar front and the tidal front, and that the temperature gradient will
continue to be topographically controlled around the Hopen Deep, and therefore change little
in terms of either strength or position, during the first half of the 21st century. Furthermore, it
is expected that the tidal front higher up on Spitsbergen Bank will also persist as an active
summer front during the first half of the 21st century.
5.4 Knowledge and monitoring gaps
As the overview of published results shows, it is suggested that the polar front will respond to
changes in hydrographic conditions, particularly in the eastern parts of the Barents Sea.
Furthermore, it is possible that the position of the polar front could also change significantly
in the western parts of the Barents Sea, i.e. around the Hopen Deep and Central Bank, towards
the end of the current century (Wassmann et al., 2015), or even earlier (Lind et al., 2018).
However, it is uncertain how such a change could occur in terms of both time and space, or
how much perturbation from the current climatic state will be required in order to initiate such
a change. Questions which remain unanswered, and which will impact on the value and
vulnerability assessment of the polar front region and thus are of importance in the future
management of the polar front in particular and the Barents Sea in general, include:
•
•
•
•
•

•

Will the stability of the polar front spatially and temporally change in a warmer
climate?
How will an altered fresh water cycle impact on the polar front? Will it continue to be
density-compensating, or will future changes give rise to increased primary production
in the polar front region?
Will the temperature change correspondingly on both sides of the polar front in an
altered climate, or could different rates of warming in the south and north give rise to
greater density gradients in the polar front?
How will the coupling between the polar front and the meltwater front in the surface
layer change in a warmer climate with an altered ice sheet and fresh water cycle?
How substantial will the changes in regional climate need to be in order for the polar
front to be displaced significantly further west, how quickly will such displacement
occur and would such a change be reversible, i.e. would the polar front return to its
historical position if the forces that displace it were to change temporarily?
Would the tidal front be maintained to the same extent as at present if the temperature
and sea ice conditions on Spitsbergen Bank and surrounding areas were to change
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significantly?

6 Nutrient salts
Plankton imposes the same requirements as regards nutrients as plants on land, and it is the
same nutrients that are important. Nitrate (NO3-), ammonium (NH4+)and urea (NH4CONH2)
are the main nutrient salts, along with phosphate (PO43-). Silicate (SiO32-) is also necessary for
the growth of diatoms (Sakshaug et al., 1994).
The concentration of nutrient salts in a particular water mass is at all times a function of the
difference between supply and consumption. During the autumn and winter, nutrient salts are
added from below to the surface layers through vertical mixing. The cline which forms during
the spring and summer isolates the algae in the light-intensive zone and thus produces the
right conditions for positive net primary production, yet it also isolates the surface layer from
the nutrient-rich water beneath. As the algal bloom develops, the nutrient salts in the surface
layer are therefore consumed either in their entirety or in part (Sakshaug et al., 1994),
although some regeneration of nutrient salts occurs in this layer.
Concentrations of nutrient salts usually show an increase in the deep water. This increase is
usually more pronounced for silicate than for nitrate. This is linked to the different influences
of biological and chemical processes on these two nutrient salts. Silicate is mainly consumed
only by diatoms and is used to form the silica shells of these algae. Silicate is therefore
affected by the vertical sedimentation flux of particles and remineralisation at or near the
bottom to a greater extent than nitrate.
In active frontal systems, the upflow of water occurs in the transition zone between different
water masses, and nutrient salts are transported from depth up to the surface. As explained in
the section on the physics of the polar front, from a dynamic perspective, this is a passive
front where such inflows do not occur to any significant extent (Fer & Drinkwater, 2014).
Thus, nutrient salts are also consumed in the surface layer of the polar front, with the
consequence that no higher production is achieved here than in surrounding areas (Erga et al.,
2014). However, Fer & Drinkwater (2014) note that the mixing processes where Atlantic
water and Arctic water flow into each other (merge) along the polar front can lead to the
"leakage" of nutrient salts from the Atlantic water across to the Arctic side, whereupon these
nutrient salts become mixed via the processes which occur in the other two fronts (the
meltwater front and tidal front) around Spitsbergen Bank. In this way, the polar front can
continue to indirectly contribute to increased production in the area.
The results which show the polar front as a passive front are also supported by previous
results from studies under the ‘Lodda på sommerbeite’ (1979-1983) and ‘Pro Mare’ (19851989) programmes; see for example the summaries in Skjoldal et al., 1987; Rey et al., 1987;
Skjoldal & Rey, 1989. In 1984, an intense bloom was observed over Spitsbergen Bank and on
the Arctic side of the polar front during the spring (May), while the concentration of
chlorophyll a was low during the autumn (August) after the nutrient salts had been depleted
(Hassel et al., 1984). Furthermore, a high level of biological activity was also observed on the
Arctic side of the polar front, while in the polar front, the situation in May was typical of the
late phase of a bloom in the surface layer. However, below a depth of 20 metres, the apparent
upflow of nutrient-rich water has been reported, while on the Atlantic side of the polar front,
the situation was typical of a spring bloom, with high chlorophyll a values and a distinctive
vertical gradient in nutrient salt concentrations (Hassel et al., 1984). This upflow may be
linked to the complicated hydrographic conditions which gave rise to the weak horizontal
density gradients in the polar front in May 1984, as described in section 5.1.2. Figures A7 and
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A8 show the results of studies across the polar front up to Great Bank in June 1983 (Gjøsæter
et al., 1983). Here, the polar front was observed as a sharp front with a distinct temperature
and salinity signature, but without any clear density signature. However, there was a clear
meltwater front located approximately 15 nm south of the polar front. Furthermore,
observations of nutrient salts and chlorophyll a indicated that the bloom had ended south of
the polar front, while the bloom was under way in the marginal ice zone. Within the icecovered areas, the spring bloom had not yet begun. No evidence of increased production was
found on the polar front in this area in 1983, as was the case in the other years during the
period 1979-1984.
Along the meltwater front and the tidal front, both of which are dynamically active and
present around Spitsbergen Bank during the summer months, measurements show what is at
times a very high degree of vertical mixing and consequently also a flux of nutrient salts from
deeper layers up towards the surface (Fer & Drinkwater, 2014), provided nutrient salts are
still available in the layers below. This gives rise to an intense spring bloom on and around
Spitsbergen Bank. Fer & Drinkwater (2014) admittedly only present measurements from a
single year, but as explained in section 5.1.1, the tidal front will be present every year in the
same place, as the driver behind the tidal front (shallow water and tidal currents) is fixed.
Furthermore, the meltwater front is also present every year, but its strength and position are
linked to the melting of sea ice and will therefore vary between years.
Measurements show decreasing concentrations of silicate in the northern Atlantic Ocean
(Hátún et al., 2017) and a decrease of approx. 20% in Atlantic water flowing into the Barents
Sea, which in turn leads to a decrease of approx. 25-30% in available silicate for diatoms
(Rey, 2012). This could have a significant impact on primary production in the Barents Sea,
including the polar front region, as the amount of diatoms available will decrease, while other
forms, such as flagellates, will be able to make use of available nitrate and increase in
quantity. This could result in changes to nutrient paths in the lower parts of the food chain.
Among other things, Skjoldal & Rey (1989) observed considerable intermediate variation in
the ratio of nitrate to silicate during and after spring bloom in the polar front region, which
they interpreted as an effect of feeding by copepods, primarily Calanus species, as copepods
preferentially feed on diatoms (Estep et al., 1990). During periods with large copepod
populations, there will be relatively fewer diatoms, and thus more residual silicate and a lower
nitrate/silicate ratio.
6.1 Knowledge and monitoring gaps
It is important to maintain the current monitoring of concentrations of nutrient salts both
internally within the Barents Sea and in the water masses flowing into the Barents Sea,
particularly given the changes observed in the amount of silicate in the Atlantic water
upstream of the Barents Sea.
In addition, there is a strong need for a better understanding of the fluxes of nutrient salts in
connection with the mixing processes associated with the various fronts throughout the polar
front region, as described above. A greater understanding of this will enable better estimates
of production to be produced for the area.
More continuous monitoring throughout the year will also improve our understanding of
seasonal variations in nutrient salt concentrations, as well as variations between years due to
changes in external impacts, such as wind-induced mixing, varying position and temporal
developments, as well as the strength of the meltwater front in particular. However, any
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seasonal variations and variability between years in fluxes through the polar front will also be
of importance in facilitating more accurate calculations of budgets for production in the polar
front region.

7 Primary and secondary production
7.1 Phytoplankton
Increases in primary production are a characteristic which is often associated with the oceans
because the supply of nutrient salts is greater here. For example, an increase primary
production has been observed in fronts associated with large eddies, caused by the upward
flow of nutrient-rich water from deeper layers (Lochte & Phannkuche, 1987; Nelson et al.,
1989; Godø et al., 2012). Fronts along slopes and tidal fronts can also lead to an increase in
the supply of nutrient salts to the upper layers of water, and thus trigger an increase primary
production (Le Fèvre, 1986; Belkin et al., 2009). Slagstad & Stokke (1994) indicated through
modelling that this also applies to the polar front in the Barents Sea. However, during Pro
Mare (1984 – 1989) and the preceding years when the Institute of Marine Research carried
out the ‘Lodda på sommerbeite’ project (1979-1983), there was no clear evidence of any
increase in primary or secondary production on the polar front (see Appendix, Fig. A7, A8,
and Rey et al., 1987; Skjoldal et al., 1987; Skjoldal & Rey, 1989). Nevertheless, the bloom
was clearly influenced by the ice distribution and the position of the meltwater front, which in
this case (Appendix, Fig. A7, A) was located approximately 15 nm south of the polar front, as
it is possible to follow a gradient from post- to pre-bloom from the Atlantic water in the south,
through the meltwater front and on to the ice-covered Arctic water in the north. This seasonal
development, where the bloom is governed by and follows the marginal ice zone and
associated meltwater layer, as the marginal ice zone extends northwards, is described in more
detail in the report on the marginal ice zone (von Quillfeldt et al., 2017).
Recent modelling results (including Wassmann et al., 2006) and field studies also indicate
that, due to the presence of weak horizontal density gradients, the polar front in the Barents
Sea does not cause upflow or secondary circulation (Fer & Drinkwater, 2014) and that there is
therefore no documented increase in primary production in the polar front either (Reigstad et
al., 2011; Erga et al., 2014). However, it must be emphasised that the field observations are
short-term in nature and no detailed studies have been carried out of satellite images
(Børsheim & Drinkwater, 2014).
Børsheim & Drinkwater (2014) studied satellite images covering the period 1998-2009. With
the exception of 2007, they found that primary production was not markedly higher in the
polar front than in the surrounding areas. However, in 2007, Børsheim & Drinkwater (2014)
found that primary production in the polar front was 30% higher than in the surrounding
areas. They also argued that the increase in production could not be explained by physical
properties at the front, such as the upflow of nutrient salts. The conclusion that the increase in
primary production on the polar front in 2007 was not due to physical characteristics at the
front was based on observations of physical conditions in the spring of 2008 (Fer &
Drinkwater, 2014). However, a modelling study of the areas around Spitsbergen Bank and the
Hopen Deep indicated that physical conditions along the slope of the Spitsbergen Bank, and
thus also in the polar front region, were different in 2007 compared with 2008, particularly on
the Arctic side of the polar front. Furthermore, the modelling study provided evidence that
conditions in 2008 favoured an earlier start in the area between the tidal front and the polar
front relative to the surrounding areas, compared with 2007, as denser bottom water from ice
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formation up the bank contributed to layering further out on the slope, which is essential for
net primary production (Lien & Ådlandsvik, 2013, 2014).
7.2 Zooplankton
For zooplankton, the polar front represents the boundary between warm Atlantic and cold
Arctic habitats for various species. The two dominant species of zooplankton in the polar
front region are Calanus finmarchicus on the Atlantic side and Calanus glacialis on the Arctic
side (Søreide et al., 2003; Aarflot et al., 2017). These two species have one-year and two-year
life-cycles respectively, and they reproduce in the spring with egg production dependent on
food (energy) from the initial algal production (Melle & Skjoldal 1998; Søreide et al., 2010).
Due to the long generation time of these copepods and the exchange and mixing of water
masses, the polar front does not constitute an absolute or sharp boundary between the species.
It is rather that C. finmarchicus from the south and C. glacialis from the north meet and
become mixed together across a broader frontal zone. In this area, horizontal advection plays
a key role, partly through Atlantic water with C. finmarchicus flowing northwards under the
Arctic water of the polar front in the northern part of the Hopen Deep, and partly through the
merging of water masses along Spitsbergen Bank (as described above).
Melle and Skjoldal (1998) found that egg production in the Calanus species could start early
in the polar front region driven by an early bloom of phytoplankton around the ice margin,
and C. glacialis can also feed on ice algae that bloom under the ice one to two months before
the pelagic bloom (Søreide et al. 2010). This is dependent on a southerly extent of winter ice,
which often coincided with the polar front in the colder climate of the 1980s. Calanus
finmarchicus reproduces late and poorly in the cold Arctic water masses and is 'expatriated'
(without being able to reproduce) when transported through the northern Barents Sea towards
the Arctic Ocean (Melle & Skjoldal, 1998, Kosobokova & Hirche, 2009).
Zooplankton biomass (measured as dry weight on the extensive Norwegian-Russian autumn
research cruises) has shown a declining trend for Central Bank and Great Bank (Fig. 7.1). At
the beginning of the time series in the late 1980s, these banks were Arctic and the plankton
was dominated by C. glacialis (Skjoldal & Rey, 1989). The sharp decline in zooplankton
biomass therefore reflects a substantial decline in the amount of C. glacialis on these banks,
which are located just north of the polar front. Possible causes include increased feeding by
capelin and other fish species due to less ice and a longer feeding season. Great Bank has
traditionally been an important feeding ground for capelin when it migrates northwards in
order to feed in the summer. Changes in physical conditions may also have played a role in
altering the advection and replenishment of C. glacialis from the areas of the northern Barents
Sea. At the same time as Calanus spp. has declined in the central parts of the Barents Sea,
krill and jellyfish have increased generally throughout the Barents Sea, including in parts of
the polar front region, probably as a result of higher temperatures (Eriksen & Dalpadado,
2011; Dalpadado et al., 2012; Eriksen et al., 2012; ICES, 2017). The increase in the biomass
of lipid-rich krill has provided favourable growth conditions for species such as capelin and
cod, while the decline in Arctic zooplankton, such as C. glacialis, has had negative
implications for polar cod and other predators of zooplankton in the Arctic foodweb
(Dalpadado et al., 2012).
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Figure 7.1. Mean biomass of zooplankton (g dry weight m-2) at Central Bank (CB) and Great
Bank (GB) measured on the joint Norwegian-Russian autumn research cruises from 1989 to
2016. From Skjoldal et al. in ICES 2018.
7.3 Knowledge and monitoring gaps
The underlying mechanisms that govern variations in plankton quantity and composition in
the Barents Sea are not sufficiently well understood. For the polar front region, this
particularly concerns the understanding of biophysical contexts such as variations in ocean
circulation in the central Barents Sea and the importance for the distribution of plankton,
including the causal relationship behind the observed decline in zooplankton over Great Bank
and Central Bank. In addition, there is a need for further monitoring and a greater
understanding of the consequences of reductions in silicate levels for primary production and
changes in nutrient pathways upwards through the trophic levels. Furthermore, there is a need
for increased knowledge concerning how temperature rises on both sides of the polar front
affect the composition and function of the plankton community, and how any changes in the
coupling between the polar front and the meltwater front in the surface layer on the Arctic
side of the polar front will impact on the supply of nutrient salts and consequently also
primary production (such as changes in time, composition and total production) and
secondary production (changes in time, communities and function, as well as nutritional
value).
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8 Fish
There are around 150-180 fish species in the Barents Sea (Karamushko, 2008; Christiansen &
Reist, 2013), of which around 100 species are regularly observed during research cruises. An
unknown proportion of these have a distribution area which extends into the polar front, from
either the Arctic side or the Atlantic side. For the commercially important fish species in the
Barents Sea, the marginal ice zone is primarily part of their feeding ground, although it also
acts as a nursery ground to some extent. In addition, there are non-commercial species which
spend all or part of their life-cycle here. Many species have a wide seasonal variation in
geographical distribution during the year. Fish stocks in the polar front region are studied
using bottom trawl, pelagic trawl and acoustic measurements during the Norwegian-Russian
ecosystem research cruise in August and September, in addition to a number of surveys at
other times of the year, particularly February-March. During the past 10-15 years, the
distribution of many boreal species has extended further towards the north and east (e.g.
Fossheim et al., 2015). An overview of the distribution of various fish stocks in the Barents
Sea during both the winter and autumn can be found in the Institute of Marine Research’s fish
atlas (Wienerroither et al., 2011, Wienerroither et al., 2013).
A summary of all the species caught using bottom trawl during the ecosystem research cruises
during the period 2004-2014, i.e. demersal fish species, showed that the entire northwestern
Barents Sea has many common species, although there is a distinct difference, with more
thermophilic fish species south of the polar front and predominantly more Arctic species north
of the polar front at Spitsbergen Bank (Bergstad et al., 2017). The data also showed a
surprisingly high species diversity on Spitsbergen Bank, considering that this is the area in the
northwestern Barents Sea which experiences the widest seasonal temperature difference at the
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bottom.
The polar front acts like a habitat limit for some species, albeit with some "leakage", i.e. some
species migrate through the front, including as part of their feeding migration, as fish feed on
various species of zooplankton of different sizes on either side of the front. Capelin
(Mallotusvillosus) overwinters in the area around the polar front, and young capelin have
been observed feeding on small zooplankton on the Atlantic side of the front, at the same time
as larger and older capelin feed on the larger zooplankton on the Arctic side of the front in the
spring (Drinkwater, unpublished data). Similar selective feeding has also previously been
found among cod (Gadus morhua; Woodhead & Woodhead, 1959). This may be part of the
reason why the capelin seek out the polar front region and use it as an overwintering area.
Although the polar front does not represent increased primary production, it is nevertheless
conceivable that the advection which occurs from areas rich in species such as C. glacialis
further north contributes to making the polar front region an aggregation area for various
species of zooplankton, and thus also an important feeding ground for certain species. The
advection of Arctic water masses which carry arctic prey species passes by the Hopen Bank,
along Spitsbergen Bank and on round Bjørnøya and Storfjordenrenna. In addition, the fact
that the polar front act as a habitat limit can contribute to variations in the supply of prey,
which in turn makes this area a preferred feeding ground for some species. During periods
when the population is large, cod will use most of the Barents Sea, including the polar front
region, during its feeding migration in the summer months.
8.1 Knowledge and monitoring gaps
It is still uncertain whether different species of fish actively use the polar front between
Atlantic water and Arctic water as protection from more thermophilic predators, or whether
the polar front is also actively used in feeding, through the fish seeking out different sides of
the front when hunting for plankton of different sizes and life stages. If this is the case, the
polar front will have a significant biological value and vulnerability with respect to negative
impacts throughout all or part of the year, even though the polar front itself does not
contribute to increased primary or secondary production. Furthermore, there will also be a
question as to whether this would be the case if the water masses on one or both sides of the
front were to change (e.g. become warmer) while the front remains located in the same area.
Moreover, how would any changes in the water masses alter the plankton composition in the
area of the front and how would they affect the feeding patterns of the various species?

9 Benthic communities
A summary of the general knowledge status concerning benthic communities in the Barents
Sea, with a focus on the area covered by the marginal ice zone, is presented in the sub-report
entitled ‘Environmental values and vulnerability in the marginal ice zone’ (von Quillfeldt et
al., 2017). Here, we present a summary with a focus on the polar front region, before it is
supplemented with new and more detailed knowledge at species level which has become
available since.
In terms of biomass, megabenthos in the Barents Sea is dominated by sponges (Porifera) in
the west, echinoderms (Echinodermata) in the northeast, crustaceans (Crustacea) in the north
and east, and stingers (Cnidaria) in the northeast. The distribution of benthic fauna reflects the
gradient from the warm Atlantic waters in the south and west to the Arctic water masses in the
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north and east (Anisimova et al., 2010, 2011; Jørgensen et al., 2015a, 2015b). The divide
between the sponge- and echinoderm-dominated areas partly follows the polar front, with
benthic fauna communities with a high temperature preference and broad tolerance located
south of the polar front and benthic fauna communities with a low temperature preference and
narrow tolerance located north of the polar front. There is also a vertical gradient, where the
benthic community has a lower and narrower temperature preference and tolerance in deep
areas and a higher and broader temperature preference and tolerance in shallow areas/banks.
The Hopen Deep has less biomass than Spitsbergen Bank, but the number of species (small
individuals) is also high in the Hopen Deep. On top of and along the flanks of Spitsbergen
Bank and Central Bank, there are also relatively high numbers of larger species.
The boundary between the area dominated by boreal species and that dominated by more
Arctic species extends further south than the polar front in the Hopen Deep. This is probably
due to transient events where cold water formed during the freezing of ice up on the banks
flows along the flanks of the banks and down towards the bottom of the Hopen Deep, and the
fact that the benthic fauna in this area must therefore be more tolerant of low temperatures
than further south in the Atlantic-dominated areas (Jørgensen et al., 2015).
MAREANO has been collecting material in order to map biodiversity, communities and
habitats in the Barents Sea for many years (Fig. 9.1). However, combined presentations of the
results of analyses of species composition and habitat distribution will only become available
in the near future. This report is primarily based on observations made in the field.
Figure 9.1. MAREANO has been
collecting material in order to
map biodiversity, society and
habitats in the Barents Sea for
many years. The red dots
indicate localities where the
seabed has been filmed, while
the black dots indicate localities
where rock samples have also
been collected using various
tools.
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An analysis of species composition observed using video equipment through to 2016 indicates
that there is a distinct divide between the areas north and south of the polar front (Fig. 9.2).
These results are based on records of species made in the field during filming of the seabed.
The detailed results from the video analysis carried out after research cruises have not yet
been collated in a corresponding analysis. In the near future, MAREANO will be able to
present more details concerning the distribution of species and communities. Modelled
biotope maps will also be presented.
Figure 9.2. Distribution of
benthic fauna
communities
based on MAREANO's field
observations up to and including
2016. Groups identified using
TWINSPAN
analysis
are
indicated by different colours.
The polar front, as specified in
the management plan, is
indicated by a grey field.

South of Central Bank, on the Atlantic side of the polar front, large occurrences of Haploops
communities have recently been collected from Thor Iversen Bank (Fig. 9.3). The most
common species is H. tubicola, but H. similis has also been recorded, and the collections
indicate a density of 100-300 individuals per square metre. Little is known about the
distribution of this community in the Barents Sea, and a study is currently under way under
the auspices of OSPAR to determine whether this habitat should be considered to be
endangered, as there is considerable fisheries activity using bottom trawl in the area where the
Haploops communities have been recorded (Buhl-Mortensen & Buhl-Mortensen, 2018).
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Figure 9.3. Map of MAREANO
stations showing the location of
the
largest
recorded
occurrences of Haploops.
These are highly productive
areas just south of the polar
front.

There are substantial variations in species composition and habitats between the areas further
south and west in the area mapped by MAREANO. Coral reefs have their northernmost
distribution just north of Sørøya, while the horn corals Paragorgia, Primnoa and
Paramuricea (which can form coral forests on hard bottoms) extend eastwards along the
Finnmark coast. Although some findings of gorgonacea have been reported in the eastern part
of the Barents Sea, the hard-bottom coral forest habitat appears to be absent in the central and
northern parts of the Barents Sea. Cauliflower corals (Drifa, Duva and Gersemia) are
common across much of the Barents Sea. Where these occur in dense communities, this
habitat is known as a ‘cauliflower coral field’ (Fig. 9.4).
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Figure 9.4. Cauliflower coral fields are common in the Barents Sea.
The other organism groups considered to be vulnerable are sea pen and pigtail corals.
MAREANO has only recorded pigtail coral (Radicipes gracilis) in the southwestern part of
the Barents Sea in the area of the Bjørnøya Slide between Bjørnøya and mainland Norway.
Sea pens of various species have a wide distribution in the Barents Sea. One of these sea pen
species, Umbellula encrinus, occurs shallower further north than the south of the Norwegian
Sea. It has not been observed at any of MAREANO's mapping stations, but it has been
observed as a bycatch in bottom trawl samples taken during the Institute of Marine Research's
monitoring cruise north of Svalbard.
In a number of locations, MAREANO has discovered characteristic compositions of species
where a few species are dominant "key species". On the Spitsbergen Bank plateau, dense
populations of the orange-footed sea cucumber Cucumaria frondosa occur together with a
bush-shaped bryozoa and hydroids, on shell gravel at depths of between 30 and 50 m (Fig.
9.5). Here, the water was (during the summer) up to 5 °C warmer than around the deeper
margins of Spitsbergen Bank, and the current was strong (1.5 metres per second). In this area,
the animals are concentrated on islands of rock, which they can attach themselves to.
Although similar environments are known from narrow straits on the coast, such conditions
are unusual far out to sea. This environment and the animal community form a distinctive
biotope which has not previously been described. Except as regards Svalbard Bank and parts
of the Pechora Sea further east, we have reason to believe that "orange-footed sea cucumber
bottom” constitutes a rare habitat in the Barents Sea.
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Figure 9.5. Orange-footed sea cucumber bottom (Cucumaria frondosa) on Spitsbergen Bank
(27-46 m deep).
In the Central Bank channel, between Central Bank and Great Bank, areas with high densities
of a wreath-shaped bryozoa with moving branches were observed in 2017 (Fig. 9.6). This
bryozoa has not yet been identified as a species. The various new field observations made by
MAREANO show that there are many species communities which have not yet been welldescribed.

Figure 9.6. Unknown wreath-shaped bryozoa with moving branches in the Central Bank
channel observed on a MAREANO research cruise in 2017. These occurred in dense groups
locally.
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9.1 Knowledge and monitoring gaps
More knowledge is needed regarding how different species feed on ice algae, particularly in
shallower areas such as Spitsbergen Bank. Snow crab (Chionoecetesopilio) is a species which
has expanded considerably over the past ten years, and has gradually become widespread in
the area around Central Bank, but it is now also starting to become prevalent in the area
around the polar front in the western Barents Sea. Mapping and monitoring of this population
will be important in our efforts to improve our understanding of how the benthic fauna will be
affected. This mapping will require a supplement to the current trawl cruise, as the research
trawl which is currently used is not very effective at catching snow crab. In addition, the
current trawl cruise should be improved so that smaller species (macrofauna) which live on
and in the sediments are also captured, as opposed to only the large epibenthic species
(megafauna) which are currently caught. In addition, a better description and overview of
benthic organisms would be of great benefit to the future monitoring of changes in habitat
distributions which may be caused by climate change.

10 Seabirds and marine mammals
Seabirds and marine mammals are at the apex of the food chain. There is a lack of good data
concerning seabird land use and migration patterns in the polar front region, particularly
outside the breeding season, while far more data is available from other front areas. It is
known that seabirds appear to gather in order to hunt for food in similar front zones in other
regions (Kinder et al., 1983, Schneider et al., 1990, Coyle et al., 1992; Decker, 1995, Bost et
al., 2009). Bost et al. (2009) notes that some fronts in Antarctica are more important as
feeding grounds for seabirds than others, and that fronts are often considered to constitute
limits for distribution. Two overview articles (Gabrielsen, 2009; Fauchald et al., 2011) make
no reference to the polar front being a particularly important area in the Barents Sea.
However, the marginal ice zone appears to be very important at certain times of the year.
There is much evidence to suggest that the distribution of seabirds in the Barents Sea is
primarily determined by access to food and its distribution. The feeding grounds used by
seabirds therefore vary during the year. During the winter and spring, seabirds are found near
the marginal ice zone and the polar front, while in late spring and summer, they are
concentrated near their nesting areas (Wassmann et al., 2006).
Mehlum et al. (1998) studied the polar front as a feeding ground for nesting common
guillemot (Uria aalge) and thick-billed murre (Uria lomvia) on Bjørnøya. They used the
temperature gradient at the surface as an indicator of the position of the front, and found the
highest concentrations of common guillemot and thick-billed murre on the deep side of the
front. However, there is a marked difference between the position of the surface front and
that of the polar front, which is situated further out towards greater depths. Mehlum et al.
(1998) also notes that there is a front in deeper water, and is unsure whether the surface front
belongs to the front which occurs at greater depths. However, what Mehlum et al. (1998) refer
to as ‘the surface front’ is the front which is defined by Loeng (1991) as a summer front
(because it only occurs during the summer months) and which Fer & Drinkwater (2014) refer
to as ‘the tidal front’ (based on the cause of its formation). Mehlum et al. (1998) note that they
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found the highest concentrations of krill where they encountered the surface front, and that it
is not uncommon to find the highest concentrations in frontal areas, in both the Arctic and
Antarctic (Wietek et al., 1981; Hampton, 1985). Kuletz et al. (2015) examined the spatial
distribution of seabirds and marine mammals in the Chukchi Sea and Beaufort Sea, and found
a number of areas with higher concentrations of both. They note that the areas where
concentrations of both seabirds and marine mammals occur are strong fronts with upflow and
strong currents, and that these areas should be prioritised with regard to the development of
management plans.
As regards seals and whales, there appears to be no close link between the distribution of
these species and the polar front. However, they do also occur in the area where the polar
front is present at times when they are present in the Barents Sea. Skern-Mauritzen et al.
(2011) studied the relationship between minke whale (Balaenoptera acutorostrata), fin whale
(Balaenoptera physalus) and humpback whale (Megaptera novaeangliae) and their food
supply between 2003 and 2007. The figures show that, although all these species occur across
much of the Barents Sea, only minke whale appear to have their main concentration near the
front or north of it. An interpretation of the figures for the other two species of whale suggests
that their distribution patterns are not as distinct. There is much evidence to suggest that the
density of these baleen whales is linked more to their food supply, which largely comprises
capelin and krill (Ressler et al., 2015). White-beaked dolphin (Lagenorhynchus albirostris)
are also periodically observed in the frontal area (mainly on the Atlantic side), but numbers
appear to be more closely linked to the density of capelin (Fall & Skern-Mauritzen, 2011)
As regards seal, there are no clear links between distribution and the polar front. However, it
is clear that seal which occur close to the marginal ice zone during the winter in the western
Barents Sea will also be present in the polar front region, as these areas partly overlap during
the winter. This primarily applies to ringed seal (Pusa hispida), which prefer ice
concentrations of 40-80% (Freitas et al., 2008; Hamilton et al., 2015), and which are also
important prey for polar bear (Lone et al., 2017). It has been documented that harp seal
(Pagophilus groenlandicus) from the White Sea carry out an annual feeding migration in the
Barents Sea, which occurs in the area close to the polar front in June and July (Nordøy et al.,
2008; Fig. 10.1). Harp seal from the West Ice may also migrate to the same areas for a shorter
period (Folkow et al., 2004). In addition, little is known about seals in the area around the
polar front in the Barents Sea.
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Figure 10.1. Proposed annual
feeding-migration route for harp
seal from the White Sea. The seals
are present in the polar front
region in June and July. (Nordøy
et al., 2008).

10.1 Knowledge and monitoring gaps
Much of the data that is available concerning seabirds is based on direct observations during
the breeding season. However, the underlying data for the other seasons is thin and represents
a knowledge gap. New data from SEAPOP and SEATRACK is expected to provide
significant new knowledge concerning land use by seabirds throughout the rest of the year, as
well as better data for the breeding season. With better data concerning land use and
migration patterns of seabirds, it will also be possible to link this data more closely to
biological parameters, thereby improving our understanding of both the functioning of the
ecosystem and the biophysical couplings in the polar front region.
The feeding migration route for marine mammals such as harp seal, minke whale and whitebeaked dolphin includes the polar front region in the summer. However, there is a need for
increased knowledge concerning the extent (concentrations, period, feeding activity) to which
these marine mammals use the polar front region, and whether they distinguish between the
tidal, polar and meltwater fronts.

11 Vulnerability
This report represents the second part of the work to investigate the scientific basis relating to
the marginal ice zone and the polar front in connection with the revision of the scientific basis
of the management plan for the Barents Sea and Lofoten. The first part consists of
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‘Environmental values and vulnerability in the marginal ice zone’ (von Quillfeldt, et al.,
2017). The marginal ice zone and the polar front region occasionally overlap geographically,
primarily during the winter months, if at all. There will therefore be a significant overlap
between the polar front area and the area which is covered by the marginal ice zone when its
seasonality is included. At the same time, our knowledge of the marine ecosystem in the
Barents Sea has limited resolution in terms of time and space. For example, we know that
some fish stocks reside entirely or in part in the area which comprises the marginal ice zone
and the polar front region and that this may apply for all or certain parts of the year.
Therefore, reference is made here to the marginal ice zone report for a supplementary
vulnerability assessment of the various components and trophic levels in the ecosystem of the
polar front region, as the vulnerability assessment for the marginal ice zone will overlap and
thus also apply to the polar front region. However, we will provide a summary of the
vulnerability assessment presented in the marginal ice zone report here, as well as
supplementary and/or specific knowledge for the polar front region in particular.
In a management context, vulnerability is defined as the likelihood that an impact will occur
as a result of an impact (Kværner et al., 2006). When identifying vulnerable areas, it is
important to identify what the area is vulnerable to, as physical, chemical and biological
characteristics vary from area to area. In addition, an area can have different vulnerabilities at
different times of the year and to different impacts. Furthermore, vulnerability can be assessed
at species, population and ecosystem level, and interpreting causal relationships becomes
more challenging as complexity increases. Vulnerability assessments require a knowledge of
individual species and their habitats, migration patterns and sensitivity during their various
life phases. Furthermore, the relationship between impact factors and response in an
ecosystem can be the result of both direct and indirect trophic interactions. This makes it
impossible to specify vulnerability on a general basis without also specifying the resource or
species for which the vulnerability is being considered, what the impact(s) are, and what
parameters information is available on which will influence the vulnerability. However, it is a
major challenge that many of the parameters that should be included in vulnerability
assessments are poorly known and often associated with significant uncertainty in some cases.
The most important changes in marine ecosystems which impact on the nutrient situation for
many species found in the marginal ice zone are likely to be climate change and fluctuations,
changes in fisheries and fluctuations in pelagic fish stocks /(Fauchald et al. 2015).
Nevertheless, these factors act over a wider geographical area than the polar front as defined
here. In the following, some of these factors are briefly presented based on the vulnerability
assessment in the marginal ice zone report (von Quillfeldt et al., 2017), but here with a focus
on the polar front region.
11.1 External impacts
11.1.1 Climate change
The consequences of climate change and variations include changes in temperature, ice cover,
salinity and meteorological patterns, which in turn can affect ocean currents and mixing
processes. However, the greatest change due to climate change in the polar front region
relates to changes in ice distribution, particularly in the eastern areas. The Barents Sea is the
area of the Arctic where the ice sheet has had retreated the furthest, particularly during the
winter (e.g. Yang et al., 2016). The effects of reduced ice cover include earlier melting and
later freezing, and thus a longer season with ice-free seas, which, among other things, affects
stocks which use the sea ice as their habitat. Reduced ice cover will also result in less
meltwater which can contribute to layering north of the polar front in the summer. Climate
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change could affect the ecosystem at all trophic levels. In addition, benthic organisms, such as
corals, are sensitive to temperature changes.
11.1.2 Acidification of the ocean
The world's oceans are becoming more acidic (less basic) as a result of the increase in the
amount of CO2 in the atmosphere, as CO2 is absorbed by the oceans and forms carbonic acid
when it reacts with water. Because cold water can hold more gas than warm water, the effects
of rising CO2 levels, and consequently ocean acidification, are greater at higher latitudes.
Calcium carbonate saturation of aragonite (ΩAr) is considered to be an indicator of ocean
acidification, because it is a measure of the dissolution potential of shells and skeletons made
from aragonite (the most labile type of CaCO3). In the Barents Sea, the water column is
generally oversaturated with respect to aragonite (ΩAr> 1). In bottom water north of the polar
front, the lowest values occur where ΩAr is below 1.2, which has been reported to be a
critical ΩAr value for some aragonite-forming organisms (e.g. wingnail (Limacina helicina))
and has an adverse impact on calcification of the shell (e.g.; Bednarsek et al., 2012; 2014;
Manno et al., 2017). The surface of the southwestern Barents Sea is also oversaturated with
respect to aragonite throughout all seasons (1.5-2.1), and the lowest ΩAr value (1.5) was
observed during the winter and the highest (2.1) during the summer (Chierici et al., 2017), due
to primary production which binds CO2. A fall in pH leads to an increase in the solubility of
calcium, and this can affect marine species which rely on calcium to form their skeletons or
shells, including some species of plankton and clams. The ability of the species to adapt to
change or to repair damage to their shells will influence the effects of ocean acidification
(Peck et al., 2016). Some studies have shown an increase in metabolic costs for young stages
of C. glacialis as a result of an increase in the quantity of CO2 (Thor et al., 2016). However, it
still appears that the large Calanus species, such as C. glacialis, are relatively unaffected by
higher CO2 levels (Bailey et al., 2016; Hildebrandt et al., 2014). Nevertheless, the effects of
ocean acidification have been detected in the early life stages of some fish species (Frommel
et al., 2012; Stiasny et al., 2016). Ocean acidification can have integrated effects on the
ecosystem, and seabirds and marine mammals are examples of groups which will be
indirectly affected by changes in the quality and quantity of prey.
11.1.3 Pollutants
Long-distance transport by air and water is the main source of pollutants in the Arctic. Levels
of pollutants and radioactive substances in the Arctic environment are generally low, except
in the species at the highest trophic levels, such as polar bear (Ursus maritimus), toothed
whales, seabirds and seals (von Quillfeldt 2010).
11.1.4 Plastic
Plastic pollution has grown to become one of the greatest environmental challenges over the
last 20-30 years. Plastic is transported by ocean currents, and the Arctic, and the Barents Sea
in particular, appears to be an accumulation area for plastic pollution (Cozar et al., 2017).
Figure 5.2 (section 5.1.1) indicates extensive eddy formation in the polar front region, which
means that plastic entering this region can remain there for a long time. As it ages, plastic
disintegrates into smaller particles, and large numbers of particles which overlap in terms of
size with food particles for filtering zooplankton have been demonstrated which can be
incorporated into the food chain through predation (Wieczorek et al., 2018). Larger plastic
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objects represent a problem for fish and seabirds which interpret them as food, with
consequences such as hunger, constipation and impaired vitality. Plastic can also absorb
pollutants, and plastic pollution can thus transfer toxic substances to the organisms (Cole et
al., 2011). In addition, larger items of plastics which drift on ocean currents can carry alien
species which adhere to or grow on the plastic objects (Gregory 2009). There are substantial
gaps in our knowledge regarding marine plastic litter, including how plastic can absorb
pollutants and thereby transfer toxic substances to organisms (Cole et al., 2011). However,
considerable research is also being carried out concerning plastic littering in the ocean and
how this impacts on the marine environment and marine ecosystems. In the Barents Sea, litter
from trawl catches has been mapped since 2011 (Grøsvik et al. 2018), and the Institute of
Marine Research is set to expand this survey to include the smallest particles throughout the
entire water column and plastic in organisms.
11.1.5 Fisheries
Some fisheries activity takes place in the polar front region at certain times of the year,
particularly shrimp trawling, but bottom trawl fishing for cod and line fishing also take place
(Figures 11.1-11.2). At Central Bank, there is also some lobster trap fishing. Fisheries
activities are also relocating as the ice cover and the distribution of commercial species
change. Bottom trawling can harm benthic communities, particularly complex communities
with a high number of species and communities with sessile, erect species with low mobility.
Such communities can be found on and around the banks in the Barents Sea, and thus also in
the polar front region of the western Barents Sea (von Quillfeldt et al., 2017). A study is
currently being carried out under the auspices of OSPAR to determine whether the Haploops
community on Thor Iversen Bank should be considered as being threatened due to fisheries
activity in the area (see also Chapter 9; Fig. 9.3).
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Figure 11.1. Location of Norwegian and foreign fisheries activity among commercial fleets
(boats with a total length exceeding 15 metres) and fishing vessels used for research purposes
in 2017, as reported (VMS) to the Norwegian authorities. VMS data is linked to logbook data.
Source: Norwegian Directorate of Fisheries.
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Figure 11.2. Location of Russian and foreign fisheries activity among commercial fleets and
fishing vessels used for research purposes in 2017, as reported (VMS) to the Russian
authorities. VMS data is linked to logbook data. Source: PINRO Fisheries statistics database.
11.1.6 Oil spills from shipping and petroleum activities
Oil spills from accidents in connection with shipping or petroleum activity primarily affect
seabirds and marine mammals, as many species periodically spend time on the water surface.
However, fish, particularly in their early, pelagic life stages (eggs and fry) may also be
affected by oil spills. Among other things, the effects of toxic chemicals in the early life
stages of fish can impair growth and cause malformations or even death (Vikebø et al., 2013;
2015, and references therein). However, there are substantial differences between species as
regards the concentrations of oil pollution which constitute harmful levels. Eggs and larvae of
haddock (Melanogrammus aeglefinus) are particularly vulnerable, as haddock eggs are sticky
and therefore accumulate oil pollution to a much greater extent than cod eggs, for example.
This means that haddock eggs are adversely negatively affected by significantly lower
concentrations of oil than cod eggs (Sørhus et al., 2015; Sørensen et al., 2017). However,
recent studies in the EGGTOX project show that all six species studied (cod, haddock, pollack
(Pollachius virens), halibut (Hippoglossus hippoglossus), herring (Clupea harengus) and
polar cod (Boreogadus saida)) developed severe malformations at the larval stage, when the
eggs were exposed for three days to oil concentrations representative of a severe oil spill.
Proven adverse consequences include developmental damage to the heart, skeleton and
cranium, as well as fluid accumulation in the yolk sac. Preliminary modelling studies indicate
that strong fish stocks, such as cod, will be able to withstand heavy losses in one year class,
while stocks which are weaker or more localised, or which recruit unevenly between years
may be affected to a greater extent by the loss of one year class as a result of oil pollution
(Carroll et al., 2018). Retention (backwaters, i.e. increased residence time in an area) in
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connection with the advection of water masses and subsequent eddy formation along the polar
front (see section 5.1.1; Fig. 5.2) can prolong the exposure time and thereby increase the risk
of negative consequences in the event of an oil spill, as exposure time is a factor which
impacts on vulnerability.

11.2 Ecosystem response
11.2.1 Changed production
Primary production is largely governed by physical processes – ice cover determines the light
conditions in the water column, the layering defines when the phytoplankton will experience
positive net production, and vertical mixing controls the supply of nutrient salts. Changes in
ice cover and layering of the water masses as a result of climate change will alter the timing,
intensity and duration of the spring bloom, as access to light and nutrient salts in the polar
front region changes. Less ice and thus less meltwater may contribute to borealisation (i.e. a
change from cold conditions dominated by Arctic water to warmer conditions more
dominated by Atlantic water) of the areas north of the polar front, where weaker layering will
result in less intense blooms and open up the possibility of increased vertical fluxes of nutrient
salts and thus an extended blooming period (Barber et al., 2015).
In addition to vertical mixing, or the absence thereof, the advection of water masses is
important for the supply of nutrient salts. We have seen that silicate levels have decreased in
the Atlantic water masses flowing into the Barents Sea, which in turn will affect not only the
amount of phytoplankton that is produced, but also the species that will dominate and thus
also the pathway up through the food web that the energy will take, which could have ripple
effects upwards through the trophic levels.
In areas which have previously been ice-covered in the spring, a reduction in ice cover as a
result of a warmer climate will result in changing light conditions, and thus also alter the
timing of the spring bloom. Changes in ice conditions also affect the benthic-pelagic coupling,
which can have integrated effects throughout the ecosystem because a reduction in sea ice can
have a dramatic effect on the timing, extent and spatial distribution of ice-associated and
pelagic primary production, and thus access to this food source for benthic and pelagic
consumers (Carroll & Carroll, 2003; Hansen et al., 2003; Grebmeier et al., 2006; Wassmann
et al., 2006). This also has potential ripple effects through changes in food supply for marine
mammals and fish species which have specialised in feeding on benthic fauna.
11.2.2 Change in food quality
The distribution of zooplankton is strongly influenced by the physical conditions, including
the different temperature tolerances and advection rates of the various species, as zooplankton
can largely be considered to drift passively horizontally (although self-propulsion will be of
importance vertically). Changes in current and/or temperature conditions may therefore lead
to changes in zooplankton communities in the polar front region. Changes in species
composition at lower trophic levels will also trigger integrated impacts in the ecosystem.
Borealisation as a result of warming causes species to expand their distribution area
northwards, e.g. a shift from dominant copepods from the Arctic (e.g. C. glacialis) towards
more Atlantic species (e.g. C. finmarchicus), i.e. species which have a lower energy content
(Hop et al., 2006; Weydmann et al., 2014; Wassmann et al., 2015). Changes in the
composition of prey from an Arctic foodweb dominated by ice margin zone fauna, such as
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polar cod and Themisto libelulla, to a more boreal foodweb dominated by capelin, cod and
krill will have negative consequences for many species groups, including seabirds,
particularly ivory gull (Pagophila eburnea), thick-billed murre, black guillemot (Cepphus
grylle) and little auk (Alle alle) (e.g. Fluhr et al., 2017). Megabenthos communities in iceaffected areas may also change in terms of their species composition as a result of changes in
food supply as the ice cover changes, which may favour opportunistic species able to adapt to
a change from fresh food from the sea ice to degraded pelagic detritus (Sun et al., 2009).
Changes in the plankton community could potentially also affect the match/mismatch between
available copepodite stages of specific zooplankton species and larvae and fry of specific
species of fish. This could have consequences for fish species which use the polar front region
as a feeding and nursery ground, such as capelin and Greenland halibut (Reinhardtius
hippoglossoides). In addition to changes in temporal availability and size distribution, changes
in the available species of zooplankton will also represent altered nutrient content and
composition, which could also affect the recruitment success of the affected species at higher
trophic levels.
11.2.3 Displacement of species and altered competition
The borealisation or "Atlantification" of the regions north of the polar front, is contributing to
the northern expansion of habitats for many boreal species at all levels of the food chain, and
a decline in Arctic species (Fossheim et al., 2015). This is due both to direct factors, such as
changes in geographical distribution as a result of changing temperatures, and to indirect
factors, e.g. through altered food chains. Among other things, it is apparent that species such
as cod, haddock and capelin are moving northwards and into areas north of the polar front
(Haug et al., 2017). As the water masses north of the polar front become warmer, the front is
no longer seen as a barrier for some populations, such as cod, even though the front is still
present in the form of a geographical location and temperature gradient. However, this will of
course vary from species to species, depending on the temperature preferences of the
individual species concerned. Nevertheless, it is also important to note that temperature will
not be the only determining factor in any change in the distribution of a species. For example,
a study by Landa et al. (2014) shows how the prevalence of haddock changes with changing
temperature in the Barents Sea, but where an increase in the population due to better
recruitment appears to be the determining factor for the overall prevalence. This has also
resulted in an average decrease in the ambient temperature at individual level over the same
period during which the temperature in the Barents Sea has generally risen, as the population
has expanded its distribution into colder water masses.

12 Assessment of the value of the polar front for the marine ecosystem
12.1 Nutrient salts and Phytoplankton
The availability of nutrient salts and subsequent primary production lays the foundations for
the level of biological production and activity that an area can support. Nutrient salts and
primary production are therefore of very high biological value. In spring bloom systems like
the Barents Sea primary production is mainly linked to blooms during the spring and summer.
Because of their physical characteristics, the tidal front around Spitsbergen Bank and the
meltwater front associated with ice melting during the spring and summer are areas where the
blooms are more intense than in the surrounding areas, including the polar front.
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12.2 Zooplankton
Zooplankton represent the link between primary production (phytoplankton) in the ocean and
higher trophic levels in the food chain, and therefore play a crucial role in carrying the energy
from primary production upwards within the ecosystem, including to the species that form
harvestable marine resources. Zooplankton are therefore of very high biological value. For
species that are transported into the area by advection, such as C. finmarchicus, the polar front
region forms part of their distribution and feeding grounds during the summer months.
However, for species such as C. glacialis which have their core area locally in the Barents
Sea, the polar front region forms part of their feeding grounds during the summer, as well as
being part of their habitat during the rest of the year.
12.3 Fish
No accurate estimates are available of the number of fish species are resident in the polar
front region for all or part of their life-cycle. For some of the commercially important fish
species in the Barents Sea, the polar front is a feeding ground at certain times of the year, but
for some species, it is also a nursery ground. Many species display wide seasonal variations in
their geographical distribution, while some non-commercial species spend their entire lifecycle in this area. The most commercially important species in the Barents Sea are cod,
haddock, beaked redfish (Sebastes mentella), Greenland halibut and capelin.
As the polar front region and the marginal ice zone partially overlap spatially, particularly
during the winter, and our knowledge of the distribution of fish species is of limited resolution
both spatially and temporally, the value and vulnerability assessment presented here
significantly overlaps with the value and vulnerability assessment presented in the marginal
ice zone report (von Quillfeldt et al., 2017).
12.3.1 Cod
The feeding grounds used by cod include the polar front region and the surrounding banks to
the south and north during the summer (Fig. 12.1), as well as the polar front region during the
winter (Fig. 12.2). The feeding grounds of cod also extend up along the polar front along the
west coast of Svalbard, as well as north of Svalbard into the autumn.
Low value
Spring

Medium value

Feeding ground

Summer

Feeding ground

Autumn

Feeding ground

Winter

Feeding ground

Red List

50

High value

Figure
12.1.
Cod.
Distribution
based
on
bottom trawl catches in
autumn 2017 (kg per nm).
Zero catches are indicated
by dots.

Figure 12.2. Cod ≥ 50 cm.
Distribution
based
on
bottom trawl catches in
winter 2018 (quantity per
nm2). Zero catches are
indicated by black dots. The
hatched areas were covered
by ice and inaccessible
during the mapping.

12.3.2 Capelin
The feeding grounds for capelin shift from south of the polar front in early summer, and later
in the summer and autumn extend through the polar front region and further north. In the late
autumn, the capelin migrate southwards and overwinter predominantly in the polar front
region. Capelin are the main prey of cod, and low capelin stocks have adversely affected cod
stocks at times.
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12.3.3 Haddock
During the summer and winter, the haddock’s feeding grounds extend into the polar front
region (Fig. 12.3), and into the polar front region along the west coast of Spitsbergen.
Haddock are to some extent also present along the west coast of Spitsbergen during the winter
(Fig. 12.4).
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Figure 12.3. Haddock.
Distribution based on
bottom trawl catches in
autumn 2017 (kg per nm).
Zero catches are indicated
by dots.
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Figure 12.4. Haddock ≥50
cm. Distribution based on
bottom trawl catches in
winter 2018 (quantity per
nm2). Zero catches are
indicated by black dots.
The hatched areas were
covered by ice and
inaccessible during the
mapping.

12.3.4 Beaked redfish
The beaked redfish’s feeding grounds extend towards the polar front in both summer and
winter.
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12.3.5 Greenland halibut
The polar front region and the areas north of this are important nursery grounds for Greenland
halibut, which are probably present in this area all year round (see figure 12.5). The species
also spawns along the continental shelf which partially extends into the polar front.
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Figure 12.5. Greenland
halibut. Distribution map.

12.3.6 American plaice
The distribution area for American plaice (Hippoglossoides platessoides) overlaps with the
polar front during the summer and autumn, and a proportion of the American plaice
population also reside in this area in the winter.
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12.3.7 Other species
Many species are present in the polar front region either all year round or at certain times of
the year. The migrating population of polar cod mostly remains north of the polar front during
the feeding period, but the spawning which takes place in the eastern Barents Sea occurs in or
south of the polar front. Many, predominantly small, species which live near the bottom, such
as eelpout (Lycodes vahlii), sculpin (Myoxocephalus scorpius) and snailfish (Liparis liparis),
are relatively stationary and are found in and on both sides of the polar front all year round.
12.4 Seabirds
We have only a limited knowledge of how and when seabirds use the polar front, or the
importance of the front for the seabird populations during the year. However, the advances
being made in the development of various tracking techniques which has been taking place in
recent years through the SEAPOP programme and the collaborative SEATRACK project are
expected to significantly improve our understanding of the migration patterns of different
seabird species generally and the time they spend in and around the polar front in particular.
This new knowledge concerning which species are present in and around the polar front at
different times of the year is expected to contribute to a better and more precise valuation of
the polar front with regard to seabirds in the future.
The Arctic is the area of the globe which has so far experienced the greatest and fastest
climate change, a situation which is expected to continue into the future (e.g. IPCC, 2013).
However, observational data indicates that the ability to adapt to changing climatic conditions
may vary in the various trophic levels, and that seabirds, which have relatively long life spans,
are less able to adapt their life-cycles to changing physical conditions (Keogan et al., 2018). A
better understanding of the ability of seabirds to adapt to a changing physical environment,
such as changes in breeding periods and feeding migration, is needed in order to better assess
the vulnerability of the various seabird species to climate change.
In the valuation for seabirds on the polar front, we largely follow the valuation presented in
the marginal ice zone report (von Quillfeldt et al., 2017), taking into account: 1. important
areas/periods from a life history perspective, and 2. Red list status. Three levels are used in
the valuation: low, medium and high.
12.4.1 Fulmar
The fulmar (Fulmarus glacialis) has a large population in Svalbard and often forages (grazes)
in the marginal ice zone throughout the year. It is therefore also found in the polar front
region in the late winter and early spring, when the polar front coincides with the marginal ice
zone. It also follows the bloom through the summer season. However, the significance of this
area for foraging is unknown, but it is probably important for the population in Svalbard.
Low value
Spring

Foraging

Summer

Foraging

Medium value

Autumn
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12.4.2 Ivory gull
The ivory gull is a high Arctic species which directly depends on the marginal ice zone
throughout its life-cycle and remains in ice-filled waters all year round. The polar front region
thus constitutes an important area for the ivory gull during the periods of the year when it
coincides with the marginal ice zone, i.e. the late winter and early spring before the start of
the breeding season (Strøm et al., 2015; Fig. 12.6).
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Figure 12.6. Schematic illustration of the movements of ivory gulls during the year for the
four sub-populations of Canada, Greenland, Svalbard and the Russian Arctic islands east to
Severnaja Zemlja. Red areas: nesting areas; yellow areas: important areas before breeding
starts; green areas: important areas after nesting; blue areas: overwintering areas. Source:
Strøm et al. 2015.
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12.4.3 Kittiwake
Colonies of kittiwake (Rissa tridactyla) occur around the Barents Sea and often forage in the
marginal ice zone, following the zone through the summer, probably because the spring
bloom follows the ice margin northwards through the summer. Consequently, kittiwake also
forage in the polar front region at certain times of the year when this region overlaps with the
marginal ice zone and when production is high here. It has recently been shown that the diet
of kittiwake along the west coast of Spitsbergen has changed significantly over the last 20
years, from being dominated by Arctic species, such as polar cod, to more boreal species,
such as capelin (Vihtakari et al., 2018).
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12.4.4 Thick-billed murre
Thick-billed murre nest in Svalbard and elsewhere, and actively use the polar front region for
foraging during the spring and summer (Mehlum et al., 1998). However, the large thick-billed
murre population in Svalbard is declining, and a transition from an Arctic foodweb dominated
by polar cod and Themisto libelulla to a more boreal foodweb dominated by capelin, cod and
krill has been put forward as a possible explanation for this decline (Descamps et al., 2013;
Fluhr et al., 2017).
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12.4.5 Common guillemot
Bjørnøya is the most important breeding ground for guillemot in the Barents Sea, and from
here the species actively uses the polar front region for foraging during the spring and summer
(Mehlum et al., 1998).
Low value

Medium value
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12.4.6 Little auk
Little auk breed in Svalbard. It is closely linked to the marginal ice zone and finds its food in
the ice-filled waters throughout the year. Consequently, it is also associated with the polar
front region when this region coincides with the marginal ice zone during the winter and
spring. The species’ diet primarily consists of small crustaceans, particularly copepods such
as Calanus spp.
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12.5 Marine mammals
The polar front region and the marginal ice zone overlap to some extent during the winter. For
a valuation of the area's importance for species which are primarily associated with the
marginal ice zone, rather than to the polar front as such, we therefore refer here to the value
and vulnerability assessment presented in the marginal ice zone report (von Quillfeldt et al.,
2017).
During the periods when the polar front region does not overlap with the marginal ice zone,
the polar front region is primarily used as a feeding ground by marine mammals.
12.5.1 Harp seal
In June and July, the polar front region is used by harp seal from the White Sea as part of their
annual feeding migration area (Nordøy et al., 2008). During the summer, harp seal from the
West Ice are also found in the polar front region (Folkow et al., 2004).
Low value
Spring

Medium value
Foraging
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12.5.2 Minke whale
The polar front region is part of the minke whale's feeding grounds during the summer, when
it appears to mainly seek out areas with higher concentrations of capelin and krill.
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12.5.2 Fin whale and humpback whale
Fin whale and humpback whale have been observed in the polar front region during the
summer, particularly in the areas around Bjørnøya and northwards in Storfjordenrenna and
along the west coast of Spitsbergen (Øien, 2009).
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12.6 Benthic communities and habitats
For benthic communities and habitats, we do not have sufficient information to carry out a
valuation of the role of the polar front region. However, a survey is underway through the
MAREANO programme, along with sampling during monitoring cruises. We therefore refer
to section 9 for a review of the current knowledge status, as well as a summary of knowledge
gaps which must be closed in order to carry out a valuation.
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13 Knowledge and monitoring gaps
The need for new knowledge and expanded monitoring is briefly summarised under each subsection which covers physics and the various trophic levels. In addition to these areas where
more knowledge is needed, it is important to continue the efforts being made as regards
integrated ecosystem assessment and understanding, both in order to improve value and
vulnerability assessments in the marine ecosystem today and also in the event of future
changes.
In connection with the national project "The Nansen Legacy", considerable effort will be
made regarding data collection, knowledge generation and increased understanding of the
biochemical and biophysical conditions in the northern Barents Sea, as well as a better
understanding of the composition and function of the ecosystem. In addition, the data being
collected will help to build up a knowledge base based on the next six years, which in turn can
be used to study the rate of change and variability in both the physical as well as the
biological and chemical conditions in the northern part of the Barents Sea. Furthermore, the
project will help to educate the next generation of marine scientists, which will help to ensure
that the efforts being made to improve our knowledge and understanding of the marine
processes and interrelationships in the Barents Sea will continue in the future. In particular,
The Nansen Legacy and the use of the new ice-class research vessel FF "Kronprins Haakon"
will also enable data to be acquired from the northern, Arctic parts of the Barents Sea during
the winter months, an area to which access has previously been limited at this time of the
year. This will help to improve our knowledge and understanding of variability, both between
years and through the year in the northern Barents Sea. Specifically, this could help to fill a
number of the identified knowledge gaps listed in the previous chapters, including the annual
cycle in hydrographic and chemical (including nutrient salts) conditions in the polar front
region during the year, baseline information on plankton communities and a comparative
basis with respect to variations from previous times, as well a better understanding of which
fish species are present in the polar front at different times of the year. Physical processes
which govern the northern distribution of the polar front in the area between
Spitsbergenbanken and Storbanken will also be a focus area.
The effects of ocean acidification and plastic pollution are two issues which will require
increasing attention going forward. As both issues generally apply to virtually all marine
areas, rather than to the polar front region specifically, we will only mention the knowledge
and monitoring gaps which relate more directly to the polar front region in the Barents Sea.
As the Barents Sea is one of the first commercially important marine ecosystems to
experience the effects of ocean acidification, such as the undersaturation of aragonite,
monitoring of the condition in the Barents Sea will be an important step forward, while
improving our knowledge and understanding of how ocean acidification impacts the marine
ecosystem will be crucial. This includes how ocean acidification impacts act both directly at
individual and population levels, and indirectly through trophic interactions.
Preliminary model simulations indicate that the Barents Sea will be an aggregation area for
marine litter and plastics. The monitoring of plastics, including both quantity and spatial
distribution, over time will therefore be important in order to build up an understanding of
how quickly aggregation occurs and what levels of various plastic components there are, as
well as size distribution. Monitoring will also be needed to determine whether or not the polar
front, such as the border region between Atlantic water and Arctic water, will also be an
aggregation area. Furthermore, further efforts will be made to build up our knowledge
concerning possible uptake and any effects of the uptake of plastics in the food chain. Projects
are already underway which will drive forward both monitoring and knowledge generation
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regarding the possible effects of the uptake of plastic, and it will be vital to have a stronger
focus on issues relating to plastics in the marine environment in the future.
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Appendix
Summary of results from research cruises under the Pro Mare programme, reproduced from
cruise reports (Hassel et al., 1984a,b; 1986). A summary is presented below of the physical
conditions through the year, based on three research cruises in May/June and August 1984
and January 1985.
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Spitsbergen Bank, May-June 1984
The research cruise report (Hassel et al.,
1984a) states the following regarding the
hydrographic conditions above Svalbard
Bank:
The figure shows temperature, salinity and
density in a section over Spitsbergen Bank
The conditions over the bank were
vertically almost homogeneous, i.e.
temperature and salinity did not vary in the
water column.
This also means that there was no vertical
density gradient. The coldest water
occurred on the eastern flank of the bank,
where there is a south-flowing current. The
temperature was the same as observed in
previous years. On both sides of
Spitsbergen Bank, the frontal area was
situated between Atlantic water and Arctic
water. This area was characterised by
strong horizontal gradients in temperature
and salinity, and the water masses were
arranged vertically around another at
certain stations in the frontal area. This is
due to mixing between the water masses,
e.g. in connection with eddy formation.
Despite the strong horizontal gradients in
temperature and salinity, there is only a
weak horizontal density gradient.

Figure A1. Temperature (top), salinity (centre)
and density (bottom) in a section above
Spitsbergen Bank in May/June, 1984. From:
Hassel et al., 1984a.
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Spitsbergen Bank, August 1984
The mean in August was identical to the
mean from the end of May of that year.
Hassel et al., 1984b summarised the physical
conditions as follows:
Over the shallow sections (depth less than 50
m), the water masses were almost completely
mixed. Vertical gradients were not
encountered until the deeper parts of the
Barents Sea and the Norwegian Sea. On the
eastern side of Spitsbergen Bank, there was a
southwest-flowing current of cold Arctic
water. This current originates from the areas
north of Hopen and continues south past
Bjørnøya. This can be clearly seen in Figure
5, which shows the drifting path of a
satellite-positioned buoy with a drift-sail at a
depth of 30 m. The buoy drifted in the polar
front along the eastern flank of Spitsbergen
Bank, although at times it remained for
relatively long periods of time in areas with
eddy formation, where Arctic water and
Atlantic water meet and mix.
Although the water masses over the
shallowest parts of the bank were mixed as in
May, major changes had occurred in
both temperature conditions and salinity
between the two research cruises. The
temperature had risen approximately 3°C
Figure A2. Temperature (top), salinity and was between 2-3°C above the shallow
(centre) and density (bottom) in a section areas in August. Salinity was between 0.3above Spitsbergen Bank in August 1984. 0.5%, lower in the same areas in August than
in May/June. This is because, in August, the
From: Hassel et al., 1984b.
water masses largely consist of warmed
Arctic water, whose salinity has decreased
during the summer as a result of ice melting.
The relatively high temperature is evidence
that the water masses must have remained in
situ for an extended period of time over the
shallow areas. There is probably a large
eddy in the centre of the bank where the
water masses will remain for a long period of
time.
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Spitsbergen Bank, January 1985
The report on the January 1985 cruise
(Hassel et al., 1986) states the following
regarding the physical conditions:
The figure shows the conditions in a section
which cuts across Spitsbergen Bank from
the Storfjord channel in the west and into
the Hopen Deep in the east. In the western
part of the section, the water column was
almost completely mixed, as was the case
for the easternmost station in the section.
Along the eastern flank of Svalbard Bank,
the conditions were somewhat more
complicated. The cold water in the Bjørnøy
Current (t<-1°c) flowed towards the south
in the upper approx. 70 m. Beneath this
current, Atlantic water was found with
significantly
higher
salinity
and
temperature. Nothing is yet known about
how stable this system is, or whether
conditions will remain the same throughout
the winter.

Figure A3. Temperature (top), salinity (centre)
and density (bottom) in a section above
Spitsbergen Bank in January 1985. From:
Hassel et al., 1986.

A summary is presented here of the results from the collection of data on nutrient salts,
chlorophyll a and phytoplankton, based on the same research cruise data as is represented by
the hydrographic data above.
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Spitsbergen Bank, May-June 1984
(Hassel et al. 1984a)
At the western end of the section towards the
Norwegian Sea, there were high nutrient salt
concentrations, with correspondingly low
chlorophyll a concentrations. This is the situation
before the spring bloom of phytoplankton starts
in the Atlantic water.
In the frontal area on the western flank of
Svalbard Bank, both the hydrographic and
biological conditions were fairly complicated,
particularly in the upper 50 metres. In this
frontal area, where two water masses mix,
substantial variations in the distribution patterns
of nutrient salts and chlorophyll a were also
encountered. At stations 624-627, low nutrient
salt concentrations and high chlorophyll a values
were observed. The water mass here can be
considered to be warmed Arctic water, with a
significant element of meltwater. The main core
of the polar front was situated at around station
628 and was characterised by a strong gradient
in nutrient salt concentrations, as well as a sharp
increase in chlorophyll a.
Here, the
phytoplankton biomass was dominated by
Chaetoceros socialis and Phaeocystis pouchetii.
Over the bank itself (less than approx 40 m
deep), nutrient salt concentrations were
extremely low (close to the analytical detection
limit). Chlorophyll a values were high (up to 15
mg m-3) and evenly distributed up through the
water column. In this area, the phytoplankton
Figure A4. Nitrate (top), phosphate (centre) were dominated by diatoms such as Rhizosolenia
and density (bottom) in a section over spp. and Nitzschia spp., as well as some
Spitsbergen Bank in May/June 1984. From: Phaeocystis. Over the deeper eastern part of the
bank (about 75 m deep), a zone (station 640) with
Hassel et al., 1984a.
less biological activity (higher nutrient salt
concentrations and lower chlorophyll a values)
was observed for the third consecutive year in the
middle of an area characterised by high
biological production. This zone occurs in an
area with homogeneous physical conditions, and
it remains unclear how it arises. Immediately
adjacent to the polar front, on the eastern flank
of the bank (station 643-646), large quantities of
chlorophyll a were observed all the way down to
the bottom. Here, vertical gradients in nitrate
and phosphate could also be observed down to a
depth of approx. 30 m, while silicate showed
homogeneous and low concentrations throughout
the water column. This can be interpreted as the
result of substantial mixing or sedimentation of
the phytoplankton, which was dominated by
diatoms, which may have caused the high silicate
consumption.
Why
no
corresponding
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consumption of the other nutrient salts was
observed is as yet unclear. At the polar front
itself (station 646-649), both the hydrographic
and biological conditions were again fairly
complicated. Here, low concentrations of
nutrient salts and chlorophyll a could be
observed in the upper 10-15 metres, suggesting a
late phase in the bloom. Below a depth of 20 m,
there was an apparent upflow of nutrient-rich
water.
Beyond the polar front, in the Atlantic water, the
typical conditions of a phytoplankton spring
bloom could again be seen, with high chlorophyll
a concentrations and a distinct vertical gradient
in nutrient salt concentrations.

Spitsbergen Bank, August 1984
(Hassel et al. 1984b)

The vertical distributions of nitrate, silicate
and chlorophyll a are shown in Fig. 4. The
water column was depleted of nitrate
(<O.5μM) down to 20 rn deep along the
entire section and down to the bottom above
the bank itself. One exception was station
797, where a rise in the nitracline was
observed as a consequence of a higher
proportion of Atlantic water.
On the western flank of the bank, nitrate
concentrations rose steadily with depth,
reaching a maximum of about 13 μM at a
depth of approx. 125 m, where the main
current of Atlantic water towards the north
occurred. On the eastern flank of the bank,
the nitrate gradient was somewhat more
pronounced and deeper than on the western
flank, while the Atlantic water core occurred
at shallower depths. The silicate distribution
pattern on both flanks of the bank were
similar to that for nitrate, but the gradients
were somewhat deeper. On the bank itself,
silicate concentrations were relatively high
(1-2 μM) compared with the previous cruise.
At the time of the previous cruise, the entire
water column was depleted of silicate. This
increase in silicate concentration is probably
due to either the transport of Arctic water
Figure A5. Nitrate (top), silicate (centre) and
from the areas around Hopen, where the
chlorophyll a (bottom) in a section above
resuspension of inorganic material from the
Spitsbergen Bank in August 1984. From:
seabed has previously been observed, or the
Hassel et al., 1984b.
fact that this resuspension takes place across
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the entire bank. Chlorophyll a concentrations
were low across the entire bank and
eastwards, while there was still some
chlorophyll left (1-2 mg·m-3) on the western
flank.

Figure A6. Horizontal distribution of nitrate
(top) and silicate (bottom) based on mean
concentrations in the mixed layer. From
Hassel et al., 1984b.
Extract from the research cruise report:
The main
characteristics
of
these
distributions follow the physical conditions
with the sharpest horizontal gradients in the
frontal area between the main water masses.
Nutrient salt concentrations were generally
lower in the Arctic water masses than in the
Atlantic water south of the polar front.
Silicate concentrations were therefore < 3
μM in the Arctic water masses. However,
these water masses were layered and silicate
concentrations rose sharply beneath the
mixed layer.
The polar front on the western and southern
margins of Central Bank was marked in
terms of temperature, but less so as regards
salinity. Similarly, there were distinct
horizontal gradients for nitrate in this area,
but not for silicate.
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Figure A7. Temperature (top), salinity (centre) and density (bottom) in "Section I" from the
Hopen Deep (south - right) to Great Bank (north - left) in June 1983. From: Gjøsæter et al.,
1983.
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Figure A8. Nitrate (top), silicate (centre) and chlorophyll a (bottom) in "Section I" from the
Hopen Deep (south - right) to Great Bank (north - left) in June 1983. From: Gjøsæter et al.,
1983.
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