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The abundant and ecologically important copepods Calanus finmarchicus and Calanus
hyperboreus within the Norwegian and Iceland Seas are key prey species of Norwegian
spring spawning herring. The volume flux of East Icelandic Water, which carries the
mentioned zooplankton species into the southern Norwegian Sea, is highly variable.
The years 1996-2002 have previously been characterized as high influx years, 2003-
2016 as low influx years and since 2017 a reversal to higher influx has been apparent.
Hydrographic and zooplankton data, as well as fish data on herring (size and diet
content), from the International Ecosystem Surveys in the Nordic Seas in May have been
used in this study. Focus is on the south-western Norwegian Sea, where herring has
regularly been observed in May since 2005 and where changes in plankton availability
and in the hydrographic environment have also been observed. Diet biomass from
2017-2020 (higher influx period) showed higher stomach fullness compared to 2007-
2011 (lower influx period). Furthermore, the highest stomach fullness is observed in
the westernmost feeding region—referred to as the Feeding Spot. The scrutinized
diet content showed a notably higher biomass of ingested C. hyperboreus in 2020
compared to 2007-2011, indicating a preference for the larger and more nutritious
copepod. Zooplankton analysis from May 2020 revealed that the core of the western
feeding region, i.e., the area with highest zooplankton biomass, was located within
the subarctic waters immediately north/west of the junction between the Iceland-Faroe
Front and the Jan Mayen Front. The core area was mainly represented by overwintering
stages and the derived adult stages of C. finmarchicus and C. hyperboreus. Interplay
between food availability and accessibility, in terms of temperature, to the Feeding Spot,
is discussed.

Keywords: East Icelandic Current, Calanus hyperboreus, Calanus finmarchicus, zooplankton biomass, diet
composition, NSSH herring, feeding distribution, temperature

INTRODUCTION

The Norwegian Spring Spawning herring (Clupea harengus) is the largest herring stock in the world.
Due to the sheer stock size, remarkable dynamic structure and high economic value, this stock
continues to be a favorite subject of scientific study with many remaining unanswered questions.
The variable feeding migration is one important aspect of the stock dynamics, and this is the focus
of the present paper.
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The general herring migration route is performed in a
clockwise pattern that covers warm northward flowing Atlantic
water (AW) in the eastern Norwegian Sea and cold Arctic and
subarctic waters flowing in a south-easterly direction in the
western Norwegian Sea and northeastern Icelandic Sea (Figure 1;
Holst et al., 2004). After spawning along the Norwegian coast in
February-March (Holst and Slotte, 1998), the herring enters the
Norwegian Sea with a progressive westward feeding migration.
In the classical view, the main feeding season extends from early
May to late July, which herring use to fill its energy reserves for
subsequent overwintering and spawning (Bachiller et al., 2016).

As reviewed by Skjoldal et al. (2004), the herring stock
underwent three major shifts in their migration pattern from
the early 1950s to the early 1990s. During the warm period,
from 1950-1964, the feeding region stretched from north and
east of Iceland to Jan Mayen. It was the adult herring that were
paving the migratory route (Pavshtiks, 1956), feeding in the
heated surface layer within the East Icelandic Current in May and
June (@stvedt, 1965; Jakobsson and @stvedt, 1996). During the
latter half of the 1960s, the water temperature became unusually
low north of Iceland and feeding conditions deteriorated within
this region (Thordardottir, 1977). During the same period, the
stock size decreased dramatically and finally collapsed. A new
migration pattern emerged in the early 1970s, when the herring
remained along the Norwegian coast during the feeding period.
When a large year class emerged in 1983, the need for a larger
feeding area increased and from 1986 the herring was again
feeding over large parts of the Norwegian Sea (Holst et al., 2002).

Since the mid-1990s, different herring feeding patterns, in
May, have also emerged. During the years 1996-1998, the herring
mainly migrated along the eastern side of the Jan Mayen Front
(JMF) (Misund et al., 1998; Holst et al., 2002). In 1999, the herring
stock became abruptly confined north of 66°N (Holst et al., 1999,
2004), with nearly no herring east of Iceland (Eliasen et al., 2021).
After 2003, and more persistently since 2005 to present, the
herring stock did again adopt a southwestern migration toward
the southwestern Norwegian Sea. Adult herring are presently
densely aggregating against the slope of the Jan Mayen Ridge
(Eliasen et al.,, 2021) (~65.5°N, 5°W in Figure 1), which the
authors refer to as the “feeding hotspot”—hereafter simply the
Feeding Spot (FS). Homrum et al. (in review) has shown that
the best growth conditions of herring, during this early feeding
period, are observed in the southwestern Norwegian Sea, which
might reflect the abundant food availability in this region.

Copepods of the genus Calanus, including the larger
copepodite stages of Calanus finmarchicus and the larger Calanus
hyperboreus, of Arctic origin, are considered to be the main prey
of herring (Dalpadado et al.,, 2000; Gislason and Astthorsson,
2002; Melle et al., 2020). C. finmarchicus is the dominant
zooplankton species, both numerically and in terms of biomass,
within the Norwegian Sea and most herring-prey discussions
have therefore focused on this species (e.g., Broms et al., 2012;
Utne et al,, 2012; Melle et al., 2020). However, C. hyperboreus
dominates the zooplankton biomass in the southeastern part of
the Iceland Sea in May (Astthorsson and Gislason, 2003; Strand
etal., 2020; Gislason et al., 2021). This larger and more nutritious
copepod is increasingly preyed upon further westwards during

the migration in May (Dalpadado et al., 2000; Melle et al., 2020),
and its abundance might therefore have larger impact on the
herring feeding distribution than previously anticipated.

The East Icelandic Current advects C. hyperboreus and large
stages of C. finmarchicus, into the southwestern Norwegian Sea
(Figure 1; Kristiansen et al., 2019; Skagseth et al., in review). The
typical view of the East Icelandic Current as a broad flow from the
Icelandic Sea into the Norwegian Sea must, however, be nuanced.
Ocean currents in this region closely follow the bathymetry, and
the flow of cold and low-saline East Icelandic Water (EIW) is
actually channeled by two branches: a shallow branch (~750 m
bottom depths) along the Iceland slope and directly continuing
southeastward along the northern flank of the Iceland-Faroe
Ridge, and a deeper branch (~1,100 m bottom depths), which
veers clockwise around the northeastward protruding plateau
from the Icelandic continental slope (see the 1,000 m isobath in
Figure 1). The deep branch merges with the southward flow along
the Jan Mayen Ridge (Semper et al., 2020; Hatun et al., 2021) in
the vicinity of the FS.

Although the deep flows are topographically controlled,
stratification in the water column allows the near-surface
waters to shift laterally. East of Iceland, the frontal zones
are characterized by inter-annual fluctuations in longitudinal
position which are related to a variable volume of EIW
(Blindheim, 2004; Kristiansen et al., 2016, 2019). Before reverting
back to zooplankton and herring, we summarize the most distinct
oceanographic changes since the mid-1990s (Malmberg and
Valdimarsson, 2003; Macrander et al., 2014; Kristiansen et al,,
2019; Holliday et al., 2020; ICES, 2020).

After a drop in the North Atlantic Oscillation (NAO) index
during the winter 1995-1996 (Holliday et al., 2008), the subpolar
gyre weakened markedly (Hikkinen and Rhines, 2004), resulting
in increased temperature and salinities in the AW flowing
into the Nordic Seas (Hatun et al., 2005). Around the same
time, from 1996-1998, the Arctic waters approaching Iceland
from the northwest cooled and became fresher. These years
are also known as the Polar Years north of Iceland (Malmberg
and Valdimarsson, 2003). These two concurrent events resulted
in contrasting oceanographic conditions northeast of Iceland
during the late 1990s. In 2003, the circulation of both the
subpolar gyre (Hatin et al, 2005) and the Norwegian Sea
gyre (Hatun et al., 2021) were particularly weak. The weakened
Norwegian Sea gyre reduced the eastward transport of the EIW
into the Norwegian Sea (Serra et al, 2010). Simultaneously,
the further weakening of the subpolar gyre lead to an even
stronger increase in temperature and salinity in the Modified
North Atlantic Water (MNAW; Hatun et al., 2005; Larsen et al.,
2012) which propagated throughout the Nordic Seas (Malmberg
and Valdimarsson, 2003; Holliday et al., 2008; Richter and Maus,
2011). These cascading events coincide with a more westward
broadening of the AW currents (Blindheim et al., 2000) as well as
reduced abundance of C. hyperboreus and the larger copepodite
stages of C. finmarchicus (Kristiansen et al., 2019). This reversed
after 2015 to this present period. This period is characterized
by an intensifying subpolar gyre (Hatun and Chafik, 2018) and
the largest drop in seawater salinities ever observed in the
northeast Atlantic (Holliday et al., 2020), and together with an
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FIGURE 1 | Map of the study region. The orange box defines the main study area. The black stippled lines show the approximate position of the Iceland-Faroe Front
(IFF) and Jan Mayen Front (JMF), separating the south-eastward flowing East Icelandic Current (EIC) (blue) and poleward flowing Atlantic Waters (red). The purple
circle illustrates the area where the densest aggregation of older herring is observed since around 2003, in May (Eliasen et al., 2021). The Icelandic monitoring
sections (KR and LA) are shown in blue, while the Faroese section (N) is divided into an Atlantic (red), frontal (black), and subarctic (blue) regions. FC, Faroe Current;
RFC, Recirculated Faroe Current (green); IFR, Iceland Faroe Ridge; JMR, Jan Mayen Ridge; KR, Krossanes; and LA, Langanes East. The 200, 500, 1,000, 2,000
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increased influx of EIW (Kristiansen et al., 2019), the Norwegian
Sea has freshened. However, due to reduced heat loss from
the region, the Norwegian Sea has simultaneously experienced
warming (Mork et al., 2019).

ICES (2020) has reported historically low zooplankton
concentrations since 2003, although it has been slightly
increasing again after 2015. This coincides with an increased
abundance and expansion of the herring stock during spring
and summer (Utne et al., 2012). However, it remains difficult
to evaluate the effect of feeding pressure on zooplankton
biomass in May, since the zooplankton sampling and trawling
occur at the same time. Understanding herring behavior is
complicated as multiple factors may influence stock structure,
such as temperature, food availability, recruitment, stock size and
inherent learned behavior between generations (Misund et al.,
1997; Ferno et al., 1998; Skjoldal et al., 2004). However, Eliasen
etal. (2021) find no link between internal stock dynamics such as
the entrance of strong year classes and changes in the distribution
pattern in May, and thus concluded that the observed major
distribution shifts of old herring are primarily induced by the
external factors such as temperature and/or food abundance.

The present work is done in parallel with the following four
papers: Eliasen et al. (2021); Hatan et al. (2021), Homrum et al.
(in review), and Skagseth et al. (in review) in association with a
Research Topic in Frontiers in Marine Science. We here provide
information on some key aspects of temperature, zooplankton

composition and abundance and herring stomach content in the
vicinity of the FS. Combined with key findings from the other
papers, this will be used to assess the most plausible drivers
underlying the variable distribution of herring in May. In our
discussion, we pose two hypothesis: The abundance of adult
herring at the FS in May is determined by: Hyp (1) accessibility
to the FS (thermal restriction) and/or Hyp (II) food abundance
between Norwegian slope and the FS.

METHODS

Sea Surface Temperature

In order to show the long-term average temperature conditions
for zooplankton and herring in May, sea surface temperatures
(SST) in May from 2003 to 2020, based on remotely sensed
data with 4.64 km resolution (from MODIS, NASA Goddard
Space Flight Centre, Ocean Ecology Laboratory, Ocean Biology
Processing Group), were downloaded from http://marine.
copernicus.eu and averaged. In addition, daily SST (from
multisensory merged, level 3 satellite observations, with a
0.02 degrees latitudinal and longitudinal resolution) was also
used to estimate the oceanic conditions. The period under
investigation is from 30th April to 9th May 2020, which coincides
with the International Ecosystem Survey in the Nordic Seas
(IESNS). Temperature and salinity at 100 and 200 m depth,
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measured with a Conductivity, Temperature, Depth (CTD)
during the IESNS survey, are included in the Supplementary
material (Supplementary Figure 1). This period also concurs
with available microscopic analysis of zooplankton (see Section
Zooplankton Distribution in May 2020) and herring stomach
analysis (see Section Herring Diet Composition).

Hydrographic Conditions at Two Eastern
Icelandic Sections

Two standard monitoring sections, Krossanes (KR) and Langanes
East (LA) (Figure 1 and Supplementary Figures 2, 3), enabled a
detailed investigation of the hydrographic conditions, in May, in
the vicinity of the FS. A CTD was used to collect the temperature
and salinity data from 1991 to 2020. To examine the potential
time varying thermal restriction to the FS, a temperature and
salinity time series of the two outermost stations at section
LA (LA7 and LAS8) was created by taking the average over
the 80-120 m depth levels. This was done in order to avoid
the rapidly changing influence of surface stratification. Data
is not available at LA in 1998. A Hovmoller (depth-time)
diagram from KR6, which is the station closest to the FS, reveals
long-term temperature changes through the water column, just
downstream of the FS.

Calanus finmarchicus and Calanus

hyperboreus at Section N

Section N is located north of the Faroe Islands, from 62°20'N
to 64°50'N and at longitude between 6°00°'W and 6°05W
(Figure 1). The zooplankton time-series at Section N covers
25 years of observations in May, starting in 1993. No data are
available for 1996, 1998, and 2006. Zooplankton samples were
collected by vertical hauls from 50 m depth to the surface using
a WP-2 net, with a mesh size of 200 pm. The towing speed
was 0.5 m s~!. On board, the samples were preserved with 4%
formaldehyde. In the laboratory, the samples were divided into
subsamples with a Motoda cylinder splitter, and an aliquot of
around 200-300 animals from each sample was identified and
counted. C. finmarchicus copepodites were also classified into
developmental stages. For this purpose, averages from stations
located within the subarctic region (Figure 1) are included
in this study. Calanus glacialis, which is also distributed with
the East Icelandic Current, is morphological very similar to
C. finmarchicus. However, as C. glacialis is an arctic shelf species
and only comprises less than 1% of the zooplankton biomass
within the East Icelandic Current (Astthorsson and Gislason,
2003; Strand et al., 2020), molecular studies were not used to
discriminate between these two species.

Zooplankton Distribution in May 2020

Co-occurring with CTD stations during the IESNS survey,
zooplankton samples were collected according to the same
method as stated in Section Calanus finmarchicus and Calanus
hyperboreus at Section N. Each sample was split in two, where
one half was preserved in 4% buffered formalin and identified to
lowest taxonomic level possible using a stereomicroscope. The
larger zooplankton species including krill and amphipods are

not sampled representatively using a WP-2 net and are therefore
excluded from this data analysis. The most common zooplankton
species that were found in herring stomachs were selected for
further investigation (Supplementary Table 1). The numbers
were converted to biomass (Table 1) and were gridded onto
a regular grid of 1° longitude by 0.5° latitude using objective
mapping (Bohme and Send, 2005).

Zooplankton Biomass Within the

Norwegian and Iceland Seas

The zooplankton biomass used in our analysis is collected in
May from 1996 to 2020 during the IESNS survey. Samples were
collected within the uppermost 200 m with WP-2 nets of 180 or
200 pm mesh size and subsequently split into two, where one
half was dried and weighed to measure total biomass. Data are
presented as g dry weight per m? (ICES, 2020). The survey data
were gridded as described in Section Zooplankton Distribution in
May 2020. Areas with sparse sampling, where the associated error
map exceeded the selected threshold of less than 7 years sampled
within a grid cell during the 25-year long sampling period, were
excluded from further analysis. The average biomass within the
region is divided into the following four periods: 1996-1998,
1999-2002, 2003-2016, and 2017-2020. The selected periods are
chosen based on a combination of information including the
herring distribution, in May, since the mid-1990s (Eliasen et al.,
2021), hydrographic changes described by Skagseth et al. (in
review) and Calanus spp. abundance within the subarctic region
of Section N (Kristiansen et al., 2019).

Herring Diet Composition

Lengths of 100 herring were randomly obtained from a sub-
sample taken at each trawl station during the IESNS survey in
May. Trawling for herring occurred on regular intervals based on
the acoustic readings. Stomach samples of the first 10 fishes were
collected and immediately frozen. Analysis of diet composition
of stomachs collected in 2007 to 2011 and in 2020 was carried
out within 6 months after sampling. Each stomach was cleared
of the remaining debris on the outside and was subsequently
weighted before and after emptying the stomach content as wet
weight. Stomachs were carefully opened with scissors and the
consumed prey was identified to lowest taxonomic level possible
using a stereomicroscope. A Metoda Splitter was used to create
sub-samples when the prey became too numerous to count. The
prey content in herring stomachs collected from 2017 to 2019
was only weighted as wet weight, without examining the prey
composition, as these had been frozen for more than 18 months.
These were used, together with stomachs collected from 2007 to
2011 and 2020, to determine the stomach fullness index (SFI). SFI
was calculated as wet weight of the stomach content (g) divided
by fish length (cm) cubed and multiplied by 10° (Deblois and
Rose, 1995). The biomass, as dry weight, of the dominant ingested
prey groups was calculated using length-weight relationships
from literature (Hay et al., 1991; Hirche, 1997; Table 1). Average
length of C. finmarchicus developmental stages was based on
measurements from Section N, within the upper 200 m, in May
(Kristiansen et al., 2021).
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TABLE 1 | Mean length and regression coefficients (a) and exponents (b) for converting length (mm) to dry weight (mg) of dominant prey species in the environment and
in the herring stomach content.

Species Mean length (L), (mm) Dry weight (mg)* References
Nau C1 Cc2 C3 C4 C5 cef Cém a b

C. finmarchicus 0.41 - - - - - - - 0.0174 2.27 Hay et al., 1991

C. finmarchicus 0.83 (66) 1.14(78) 1.53(78) 2.06 (69) 2.57 (86) 2.81(98) 2.75 (64) 0.0073 3.46 Hay et al., 1991

C. hyperboreus - - - - 3.5 5 7.4 - Hirche, 1997

References used for calculating the length-weight relationships are noted. Average length of Calanus finmarchicus developmental stages was used from Section N in May
(Kristiansen et al., 2021). The number of individuals measured is shown in brackets.

“Dry weight (mg) = a * L (mm)P.

Statistical Analysis

R Core Team and Matlab were used interchangeable to analyze
data while the statistical analysis was only conducted in R. All
data were checked for normality before a statistical test was
applied. The non-parametric Kruskal-Wallis test was used to
confirm whether the phenology shift of C. finmarchicus and
the abundance of C. hyperboreus could be defined according to
the most distinct oceanographic changes since the mid-1990s.
These are divided into three periods, 1993-2002, 2003-2014,
and 2015-2020. For the SFI data, the non-parametric Mann-
Whitney U-test was used to test whether there was a significant
difference between two periods, 2007-2011 versus 2017-2020.
A linear regression analysis was used to document changes in
temperature before versus after 2003 and the average increase in
temperature since 2004.

RESULTS

Variable Influx of Large Calanus Into the

Southern Norwegian Sea

We follow and update the approach by Kristiansen et al. (2016,
2019), and proxy the variable influx of zooplankton from the
Icelandic tongue into the southern Norwegian Sea using data
from the thoroughly sampled standard monitoring Section N
(Kristiansen et al., 2016, 2019).

Larger individuals of C. finmarchicus, including the juveniles,
i.e., stages C4 and C5 and the adults (C6), dominated the
population (>80%, Figure 2) during 1993-2002 (cold and low-
saline high influx period), followed by a sudden phenological shift
in 2003, which persisted until 2014 (warming and more saline
low influx period). During the lower volume influx period, the
numbers of juveniles and adults decreased to around 30% while
the abundance of the recruits, i.e. stage C1-C3, increased to 70%.
The environmental shift back to a fresher, but still warm, high
influx after ~2015 (Mork et al., 2019) resulted in dominance of
C. finmarchicus juveniles and adults comparable to the previous
high influx period. Calculating the ratio between the older (C4-
C6) and younger (C1-C3) stages, followed by the Kruskal-Wallis
test, confirms significant changes in the population structure
during the three periods, 1993-2002, 2003-2014, and 2015-2020
(p < 0.05). The abundance of C. hyperboreus did also increase
during the recent shift, although not to the same high values
as observed during the earliest high influx period (Figure 2A).

Nevertheless, there is a significant difference in the population
abundance of C. hyperboreus during the three periods mentioned
above (Kruskal-Wallis test, p < 0.05).

Herring Stomach Fullness and Diet
Composition

To investigate whether the variable influx of zooplankton has
any impact on the herring feeding dynamics, the estimated
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FIGURE 2 | Stage composition of Calanus finmarchicus and mean
abundance of Calanus hyperboreus within the subarctic region at Section N
[(A), blue line in Figure 1] and [(B) relative abundance of C. finmarchicus, from
1993 to 2020]. The developmental stages of C. finmarchicus are grouped into
recruits (C1-C3, orange), juveniles (C4—C5, light blue), and adults (C6, dark
blue), while the mean abundance of all C. hyperboreus stages is shown in
purple, together with the 95% confidence interval. The periods from
1993-2002 and 2015 to 2020 are highlighted in gray to illustrate co-occurring
increased influx of arctic water into the southwestern Norwegian Sea
(Skagseth et al., in review). Years with missing data are marked with crosses.
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SFI is first gridded for each year (May), and subsequently
the low influx period (2007-2011) is contrasted against the
recent high influx period (2017-2020) using composite analysis
(Figure 3). The gridded values are based on the values presented
in Supplementary Figure 4. SFI was very low throughout
the Norwegian Sea during the low influx period, with slightly
elevated values only in the Icelandic tongue, upstream of
the FS (Figure 3A). During the higher influx period, SFI
significantly increased (Mann Whitney U-test, p < 0.05). Values
were particularly high near Iceland and southwest of the FS
(Figure 3B). There was also a marked increase along the Faroe
Current, in and south of the IFE, and a marked “blob” with
high values is evident in the eastern part of the study region
(~65°N, 0°W).

Stomach content was generally higher in the western area
compared to the eastern area (Figure 4). The years 2008 and
2009 account for the higher values during the low influx period,
with the stomach content being dominated by both Calanus
spp. (see also Supplementary Figures 5B,C). However, in 2020,
krill resulted in the highest wet weight value, which releases
the highest SFI value near Iceland in Figure 3B (see also
Supplementary Figures 41, 5F). The high values, marking the
“blob” in the eastern region, are from 2017 and 2019. The
stomachs from these years were only weighed, and thus the diet
composition is unknown.

Out of 104 analyzed herring stomachs, we found that the
number of C. finmarchicus was, by far, the most common ingested
species (Supplementary Table 1). C. hyperboreus, Metridia spp.,
krill and amphipods were also frequently encountered during the
diet analysis. As krill and amphipods vary in size and weight,
and dry weight data of these species were not available from
2007-2011, these were excluded from the biomass analysis of
herring diet. When converted to biomass, using the length-weight
relationship in Table 1, C. finmarchicus and C. hyperboreus clearly
dominated while the others became unnoticeable. Therefore only
the Calanus spp. are presented in Figure 4. During the low influx
years of EIW, majority of the stomach biomass was dominated
by C. finmarchicus, although highest values in 2007 and 2008
were represented by C. hyperboreus. In contrast, during the high
volume influx in 2020, C. hyperboreus was found at all stations
and more than 50% of the ingested content was represented by
C. hyperboreus.

Zooplankton Distribution and
Composition in May 2020

To get a better view of the prey abundance near the
FS, zooplankton samples collected during the IESNS cruise
(Figure 5A), were differentiated to species level. The biomass
distribution of C. finmarchicus and C. hyperboreus in May, are
presented in Figures 5B-D. Sharply contrasting hydrographic
conditions characterized this region, with stations 1 and 2 being
located at the edge of pure EIW, stations 4, 5, 9, 10, 13,
and 14 are located in AW, stations 3, 6, and 7 are taken in
recirculated Norwegian North Atlantic Water (NNAW, yellow-
green colors in Figure 6A), while the rest are taken in more mixed
near-front waters (Figure 5A, see Figure caption for stations
numbers). The highest concentrations of the overwintered C.

finmarchicus population (Gp) (stages C4 and C6) is sampled
in the southward flow along the Jan Mayen Ridge (station 2,
Figure 5A). However, high biomass values are also recorded at
station 1 and 3 (Figure 5C).

The highest abundances of C. hyperboreus (stages C3-C6)
were sampled at station 1 (Figure 5), within the eastward
extension of the arctic water from the Iceland Sea and—
maybe surprisingly—farther east at station 8 (Figure 5D).
Relatively high values are also observed between these
locations (stations 2, 3, and 5). Increased concentrations of
C. hyperboreus therefore roughly coincide with the Gy and adult
C. finmarchicus population.

Although the younger stages of C. finmarchicus (nauplii and
stages C1-C3) are not preferred herring food, they are also
included in order to illustrate the contrast between subarctic
water and AW (Figure 5B). High abundances were exclusively
limited to stations 4 and 5, which is in the direct inflow of
AW from the Iceland Basin. Since these likely represent the first
generation (Gy), this illustrates the earlier phenological cycle in
these warmer waters. We should also bear in mind that the actual
nauplii number are likely to be higher in the environment as the
200 wm WP-2 used undersamples the small-sized nauplii.

Hydrographic Boundaries and

Inter-Annual Changes
Horizontal Temperature Distribution (Sea Surface
Temperatures Maps)
A climatological SST map over the FS (2003-2020, Figure 6A)
shows that the Icelandic tongue contains cold surface water (1-
2°C) on average in May, and the southeastern tip of this tongue
veers clockwise around the underwater plateau which extends
eastwards from Iceland. This suggests that topographically
controlled deep flows influence the hydrography all the way to
the surface, at least during May. The steep escarpment between
this plateau and previously mentioned underwater valley blocks
direct southward flow, and thus redirects these currents west
toward the head of the valley, before these cold waters are
allowed to continue toward the Faroe slope. This establishes
the JMF between pure EIW and NNAW, which begins at the
steep northern slope of this valley and continues north along the
Jan Mayen Ridge.

The marked SST contrast at 64.5-65.0°N near Iceland (and
at monitoring station KR5, see Supplementary Figures 2, 3)
shows the sharpest part of the IFF, which separates AW from the
subarctic waters from the north. The northernmost limit of AW
is observed at 10-11°W, and this retroflection of the AW flow
is likely guided by the shallower part of the plateau (see 500 m
isobaths in Figure 6A). East of the constriction point at the head
of the underwater valley, the IFF—now as a slightly more diffuse
front between AW and NNAW—continues toward the southeast,
roughly following the 2000 m isobath.

Interannual Temperature Variability Near the Feeding

Spot

The depth-time plot of temperatures at standard hydrographic
station KR6 (Figure 6B), shows the environment which the
herring has experienced in May, shortly before continuing
its westward migration across the JMF and into the FS.
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Characteristic temperature peaks are observed in 1998, 2003,
2008, and 2017, which are also evident throughout the Nordic
Seas (Malmberg and Valdimarsson, 2003; Hatdin et al., 2005;
Mork et al., 2019). Since around 2005, and more evidently since
2008, the depth of the 2°C isotherm has been increasing, between
30 and 120 m depths before 2003 to 80-280 m depths after 2005.

There is a significant difference in temperature before versus
after 2003 (Welch t-test, p < 0.05). From the early 1990s to
early 2000s, the temperature fluctuated at lower levels, with
peaks observed in 1993 and 1996 (Figure 6C). In 2003, the
temperature increased sharply by about 1.3°C. The following
year, the temperature dropped again, although it continued
to remain warmer than prior to 2003. The temperature has
thereafter steadily increased, with a slight drop in 2019 and
2020. A regression analysis for the period 2004-2020 confirmed a
significant positive trend with p < 0.05 and an average increase in
temperature of 0.06°C per year. The salinity roughly follows the
temperature pattern by being fresher during the colder years and
more saline during the warmer years. After fluctuating at a higher
level for a decade, the salinity dropped in 2014 and again in 2018
to 2020. In these years, the temperature did not decline with the
salinity values.

DISCUSSION

Combining our results with key findings from Eliasen et al.
(2021); Héatan et al. (2021), Homrum et al. (in review), and
Skagseth et al. (in review), we discuss the most plausible drivers
underlying the highly variable herring migration in May. Since
Eliasen et al. (2021) find that the observed major distribution
shifts of old herring are primarily induced by external factors such
as temperature and/or food abundance, we limit the discussion to
these two parameters.

The Feeding Spot

The FS frames the focus of the present study (Figure 1).
Argo floats from the Iceland Sea (Hatun et al, 2021) and
calculations of the arctic water thickness and its eastward
distribution from the Iceland Sea and into the Norwegian
Sea (Skagseth et al, in review) consistently demonstrate
how closely arctic water is confined along the 2,000 m
depth contour along the Jan Mayen Ridge, which at its
southern end turns sharply west into a deep sea “valley”
(at ~65°N), and then continues southeastwards. The marine
environment north/west of the 2,000 m isobaths (the Icelandic
tongue) is therefore very different from the water east/south
of this isobaths. A northward “leakage” of AW from the
northernmost retroflection point of the warm current (at 10-
11°W, Figures 5, 6A) has an impact on the environment
on the plateau which extends eastward from Iceland (65-
66°N). We propose that the FS actually is a band of undiluted
subarctic water veering clockwise between the 1,400 and 2,000 m
isobaths, as is evident by bluish colors in the climatological
SST map (Figure 6A). Our snap-shot view of both SST and
in situ zooplankton in this region reveals the strong contrasts—
high concentrations of overwintering C. finmarchicus (Go)
and C. hyperboreus and absence of small C. finmarchicus
(Gy) in the subarctic water, and vice versa for the AW.
This underscores the importance of respecting oceanographic
boundaries, when carrying out such surveys, and subsequently
analyzing the data. We also show that herring stomachs
are persistently full within this particular region, and that
stomach content almost solely is composed of the mentioned
copepods. In addition, Homrum et al. (in review) demonstrate
that herring occupying the western feeding area have the
highest somatic condition. As the diet comprised increased
abundance of C. hyperboreus during increased availability,
suggests that C. finmarchicus may not be the only driver
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for the east to west migration during the feeding season. A
unique aspect of the FS is that it consistently hosts large
abundances of C. hyperboreus, and the recurrent congregation
at this spot therefore strongly suggests that biomass of C.
hyperboreus becomes increasingly more influential as the herring
progresses further westwards during the feeding migration
in May. These observations suggest that the FS is a highly
persistent/dependable food source for Norwegian spring spawning

Drivers for the Herring Occupancy of the
Feeding Spot

Interannual variability in the influx of cold and zooplankton-
rich waters into the Norwegian Sea strongly impacts the
zooplankton community structure at the north Faroe slope
(Section N, Figure 2; Kristiansen et al., 2016, 2019) as well
as along the Norwegian slope (Sviney Section, Skagseth

et al, in review). This synchrony confirms a spatially
herring in May. extended biological influence from the western region.
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We here consider the idealistic perspective that the FS
represents the dominant food (zooplankton) source within
the Norwegian Sea, and that lower zooplankton abundances in
west and/or reduced eastward water transport (influx) results
in lower abundances of the overwintered C. finmarchicus
and C. hyperboreus in the central and eastern part of the
Norwegian Basin.

After spawning, adult herring migrate toward regions with
higher food concentrations (Pavshtiks, 1956; Broms et al., 2012;
Melle et al, 2020), and they could therefore be influenced
by “enviroregulation,” as has been suggested for mackerel
(Reid et al, 1997). Thus, decreasing overall zooplankton
abundances would, decreasing overall zooplankton abundances
would therefore compel herring to migrate closer to this source,
i.e., the FS. We therefore consider the zooplankton abundance
between the spawning grounds along the Norwegian shelf and
the FS as a potential driver for westward migration. It is also well-
known that the entrance of herring to the FS is limited by the local
sea temperatures (Jakobsson and @stvedt, 1996; Misund et al.,
1997). Since the relative importance of variable temperature and
zooplankton abundance is not well understood, we will discuss
the following hypotheses: The abundance of adult herring at the
FS in May is determined by: Hypothesis I (Hyp 1) accessibility to

the FS (thermal restriction) and/or Hypothesis II (Hyp II) food
abundance between Norwegian slope and the FS.

These hypotheses are discussed against the backdrop of
contrasting herring distribution periods, 1996-1998, 1999-2002,
and 2003-2016, inspired by Eliasen et al. (2021), in addition
to the increase in subarctic waters masses (Mork et al., 2019;
Holliday et al., 2020; Skagseth et al., in review) and the increase
in C. hyperboreus and the large stages of C. finmarchicus in
the southwestern Norwegian Sea, 2017-2020, shown herein.
To compliment the spatio-temporally limited zooplankton and
stomach data, presented in the present study, we also utilize
the total zooplankton biomass from the IESNS survey, vertically
averaged over the upper 200 m and temporally averaged over the
periods mentioned above (Figure 7, with the raw data presented
in Supplementary Figure 6).

The parameters used to assess the overall conditions for each
period (see Table 2) are: Herring distribution (8 + years old)
(Eliasen et al., 2021, their Figure 6), Temperature near the FS
(Figure 6C, details below), Influx of subarctic water masses (EIW
and Arctic Intermediate Water) to the southern Norwegian Sea
(Kristiansen et al., 2019; Skagseth et al., in review), Calanus
sizes at Sections N (Figure 2) and the Svingy Section (Skagseth
et al,, in review), where “large” refers to high abundance of the
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(bold), and 2,500 m isobaths are shown in black. In (B), the 2°C isothermal
limit is displayed in black.

large C. finmarchicus stages (C4-C6) and high abundances of
C. hyperboreus, and “small” refers to high abundance of the
smaller C. finmarchicus stages (C1-C3), and low abundances of
C. hyperboreus, Food west (Iceland Sea and western Norwegian
Sea) and Food East (eastern Norwegian Sea). Prior to 2007, the
food abundance estimates are purely based on the IESNS survey
(Figure 7), while intermittently from 2007-2011, and again from
2017-2020, the evaluation of these data is complemented by
stomach data (Figures 3, 4).

The waters at KR6 are thermally stratified in May in the upper
~150 m, with upper temperatures higher than 2°C, which is
tolerable for herring. On top of the general warming through
the observation period (1991-2020) rides strong interannual
variability, likely induced by variable intrusions of AW, as well
as air-sea heat exchanges. At the upstream LA stations, there
is a thin and likely intermittent thermal stratification, with
average near-surface temperatures just over 2°C and thus near
the herring tolerance limit. Our “Temperature near the FS”
parameter (Table 2) is estimated by a depth-average under the
spring mixed layer (80-120 m) (ICES, 2016) at stations LA7 and
LAS8. This sensitive region experienced sub-zero temperatures
during the late 1990s, but has warmed by about 2°C since then.

1996-1998

Adult herring congregated in the central and northern
Norwegian Sea and were largely absent from the FS (Eliasen
et al,, 2021). Both temperatures and salinities were at their
lowest through the observation period, supporting Hyp I. The
influx of subarctic waters into the Norwegian Sea was very high
(Kristiansen et al., 2019; Skagseth et al., in review), and the
transported Calanus sizes were probably relatively large. This
metric is, however, uncertain due to lack of data at Section N in
1996 and 1998. Food abundance was high on the western side,
and much lower on the eastern side (Figure 7A), which supports
Hyp II. The conditions for the four periods are summarized in
Table 2.

1999-2002

Herring occupied the southern Lofoten Basin, and were totally
absent from the FS (the literature references are hereafter as in the
previous paragraph, if not stated otherwise). The northeastward
displacement coincided with a continuous high influx, although
declining throughout the period. The sustained high flow
of nutrient-rich waters from the west contained increased
zooplankton concentrations (Figure 7B), which likely boosted
the secondary production the following consecutive years during
spring. The transported Calanus sizes were at their largest during
the observation period and the zooplankton biomass was also
at its highest throughout the study region, including along the
Norwegian slope and in the Lofoten Basin. This supports Hyp IL
We suggest that the continued low temperature hindered herring
in entering the FS, which supports Hyp L.

2003-2016

Herring started to shift southwards in 2003, and were
congregating at the FS from 2005 and afterward. There was a
marked temperature increase in 2003, and after a slight decline
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TABLE 2 | Overview over relevant parameters for assessing the posed hypotheses during the four contrasting periods.

Parameters 1996-1998 1999-2002 2003-2016 2017-2020
Herring distribution Not in FS Not in FS At FS AtFS
(in central Norw. Sea) (in southern Lofoten B.) (fully shifted in 2005) (younger year classes north)

Somatic condition Very poor Poor Good Good

FS temperature Very cold Cold Relatively warm Relatively warm

Influx Very high Declining Low Increasing

Calanus sizes Relatively large Large Small Large

(uncertain, lack of data)

Food west High Very high Low (IESNS) (Medium Very low (IESNS) (Fuller
stomachs, Figure 3A) stomachs, Figure 3B)

Food east Low High Very low (IESNS) (Empty Low (IESNS) (Fuller stomachs,
stomachs, Figure 3A) Figure 3B)

Hypothesis | Supported Supported Supported Not supported

Hypothesis |l Supported Supported Supported Supported

See Discussion for the description of the parameters. The hypothesis state that the abundance of adult herring at the Feeding Spot is determined by (Hypothesis )
accessibility to the FS (thermal restriction) and/or (Hyppthesis ll) food abundance between Norwegian slope and the Feeding Spot.

in 2005, the temperatures steadily increased until 2016, which
strongly supports Hyp I. The influx was much reduced, and
only small Calanus sizes were transported eastwards during this
period. The food availability had reduced drastically throughout
the Norwegian and the Iceland Seas (Figure 7C), which was also
reflected in the somatch content (Figure 3A). Moderate values of
both zooplankton biomass and SFI were only observed at, and
upstream of, the FS, which thus strongly supports Hyp II.

2017-2020

Adult herring were still congregating at the FS. Despite a salinity
decline, the temperatures at the FS remained high (Figure 6B),
which supports Hyp I. The EIW influx and the Calanus sizes
increased at both the north Faroe and Norwegian slopes,
although not to the pre-2003 levels. The food on the western side
was still relatively low, while a moderate increase had taken place
on the eastern side (Figure 7D). The SFI maps, however, suggest
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a marked increase (compared to the 2007-2011 period), and
species differentiated stomach data reveal a large consumption of
C. hyperboreus in the southeastern, as well as in the southwestern,
Norwegian Sea (Figure 4F). Hyp II is therefore not supported.

Although this tentative evaluation does not provide final
proofs, it suggests that the FS is indeed important for the
condition of the herring stock, and that low temperatures can
restrict herring from utilizing this important region. We also find
that generally high abundances of zooplankton in the Norwegian
Sea reduces the motivation to seek the FS.

Some Remaining Questions

Absence of herring from the FS in May (1996-2002, Table 2)
is associated with poor somatic conditions during autumn
(Homrum et al, in review), while the somatic conditions
improved after 2003, when herring persistently congregated near
the FS. While this supports our view of FS being an important and
persistent feeding region, it also poses the apparent conundrum:
poor conditions coincide with large zooplankton influx, while
good conditions follow years with reduced influx. The improving
somatic conditions after 2003 are likely due to more persistent
feeding activity in Icelandic waters into the autumn months
(Homrum et al, in review). This information fuels us with a
second question: Is this temporally extended western occupation
a prosperous sign of the increased abundance of a second
C. finmarchicus generation during recent years (Strand et al,
2020), or is this an impoverished sign of reduced feeding
conditions during spring and summer?

While temperature and food abundances clearly are important
drivers for herring post-spawning migration dynamics, closer
scrutiny of the feeding dynamics should include aspects like
“learning” as the stock is able to gather in regions with high
zooplankton densities due to their memory capabilities (Corten,
2000) as well as social learning (Corten, 2002).

It is, furthermore, tempting to ask if the temporally extended
stay in Icelandic waters could influence recruitment at the
spawning grounds along the Norwegian shelf. More than
a hundred years ago Helland-Hansen and Nansen (1909)
postulated that increased influx of subarctic waters toward the
Norwegian shelf could have beneficial impact on e.g., herring
recruitment. It is therefore noteworthy that recent good year-
classes were spawned in 2002 and 2016, when high abundances
of C. hyperboreus and larger C. finmarchicus developmental
stages (Figure 2) were transported toward Norway, while
the intermediate years, with mainly smaller individuals of
C. finmarchicus and hardly any C. hyperboreus, did not provide
any really good year classes. A thorough treatment of these
questions is, however, beyond the scope of the present work
whose focus is on conditions in May.

CONCLUSION

Our assessment, based on results presented herein, and in four
other parallel papers, suggest that there is an optimal Feeding
Spot (FS) for Norwegian spring spawning herring east of Iceland,
in a region where confluence of cold subarctic waters from

the Iceland Sea and south along the Jan Mayen Ridge lead to
persistent supply of Calanus hyperboreus and large overwintered
Calanus finmarchicus. Herring stomachs are persistently full
in this region, and when a large part of the herring stock
congregates at this location, the somatic conditions are high.
Low temperatures can, however, restrict herring from entering
this region, which results in deteriorated somatic conditions.
There are also indications that zooplankton abundance in the
Norwegian Sea regulates the motivation of herring to swim all
the way from the spawning grounds along the Norwegian shelf
to the FS. This food-driven “enviroregulation” would predict an
eastward shifted herring distribution in May after 2016. However,
this was not evident as the older herring remained in the FS,
indulging on elevated food concentrations whilst temperature
conditions remained suitable.
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