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Abstract

The waters south and north of Iceland vary greatly both oceanographically and biologically with
the rather stable and warm Atlantic waters south and west of Iceland and the more variable and
cold Arctic and sub-Arctic waters, north and east of Iceland. The aim of this study was to increase
the knowledge on the role of Calanus copepods and trophic relations of the key components of the
oceanic ecosystems south-west (over the Reykjanes Ridge; Papers I and II) and north (in the
Iceland Sea; Papers III and IV) of Iceland. The trophic relationships and energy transfer to higher
trophic levels were estimated by using fatty acid trophic markers, by comparing fatty acid profiles
among species and by applying stable isotopes of carbon and nitrogen. The inter-annual
variability in abundance and community composition of zooplankton on the shelves south and
north of Iceland in relation to environmental condition in spring were also observed (Paper V).
The energy rich Calanus species are key links between primary producers and higher trophic
levels in the Icelandic waters. The Calanus species dominate the zooplankton biomass around
Iceland and their markers (20:1n9 and 22:1n11) are found in high amount in animals at higher
trophic levels (Papers I, III, IV and V). Calanus finmarchicus plays important role as a forage
species in the Atlantic water south-west of Iceland while its high importance is replaced by the
larger lipid rich C. hyperboreus in the Arctic and sub-Arctic waters north of Iceland (Papers I and
III). Even though Calanus based food-web is the main driver in both areas, there exist a pathway
where Calanus species are of less importance and the energy is channeled via euphausiids to
higher trophic levels (Papers I, II and III). Around four trophic levels were observed in the two
oceanic ecosystems where adult fish occupied the highest trophic levels. Over the Reykjanes
Ridge vertically migrating mesopelagic fish, in pronounced deep-scattering layers, are actively
bringing energy to deeper layers by feeding on C. finmarchicus in the upper layers (Paper I). In
the Iceland Sea comparable deep-scattering layers were not observed. Epipelagic schools of
capelin (Mallotus villosus) are important component of the pelagic ecosystem in the Iceland Sea
(Paper IV). After feeding intensively in the Iceland Sea, they migrate and thus transfer the energy
to adjacent ecosystems. The ecosystem around Iceland is extremely sensitive to climate variations.
Increase in sea temperature has been related to shift in distribution and feeding migrations of
capelin in the Iceland Sea with the result of diet switch of older capelin (Papers III and IV). The
importance of the Arctic amphipod Themisto libellula in the diet of adult capelin increased in their
new distribution area in the colder western part of the Iceland Sea (Paper III). A shift in
distribution of species may thus influence the whole ecosystem structure and food web
interactions in larger area. This study presents novel important knowledge on the food web

structures and carbon flow in Icelandic waters (Papers I, II, IIT and IV).
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1. Introduction

Fisheries are the most important sector of the Icelandic economy and it is therefore important
to understand the marine production, the ecosystems and energy transfer that are the basis for
the large pelagic and benthic fisheries in Icelandic waters. The oceanic areas south-west and
north of Iceland are different both oceanographically and biologically (Thordardottir, 1994;
Gislason and Astthorsson, 2004; Olafsd(’)ttir, 2006). These areas serve as important feeding
grounds for some ecologically and economically important fish species such as redfish
(Sebastes mentella, south-west of Iceland) and capelin (Mallotus villosus, north of Iceland).
This was a motivation to study the trophic interactions and energy transfer in the pelagic

ecosystems of these two different areas.

Zooplankton are an important food component in the diet of most fish species in Icelandic
waters at some stages of their life cycle, either being consumed directly as by capelin and
herring (Clupea harengus) or indirectly as by demersal fish feeding on planktivorous fish, e.g.
capelin is important in the diet of cod (Gadus morhua) and marine mammals (Magnusson and
Palsson, 1991; Magnusson and Magnusson, 1995; Astthorsson and Gislason, 1997; Oskarsson
et al., 2012). Key zooplankton species, such as Calanus copepods and euphausiids, convert
low energy sugars and protein in phytoplankton to high energy lipids and thus transferring
energy directly from the primary producers to fish. Around Iceland, as in other high latitude
ecosystems, marine pelagic animals have adapted to the relatively short and intense
production season by converting large amounts of excess food into storage lipids, thus making
it possible for them to survive long periods of food scarcity during winter (Falk-Petersen et

al., 1990; Thordardottir, 1994).

The sea areas around Iceland constitute one of the most important fishing areas in the North
Atlantic Ocean (Arnason, 1993) with a total annual catch of about 2 million tons (Astthorsson
et al., 2007). The demersal fishery is much more important economically than the pelagic
fishery. The most commercially important fish species in the demersal fisheries is cod
followed by haddock (Melanogrammus aeglefinus), saithe (Pollachius virens), redfish
(Sebastes sp.) and Greenland halibut (Reinhardtius hippoglossoides). During the last five
decades, these five species have made up a total annual catch of 450.000 — 850.000 tons

(Astthorsson et al., 2007). Since the late 1960s, capelin has been the economically most



important pelagic fish stock, followed by herring. In recent years mackerel (Scomber
scombrus) has increased in the Icelandic fisheries (Anon, 2011). The annual catch of capelin
was around 1 million tons in 1990s — mid 2000s. Since 2003 there has been a drastic decrease
in the capelin fishery as a consequence of decline in recruitment and stock size (Vilhjalmsson,

2002; Anon, 2011; Palsson et al., 2012).

The waters south and north off Iceland can be divided into two main hydrographic domains
(Malmberg and Valdimarsson, 2003; Astthorsson et al., 2007). The rather stable and warmer
Atlantic water south and west of Iceland and the more variable and colder Arctic and sub-
Arctic waters, north and east of Iceland, which to a variable degree are influenced by inflow
of Atlantic water from the south. The highest fish diversity (species richness) is found in the
warmer water southwest and west of Iceland, while the colder waters north and east of Iceland
have lower diversity (based on long-term demersal ground fish survey; Stefansdottir et al.,
2010). By spawning in the Atlantic water south and southwest of Iceland and feeding in the
waters north of Iceland (Astthorsson et al., 1994, 2007) most of the economically important
fish stocks utilize both these areas. As a consequence of climate variability during the 20
century, changes have been observed in abundance and distribution of many fish species in
the Icelandic ecosystem (reviewed by Astthorsson et al., 2007; Valdimarsson et al., 2012).
After the mid 1990s, warmer and more saline waters have been observed off the south and
west shelves of Iceland than previously and temperature has increased by 1-2°C (Malmberg
and Valdimarsson, 2003). These changes have also influenced the shelf areas north of Iceland.
Southern species have extended their distribution area farther north, e.g. haddock, monkfish
(Lophius piscatorius) and mackerel, while the Arctic capelin has retreated and changed its
feeding migrations westward. Further, rare or new southern species have been observed more
frequently (Valdimarsson et al., 2005; Astthorsson and Palsson, 2006; Astthorsson et al.,
2007, 2010; Palsson, 2007, 2008, 2009, 2010; Solmundsson, 2010; Valdimarsson et al.,
2012). Primary production and zooplankton biomass north of Iceland is directly affected by
climate variability, i.e. being higher in warmer years as a consequence of greater inflow of
Atlantic water to the north (Astthorsson and Gislason, 1994, 1998; Astthorsson and
Vilhjalmsson, 2002). Astthorsson and Gislason (1998) demonstrated that, higher annual
phytoplankton production during warm years, were reflected in higher zooplankton biomass

and capelin weight-at age.



Dietary studies of fish have been part of fisheries research in Iceland since investigations
began (Faber, 1829; S@mundsson, 1926; Fridriksson, 1944; Palsson, 1983) with main
emphasis on the ecologically important fish such as cod and herring. Apparent trophic
interactions have for example been found between cod consumption and stock sizes of capelin
and northern shrimp (Palsson and Bjornsson, 2011). Published results on the diet of pelagic
fish are available (e.g. Sigurdsson and Astthorsson, 1991; Magnusson and Magnusson, 1995;
Astthorsson and Gislason, 1997; Oskarsson et al., 2012;) while there is limited information on
the food of organism of lower trophic levels such as zooplankton. One of the aims of this
study was to expand the traditional stomach content studies with the use of new techniques
like stable isotope and fatty acid (FA) analyses that provide complementary information on
the diet (Kharlamenko et al., 2001; Dahl et al., 2003; Wold et al., 2011). Such investigations
provide an integration of prey consumed over periods ranging from weeks to months (Fry,
1988; Rau et al., 1992; Dalsgaard et al., 2003). The trophic position of the species can be
deduced from stable isotope values, and FAs and alcohols may give detailed information
about their diet. This study achieved new important knowledge on the food web structures and

carbon flow in Icelandic waters (Papers I, II, IIT and IV).

In the light of the high ecosystem sensitivity to climatic variations (Astthorsson et al., 2007,
Valdimarsson et al., 2012) and the limited information on trophic relations in the Icelandic
marine ecosystem, this study was initiated on, the role of Calanus and trophic relations, to
increase our knowledge and understanding of the trophic structure of the key components of
the pelagic ecosystem around Iceland. We focused on two hydrographically contrasting
regions and their respective dominating meso- and macrozooplankton (in terms of biomass)
and fish species. One of the areas was the oceanic ecosystem over the Reykjanes Ridge,
southwest of Iceland where redfish is commercially important fish species (Papers I and II).
The other area was the Iceland Sea, north of Iceland, where capelin is a dominant fish species
(Papers IIT and IV). In addition we studied long-term changes of zooplankton communities
south and north of Iceland (Paper V) to elucidate if the zooplankton communities had changed

in recent years as a consequence of the observed climate warming.



2. Objectives

The overall objective of this thesis is to describe the trophic interactions and energy flow from
zooplankton to pelagic fish in two contrasting oceanic areas i.e. the relatively warm Atlantic

waters southwest of Iceland and the cold Arctic waters north of Iceland.

Specific aims were:

1. To describe the main trophic structure and the role of Calanus in the pelagic ecosystems
over the Reykjanes Ridge southwest off Iceland and in the Iceland Sea north off Iceland

using fatty acid and stable isotope analyses (Papers I, II, IIL, IV and V)

2. To study the variability in zooplankton community structure south and north of Iceland

(Papers IV and V)

3. To describe the recent changes in capelin abundance and distribution, and in their diet

preferences (Papers III and 1V)



3. The abiotic and biotic environment

3.1 Bottom-topography, currents and water masses

Iceland rests at the junction of two large submarine ridges, the Mid-Atlantic Ridge and the
Greenland-Scotland Ridge (Figure 1). The complicated bottom topography of ridges is
believed to have a pronounced effect on the flow of currents, both deep water and near
surface, and therefore also on the distribution of biological production (Astthorsson et al.,
1983; Stefansson and Olafsson, 1991; Sgiland et al., 2008). The Mid-Atlantic Ridge nearly
splits the entire Atlantic Ocean floor from south to north. A part of the Mid-Atlantic Ridge,
the Reykjanes Ridge reaches Iceland from southwest. The Mid-Atlantic Ridge then extends
north of Iceland as the Kolbeinsey Ridge and divides the Iceland Sea into two parts (west and

east; Figure 1). The Reykjanes Ridge delimitates the Irminger Sea southwest of Iceland from

20°w 10°W

Figure 1. Topography and circulation around Iceland. North Atlantic Current (NAC), Irminger Current (IC),
North Icelandic Irminger Current (NIIC), Faroe Current and Norwegian Atlantic Current (NWAC); East
Greenland Current (EGC); East Iceland Current (EIC); Icelandic Costal Current (CC); Greenland Iceland Ridge
(G-I Ridge); Iceland Faroe Ridge (I-F Ridge). Figure courtesy of Malin Daase, adapted after Hansen and
@sterhus, 2000.



the Iceland Basin south and southeast of Iceland. The Iceland-Jan Mayen Ridge stretches
from Jan Mayen in north to the Iceland-Faroe Ridge, and separates the Iceland Sea from the
Norwegian Sea. The Iceland Sea is bounded by Greenland to the west, the Denmark Strait and
the continental shelf break north of Iceland to the south and by Jan Mayen and the Jan Mayen

Fracture Zone to the north.

The Greenland-Scotland Ridge is of importance in dividing the oceanic area around Iceland
into two main hydrographic domains, the relatively warm Atlantic water south and west of

Iceland and the cold Arctic or sub-Arctic water, north and east of Iceland (Stefansson, 1962).

The warm (5-12°C) and saline (>35.2) Atlantic water south of Iceland reaches the south coast
as the Irminger Current that flows westwards along the south coast of Iceland and northward
along the west coast (Figure 1). When reaching the Greenland-Iceland Ridge most of this
water turns west towards Greenland while a small branch continues northwards to the north
Icelandic shelf area. Continuing eastward the current is called North Icelandic Irminger
Current (Stefansson, 1962; Valdimarsson and Malmberg, 1999; Malmberg and Valdimarsson,
2003). Profound variations in hydrographic conditions have been observed north of Iceland,
reflecting the variable inflow of Atlantic water to the area (Valdimarsson et al., 2012). From
the north, cold (t<0°C) and less saline (S<34.5) water, originating in the Arctic Ocean, is
transported with the East-Greenland Current southwards along the continental slope of East-
Greenland (Stefansson, 1962; Hansen and @sterhus, 2000). When reaching the Iceland Sea,
large part of it continues through the Denmark Strait, while a part of the current turns
southeast in the Iceland Sea where it mixes with the Atlantic water of the North Icelandic
Irminger Current (Figure 1). The East-Icelandic Current flowing south-eastward, north-east of
Iceland, carries Arctic Water which is a mixture of Atlantic water (form the North Icelandic
Irminger Current with some inflow from Jan Mayen) and Polar water (from the East-
Greenland Current). Deep cold overflow waters are transported southward over the ridges
northwest and southeast of Iceland out of the Nordic Seas (Perkins et al., 1998; Jonsson and
Valdimarsson, 2004). Close to the land the Coastal Current carries low salinity water partly

derived from fresh water run-off clockwise around Iceland.



3.2 Nutrients

The concentrations of nitrate, phosphate and silicate are considerately higher in the Atlantic
water south and west of Iceland compared to the Arctic waters north and east of Iceland
(Stefansson and Olafsson, 1991; Olafsdottir, 2006). The winter concentrations have been
estimated as 14 and 12 uM for nitrate, 0.9 and 0.8 uM for phosphate and 7 and c. 5.5 uM for
silicate, in the Atlantic and Arctic waters, respectively (Olafsd(’)ttir, 2006, 2012). Nutrient
concentrations decline in spring when the conditions for phytoplankton growth have become
favorable with increased light intensity and stratification in the surface waters. The coastal
waters usually become stratified earlier than offshore waters because of mixture of freshwater
runoff causing lower salinity. Stratification occurs later in spring farther from the shore, as it
1s primarily caused by warming of the surface waters by solar radiation. Due to enrichment of
silicate from runoff (Stefansson and Olafsson, 1991) the growth of diatoms is prolonged in
shallow waters (Olafsson er al., 2008). Vertical mixing in the high salinity Atlantic water
south and west of Iceland is more pronounced than in the Arctic water north of Iceland, due to
differences in salinity and wind. Consequently renewal of nutrients to the surface layer is
more efficient in the south. The Atlantic water, carried with the Irminger Current to the north

Icelandic shelf, is therefore an important source of nutrients north of Iceland.

3.3  Primary production and phytoplankton

The total annual primary production within the Icelandic economic zone has been estimated to
be ¢.160 gCm™yr"' (Thordardottir, 1994). In general, the average annual primary production is
higher in the waters south of Iceland c.150-400 ng'zyr'1 than north of Iceland c¢.100-200
ng'zyr'1 (Thordardottir, 1994). The main reason for this variability is the stronger
stratification of the surface layers in the northern area due to the admixture of low salinity
Polar and Arctic Water to the surface layers and therefore limited renewal of nutrients from
deeper layers (Thordardottir, 1976, 1994; Stefansson and Olafsson, 1991; Gudmundsson,
1998). There 1s generally a strong phytoplankton bloom in the spring and sometimes another
smaller bloom in the autumn (Gudmundsson, 1998). The spring phytoplankton bloom starts in
late March or early April and culminates in May, but this varies both inter-annually and
regionally depending on variable hydrographic conditions (Gudmundsson, 1998;
Gudmundsson et al., 2009; Zhai et al., 2012). Diatoms (Thalassiosira spp. and Chaetoceros
spp.) dominate the spring bloom (Thordardottir and Gudmundsson, 1998) both in the north



and south while the prymnesiophyte Phaeocystis pouchetii may be abundant in the north. The
composition of the autumn bloom, if present, is a mixture of dinoflagellates, small flagellates

and diatoms (Thordardottir, 1994).

3.4  Zooplankton

In spring, zooplankton biomass in the upper 50 m of the water column in the waters around
Iceland varies from 2-4 g dw m™? (Gislason, 2002) with the highest biomass generally being
observed in the southern and western shelf waters (Calanus finmarchicus) and in the oceanic
waters north and northeast where larger Arctic zooplankton species tend to dominate (C.
hyperboreus). Relatively high biomass is also observed in offshore waters of the Irminger and
Norwegian Seas. In general, total zooplankton biomass and abundance are low during the
winters with peaks during the summer, in late May on the shelf, but later in the oceanic areas
(Hallgrimsson, 1954; Astthorsson and Gislason, 1992; Gislason et al., 1994; Gislason and
Astthorsson, 1995, 1996, 1998; Gislason and Silva, 2012).

As in most other marine systems, copepods numerically dominate the mesozooplankton in
Icelandic shelf waters (Astthorsson et al., 1983; Gislason and Astthorsson, 1995, 1998, 2000;
Gislason, 2002) and C. finmarchicus is by far the most abundant species (60-80%). Gislason
and Astthorsson (2004) revealed 4 different mesozooplankton communities in 4 different
areas during spring mainly reflecting different hydrography. In the coastal water south and
west of Iceland, cirripede larvae were by far the most abundant group, followed by C.
finmarchicus and euphausiid larvae, while in the northern coastal water, C. finmarchicus,
euphausiid larvae and larvaceans were most abundant. In the offshore waters south of the
island, C. finmarchicus, Oithona spp. and echinoderm larvae were most abundant, whereas in
the offshore area north of Iceland C. finmarchicus, Oithona spp. and the Arctic

C. hyperboreus were most abundant.
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4. Material and methods

4.1 The study of trophic relationships

Trophic relationships describe the feeding interactions among species within a food web.
They reflect how energy is transferred from lower to higher trophic levels, where primary
producers are at the first trophic level. Organisms within a trophic web can also be defined
according to their feeding mode. Ecological efficiencies of energy transfer from one trophic
level to another range from 2% to 24% in marine systems (Lindemann, 1942), usually around
20% from primary producers to primary consumers and around 10% between higher trophic

levels.

Comprehensive knowledge of trophic interactions within the pelagic ecosystem is essential in
order to understand the dynamics of a system, and how its different components, including

commercially harvestable species, may vary under different environmental conditions.

Various methods have been used to study trophic interactions in marine ecosystems. The most
traditional one has been stomach content analyses. Below is a list of some of the methods

used today:

e Stomach content analyses (this study as reference data)
¢ Direct observations in the field

e Analysis of faecal remains (hard parts)

¢ QGut fluorescence analyses, for herbivorous zooplankton
e Serological analyses

e Molecular genetics

e Mitochondrial and nuclear DNA markers

® Analysis of stable isotope markers (this study)

® Analysis of fatty acid markers and signatures (this study)

In this study stable isotopes and fatty acid were used in order to describe the trophic
relationships in marine pelagic ecosystems around Iceland. Combined with available
knowledge about stomach contents, ecology of the species and the use of multivariate

statistical analyses, the stable isotopes and fatty acid analyses can be an efficient tool in food

11



web studies, as they reflect dietary assimilation over longer time periods than the more

traditional stomach content analyses (Papers I, II, III and IV).

4.2  Stable isotope markers

Analyses of naturally occurring stable isotopes of carbon (8'°C='°C/"*C) and nitrogen
(8" N="N/"'N) are commonly applied to determine food web structure and carbon sources in
marine ecosystems (Hobson et al., 1995; Post, 2002; Wold et al., 2011). A stepwise
enrichment of 8"°C and 8'"°N generally occurs between trophic levels in the food web because
of preferential excretion and respiration of the lighter isotopes (DeNiro and Epstein, 1978,
1981; Minagawa and Wada, 1984; Wada et al. 1987; Hobson and Welch, 1992; Hobson et al.,
1995; Post, 2002). Stable nitrogen isotopes provide information on trophic position in the
food web (Hobson and Welch, 1992; Dahl et al., 2003; Tamelander et al., 2006) while stable
carbon isotopes may provide information about the carbon source (Peterson and Fry, 1987;

Peterson, 1999; Post, 2002; Sgreide et al., 2006).

There are several challenges when using stable isotope techniques in trophic studies such as:

¢ Finding the appropriate baseline in the food web

e (Obtaining a pure sample of the first trophic level is difficult as it is problematic to
separate live autotrophic phytoplankton from detritus and heterotrophic
microplankton. Therefore particulate organic matter (POM) is often used as a
representative of the first trophic level. Another option is to use organisms at trophic
level 2 as the baseline (Papers I, III and IV)

¢ Choose an appropriate enrichment factor

¢ Limited knowledge of the time it takes for the isotope composition of consumer tissue

to reach equilibrium with the prey tissue (i.e. turnover time)

In the present study, the ratios between heavy and light stable isotopes of carbon and nitrogen
(*C/™*C and PN/"N respectively) were analyzed (Papers I, III and IV). Prior to the analyses
the lipids were extracted from the samples in order to reduce variability due to isotopically
lighter lipids (Hobson and Welch, 1992), since lipids are depleted in BC relative to proteins
and carbohydrates (van Dongen et al., 2002). For determining tropic levels (TL) the method
described by Fisk et al. (2001) was used, with trophic level 2 used as baseline. In Paper I it
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was assumed that Calanus finmarchicus from summer samples represented trophic level 2
while in Papers III and IV spring samples of C. hyperboreus were used as a representative of
trophic level 2. The following relationship was used for each individual sample of other tropic

levels:

TLconsumer =2+ (6 1Sl\Iconsumer -9 1SI\ICalanus.)/F

where TLconsumer 1S the trophic level of an organism, o 15 Ncaanus 18 analytically determined as
3.5%0 in paper I and 5.6%o in paper III and IV, and F is the isotopic enrichment factor (3.8,
Hobson and Welch, 1992; Hobson et al., 1995).

4.3  Fatty acid trophic markers and signatures

Fatty acid trophic markers (FATMs), which are fatty acids that are transferred relatively
unchanged through the food chain, have been used in several studies in marine ecosystems to
follow energy transfer and to study predator-prey relationships (Falk-Petersen et al., 1990,
2000, 2002, 2004; Dalsgaard et al., 2003). Primary producers and some herbivores
biosynthesize most of the fatty acids and can thus be characterized by their specific fatty acid
profiles. While organisms at higher trophic levels have limited ability to synthesize and
modify fatty acids, and their fatty acid composition may reflect that of their prey. Generally,
only plants are able to synthesize the essential polyunsaturated fatty acids (n3 and n6; Sargent
and Henderson, 1986), and some of these essential fatty acids are transferred relatively
unchanged through trophic levels (Lee et al., 1971; Graeve et al., 1994; Daalsgard et al.,
2003). In addition to providing information about potential prey (by comparing fatty acid
signatures between prey and predator species), FATMs provide knowledge about the origin of
the food web. Diatoms are known to have relatively high amounts of 20:5n3, 16:1n7 and C16
polyunsaturated fatty acids (PUFAs), whereas elevated amounts of 22:6n3 and C18 PUFAs
area characteristic for dinoflagellates and Phaeocystis (Dalsgaard et al., 2003). Calanus
species are unique as they biosynthesize de novo large amounts of C20 and C22, long-chain,
high energy, monounsaturated fatty acids fatty acids and alcohols (Table 1; Dalsgaard et al.,
2003, for review). All these fatty acids are regarded as good trophic markers, i.e. are

transferred relatively unmodified into neutral lipids of consumers.
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There are several uncertainties involved when using these methods to study trophic

interactions among species such as:

e The turnover times of the fatty acids can be species-specific and are often related to
the metabolic conditions and reproductive status of the animals (Dalsgaard et al.,
2003; Graeve et al., 2005)

e Some essential fatty acids such as 20:5n3 and 22:6n3 may become more elevated at
higher trophic levels than at lower levels since they might be selectively retained
(Graeve et al., 2005)

e When the diet of the consumer constitutes a mixture of prey with similar fatty acid

profiles the interpretation becomes more challenging

However, this method has been proven to be useful in trophic studies and combined with
stable isotopes analyses it becomes more powerful. Nevertheless, the results must be

interpreted with care and with their limitations in mind.

In the present study FATMs and fatty acid profiles were used to study trophic interactions in
the pelagic food webs over the Reykjanes Ridge (Papers I and II) and in the Iceland Sea
(Paper IIT). The multivariate statistical method Redundancy analyses were more further used
to compare the fatty acid profiles of the species which commonly contain 30-40 different fatty

acids.

Table 1. Some known fatty acid trophic markers (Dalsgaard et al., 2003).

FATM Taxa

22:6n3, C18 PUFAs Dinoflagellates
18:4n3, 18:5n3, 18:2n6 Phaeocystis pouchetti
20:5n3, C16 PUFA, 16:1n7 Diatoms

20:1n9, 22:1n11 Calanus copepod

14



5. Results and discussion

5.1 Trophic interactions and the role of Calanus species in the ecosystem

5.1.1 Reykjanes Ridge

Area and main species

The area over the Reykjanes Ridge and in the Irminger Sea, serves as nursery and feeding
grounds for the commercially important redfish (Sebastes mentella). The stock size of the
deep-sea stock is c. 500.000 tons (ICES, 2012). This area is characterized by more or less
continuous deep-scattering layers, made by a mixture of organisms such as mesopelagic fish,
shrimps, euphausiids, cephalopods and medusae as well as the redfish (Magnusson, 1996;
Heger et al., 2008; Hoisa et al., 2008; Opdal et al., 2008; Pierrot-Bults, 2008; Sutton et al.,
2008). The region is also an important feeding area for several baleen whale species during
summer where zooplankton and small fish is important in their diet (Sigurjénsson and

Vikingsson, 1998).

The recent interest in conducting a commercial fishery for the unexploited fish community
over the Reykjanes Ridge and in the Irminger Sea, was an important motivation to study the
trophic interactions of zooplankton and fish in this oceanic area (Papers I and II). Magnusson
(1995) studied the food of redfish in the Irminger Sea, while only very limited information 1is
available on the feeding of the non-exploited fish species in the area. Thus, to enable a better
management of the ecosystem, more knowledge on species interactions is important. Recent
comprehensive studies on the epi- (0-200 m), meso- (200-1000 m) and bathypelagic (1000-
4000 m) ecosystems over the northern Mid-Atlantic Ridge (MAR-ECO; Papers I and II) have
investigated abundance and distribution patterns of phytoplankton, meso- and
macrozooplankton (Gaard et al., 2008; Gislason et al., 2008; Gudfinnsson et al., 2008; Heger
et al., 2008; Pierrot-Bults, 2008; Hoisa et al., 2008) and nekton (Opdal et al., 2008; Sutton et
al., 2008).

Deep-scattering layers were first described in 1948 (Barham, 1948) and have since been
observed in various oceans around the world (Tont, 1976; Magnusson, 1996). Opdal et al.
(2008) observed deep-scattering layers over the entire northern Mid-Atlantic Ridge in June-
July 2004, which were usually layered meso- and bathypelagic to 3000 m. Mesopelagic fish

were the most important constituent of these layers (Sutton et al., 2008). In all, 44

15



mesopelagic fish species from 23 families were identified by Sutton and Sigurdsson (2008) in
the deep-scattering layers, where lanternfish (Myctophidae), pearlsides (Sternoptychidae),
barracudinas (Paralepididae), dragonfish (Stofmiidae) and deep-sea smelts (Microstomatidae)
were in highest abundance. The dominating lanthernfish, have a circumglobal distribution
(Catul et al., 2011). Most mesopelagic species ascend into the epipelagic zone during the
night and descent after sunset to their daytime depths (Salvanes and Kristoffersen, 2001;
Catul et al., 2011). Species like Maurolicus muelleri, Benthosema glaciale, Notoscopelus
kroyeri and N. bolini migrate to the surface at dusk and descent at dawn, others like
Scopelogadus beanii, Serrivomer beanie and M. microlepis exhibit no diel migration and
remain at depth (Opdal et al., 2008). The diely migrating species are thought to perform these
migrations to avoid predation and to follow their zooplankton prey, which also conduct diel
vertical migrations to feed in the upper layers (Gliwicz, 1986; Kaartvedt et al., 1996). Thus
extensive biomass is actively transported between the surface and the deep ocean. Therefore,
knowledge of their trophic interactions is essential for a better understanding of the

functioning of the pelagic ecosystem.

The most important meso- and macrozooplankton species in the oceanic area over the
Reykjanes Ridge and in the Irminger Sea are the copepods Calanus finmarchicus, Oithona
spp., Oncaea spp. and Pareuchaeta norvegica, the euphausiids Thysanoessa longicaudata and
Meganyctiphanes norvegica, the chaetognaths Eukrohnia hamata and Sagitta elegans and the
shrimp Sergestes arcticus (Bainbridge and Corlett, 1968; Gislason, 2003; Gaard et al., 2008;
Letessier et al., 2011, 2012). During winter the main distribution of C. finmarchicus is in
deeper waters with significant parts of the stock staying deeper than the deep-scattering layers
with a limited overlap between C. finmarchicus and its potential predators during the
overwintering period resulting in very low winter mortality rates (Anderson et al., 2005;
Gislason et al., 2007). Even though C. hyperboreus is not in high numbers it is known to be
an important part of the zooplankton biomass in the Irminger Sea during winter and spring

(Gislason, 2003).

Trophic structure
During the present investigation four trophic levels were identified in the pelagic ecosystem
over the Reykjanes Ridge in mid-June (Paper I), about one month after the vernal

phytoplankton bloom (Petursdottir et al., 2010; Gaard et al., 2008). Of the studied species the
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C. finmarchicus occupied the lowest trophic level (TL=2.0) and the mesopelagic redfish the

highest (TL=4.2).

The copepods mainly occurred in the upper part of the water column (0-100 m), where food in
form of phytoplankton was located in highest abundance. Still, some of the most abundant
species in terms of numbers, such as Microcalanus, Pleuromamma, Oncea and partly
Oithona, were mainly located below the phytoplankton layer and were thus probably feeding

on particles other than algae (Gaard et al., 2008).

Maurolicus muelleri were found to prey heavily on C. finmarchicus which 1s indicated by

their similar moiety composition (Figure 2) as well as the high amounts of Calanus FATMs

(Figure 3; Paper I).
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Figure 2. Trophic relationships over the Reykjanes Ridge in June 2004. Redundancy analysis (RDA) plot based
on moiety values for all species. Triangles indicate mean values of the respective species. The species were
applied as dummy variables (environmental variables) and moieties as response variables. The arrows point in
the direction of steepest increase of the respective moiety. The fraction of unconstrained variance accounted for
by each axis is given. Modified after Petursdottir et al., 2008 (Paper I).
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The whole population of C. finmarchicus was restricted to the uppermost layer (Gaard et al.,
2008) while M. muelleri were sampled at 500 m depth, indicating that M. muelleri were
migrating to the epipelagic zone in order to feed on C. finmarchicus (Paper I). Earlier studies
have also found calanoid copepods to be a considerable part of the diet of M. muelleri
(Mauchline and Gordon, 1983; Gorelova and Krasilnikova, 1990). The M. muelleri dominated
the 0-200 m depth stratum in the study area, at least during the day (Opdal et al., 2008; Sutton
et al., 2008) while the lanternfish B. glaciale dominated both in numbers and biomass in
deeper epipelagic and mesopelagic zones. Based on acoustic records and abundance of fish
from trawl, Opdal et al. (2008) suggested that the M. muelleri were migrating vertically

within the epi- and upper mesopelagic which is in line with our results.

Reykjanes Ridge Iceland Sea
01— : \
«
= 50
<
= 40
o
=
§ 301
N1
O 20
£
=
| 1 1
S8 F Y2 L0 EEEEEEEEEEEEENEE
= 0 Q QP O ®O 000 O0UUVUUUYULU 0LV 00
WETESEEEN AT NN DN ON N OO0 O
222 vog@eQTmdg By oS 500
ONETBTBEmmi’HSI\,m “!NNﬁ‘g:‘U.Egg
Cvhecoo VT EggpgoosEdizgva,2%¢c@
- S g ownwclf oo = 35 ¥ e 3048 €l o
S - o 0O vwwmYE I ENT D= Sk 8
o) oo = @ cT 235 05*=2€£g03FT 8§20k Hy
R w=-3g=%a2Xg=>2=2E0wm €3
o o §.|—m°w.om°: S < = .-
o VE =203 E "S5y < 2
BSEF885uWsT 292 s
c y :
s B r3
= =

Figure 3. Sum of Calanus moieties (relative amounts) of the studied species over the Reykjanes Ridge and in the
Iceland Sea (Papers I and III).

Both size groups of B. glaciale contained high levels of Calanus FATMs indicating the
importance of Calanus in their diet (Figure 3; Paper I). We suggest that the larger B. glacialis
is feeding selectively on the larger deeper living C. hyperboreus which were mainly
distributed at 800-1000 m depth in June (Gaard et al., 2008), as the ratio between their fatty
alcohols 22:1n11 and 20:1n9 was around two which is the same value as reported by Scott et
al. (2002) for C. hyperboreus (Table 2). The smaller B. glaciale, however, were feeding on C.
finmarchicus in the surface layers (Paper I) with the ratio between their fatty alcohols 22:1n11
and 20:1n9 around 1 as is reported for C. finmarchicus (Scott et al., 2002). The smaller size

group of B. glaciale was sampled at 500 m depth, in the same depth stratum as M. muelleri,
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while the larger one was sampled at 900 m depth (Paper I). In the Davis Strait, Sameoto
(1989) found B. glaciale to feed selectively on the older stages of C. finmarchicus and C.
hyperboreus. Similar to M. muelleri, the lanternfish B. glaciale migrated vertically between
the epipelagic and mesopelagic zones (Opdal et al., 2008) as is reflected by the feeding

preferences of the smaller B. glaciale and M. muelleri in this study.

As with the small mesopelagic fish, Calanus species were important in the diet of the shrimp
S. arcticus, as supported by the relatively high amounts of the Calanus FATMs (Figure 3;
Paper I). Further, the ratio between the fatty alcohols 22:1n11 and 20:1n9 may indicate that S.

arcticus were also feeding on the deep living C. hyperboreus (Table 2; Paper I).

Table 2. The ratio between the fatty alcohols 22:1n11 and 20:1n9 in the species studied that store wax esters as
their lipid stores. Reported in mid-June over the Reykjanes Ridge (Paper I) and in late August in the Iceland Sea
(Paper III) and values reported by Scott et al., 2002.

Reykjanes Ridge (Paper I) Iceland Sea (Paper III) Scott et al. 2002

C. finmarchicus CV
B. glaciale small

B. glaciale large

C. finmarchicus CV
C. hyperboreus CIV
M. longa female

P. glacialis female

T. inermis 2.5 cm

T. libellula 0.7-1.5 cm
T. libellula 3-4.5 cm
T. abyssorum 0.35 cm
G. wilkitzkii 2.5-4 cm
E. hamata 2.5-3 cm
C. finmarchicus CV
C. hyperboreus CV

S. arcticus
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Sergestes arcticus had also higher of 8'°C levels than the other species in this study with
similar trophic position (Figure 2 in Paper 1), that may indicate a more benthic input in the
diet of S. arcticus than of the other species studied (McConnaughey and McRoy, 1979;
Tamelander et al., 2006). Benthic organisms have actually been found in the stomach of S.
arcticus on the slope of Porcupine Seabight, in the northern northeast Atlantic (Hargreaves,
1984; Paper I). The recent study by Letessier et al. (2012) from the Charlie-Gibbs fracture
zone confirms these findings. As stated above, S. arcticus is found in high abundance over the
Reykjanes Ridge (Letessier et al., 2012). The species undertakes extensive diel vertical
migrations and has been recorded as both a meso- and a bathypelagic species (Omori, 1974;

Koukouras et al., 2000).
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Unlike for the previously mentioned species, Calanus spp. was not important in the diet of the
euphausiid M. norvegica, indicated by their low amounts of Calanus FATMs (Figure 3; Paper
I). Meganyctiphanes norvegica was found to occupy trophic level 2.9 (Figure 2 in Paper I)
with relatively high amount of 18:1n9 indicating a carnivorous feeding mode (Dalsgaard et
al., 2003) in June. Euphausiids use filter-feeding to obtain food and are capable of switching
from herbivorous to carnivorous feeding depending on food availability (Mauchline and
Fisher, 1969). The euphausiid M. norvegica is abundant over the Reykjanes Ridge (Einarsson,
1945; Saunders et al., 2007; Letessier et al., 2011, 2012). Over the Reykjanes Ridge, the
euphausiids are mainly located in the 0-300 m depth stratum (Letessier et al., 2011) but their
presence at greater depth is not uncommon as they are capable of extensive diel vertical

migrations (e.g. Kaartvedt et al., 2002).

The redfish occupied the highest trophic level of the studied species (Figure 2 in Paper I).
They were sampled at around 800-900 m depth by the present study and were identified as
being postspawners of the deep-sea stock (Paper II). The relatively low amount of Calanus
FATMs distinguished the redfish from the small mesopelagic fish species studied, indicating
that Calanus species were not as important in the diet of redfish as in the other species (Paper
I). The moiety composition of M. norvegica resembled the redfish composition (Figure 2),
indicating that euphausiids, or organisms with similar moiety and trophic position were
important in their diet. Euphausiids have been observed to be one of the main food of redfish
over the Reykjanes Ridge as well as chaetognaths and amphipods, while small mesopelagic

fish are less important (Magnusson and Magnusson, 1995).

Another factor distinguishing the redfish from the other species studied is their very high
levels of the phytoplankton originated FATMs 22:6n3 (Figure 2; Papers I and II). The high
values of 22:6n3 and 20:5n3 as well, are in agreement with known values in some long-lived,
meso/bentho pelagic species studied in the waters around Iceland and Norway, e.g. the
gadoids blue ling (Molva dyperigia), four-beard rockling (Rhinonemus cimbrius), torsk
(Brosme brosme), cod (Gadus morhua) and haddock (Melanogrammus aeglefinus;
Sigurgisladottir & Palmadottir, 1993; Lie et al., 1994). Also in the deep Mediterranean waters
1.e mora (Mora moro; Rossano et al., 2005). Similarly Budge et al. (2002) studying fatty acid
compositions of 28 species of fish and invertebrates on the Scotian Shelf, Georges Bank and

in the Gulf of St. Lawrence found Sebastes sp. to group with gadoids, which suggests that
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they share similar feeding strategies (Budge et al., 2002). In our study, the Calanus FATMs
were found in higher amounts in S. mentella than in the long-lived species mentioned above,
indicating that S. mentella feeds to some degree closer to the base of the food web than the
previously mentioned long-lived meso/bentho pelagic species (Paper II). Sara et al. (2009)
used stable isotopes (carbon and nitrogen) to identify the main sources of organic matter for
the most abundant demersal fish captured by benthic gear southwest of Iceland. Their results
support our findings that Sebastes sp. occupied a position between the pelagic and benthic

realms.

In summary, there are around four trophic levels in the pelagic ecosystem over the Reykjanes
Ridge during summer, with deep-living redfish occupying the highest trophic level and the
primarily herbivorous copepod C. finmarchicus occupying the lowest trophic level. Two main
trophic pathways were observed (Figure 4). One Calanus-based, including the small oceanic
mesopelagic fish species like M. muelleri and B. glacialis and the shrimp S. arcticus. In the
other trophic route, Calanus species are of less importance and the euphausiid M. norvegica is
the most important food source for the redfish. The small vertically migrating mesopelagic
fish, M. muelleri and B. glaciale (smaller specimens) feed on C. finmarchicus, which is
distributed in the surface layers. Thus these fish actively bring energy to the deeper layers.
The larger B. glaciale and the shrimp S. arcticus feed on the larger deeper-living C.
hyperboreus. In contrast to the true pelagic species studied, the shrimp seems to alternate
between pelagic and benthic feeding habits and thus constitutes an important “player” in the

biological pump (Figure 4).
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Figure 4. Schematic of the food-web over the Reykjanes Ridge based on Paper 1.

5.1.2 Iceland Sea

Area and main species

The shelf area north of Iceland is important as a nursery ground for several of the
commercially important fish stocks in Icelandic waters. The pelagic fish fauna in the Iceland
Sea was dominated by a few species, and consisted primarily of capelin (Mallotus villosus)
and high number of larval fish species, i.e. 0-group cod (Gadus morhua) and haddock
(Melanogrammus aeglefinus), and low numbers of blue whiting (Micromesistius poutassou)
and herring (Clupea harengus) in terms of species occurrence (Paper IV). The recent changes
in the distribution of capelin in the nursery and feeding area in the Iceland Sea, motivated us

to study this region more extensively (Papers III and IV).

The zooplankton fauna was characterized by few species (Paper IV). Of the
macrozooplankton, the amphipod Themisto abyssorum was by far the most abundant species
in the Iceland Sea, followed by the euphausiids Thysanoessa longicaudata, the amphipod T.
libellula and the euphausiids 7. inermis and Meganyctiphanes norvegica (Gislason and Silva,
2012). Copepods dominated the mesozooplankton in the Iceland Sea. Calanus hyperboreus,
followed by C. finmarchicus, Metridia longa, Pseudocalanus spp., Oithona spp. and

Pareuchaeta glacialis dominated the biomass throughout the year making up c. 95% of the
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total copepod biomass (Gislason and Silva, 2012; Paper 1V). Euphausiids are important in the
energy transfer to higher trophic levels. They are for example important in the diet of many
fish species, seabirds and seals (Sigurdsson and Astthorsson, 1991; Astthorsson and Gislason,

1997; Falk-Petersen et al., 2009; Orlova et al., 2010).

In the Iceland Sea, the spring bloom takes place in late May, followed by a post-bloom period
in June-July, probably fuelled by regenerated nutrients (Paper IV). Throughout the winter, the
main distribution of mesozooplankton is in the deeper, colder layers. In May the population
had ascended to the surface layers and resided there until they descended to deeper layers in
July-August to overwinter (Gislason and Silva, 2012). The zooplankton abundance peaked in
late summer, July-August, and is mainly concentrated in the upper 50-100 meters (Gislason
and Silva, 2012; Paper IV). Gislason and Silva (2012) identified three main mesozooplankton
communities in the Iceland Sea during late summer, an Atlantic community in the east
characterized by high amounts of C. finmarchicus and Pseudocalanus spp. an Arctic
community in north were C. hyperboreus and C. glacialis were in high numbers and costal
community at lower latitudes in the southern part of the Iceland Sea, with Temora longicornis

and Acartia spp. in relatively large numbers.

It should be noted that in the Iceland Sea the main sampling took place in the epipelagic zone
while southwest of Iceland, over the Reykjanes Ridge, both the epi- and mesopelagic zones
were studied. However, comparable deep-scattering layers were not observed during the

Iceland Sea study (Olafur K. Pélsson, pers. comm.) as seen over the Reykjanes Ridge.

Trophic structure

In late summer, four trophic levels were identified in the pelagic ecosystem of the Iceland Sea
(Figure 2 in Paper III). The trophic levels of the zooplankton species ranged from 2.4 for the
copepod M. longa to 3.1 for the larger copepod P. glacialis. The fish juveniles occupied a
slightly higher trophic level (c. 3.2) than the zooplankton and adult fish the highest (3.6). This
trophic level structure is comparable to the high latitude pelagic ecosystem near Svalbard

(Sgreide et al., 2006; Tamelander et al., 2006).

We used stable nitrogen isotope data for the primarily herbivorous copepod C. hyperboreus

sampled in spring 2007 to represent the baseline for trophic level 2 (Papers III and IV). In late
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summer, the copepod C. hyperboreus had changed its feeding strategy from being primarily
herbivorous in May (TL=2.0; Sgreide et al., 2008) to more omnivorous feeding (TL=2.4)
when phytoplankton was less abundant (Figure 2 in Paper IlI). Metridia longa belongs to the
lowest trophic level of the studied copepods in late summer. High levels of phytoplankton
FATMs as well as Calanus FATMs in M. longa indicate feeding on phytoplankton as well as
on Calanus spp. or Calanus FATMs associated with POM or detritus, reflecting its
omnivorous feeding strategy. This is in an agreement with the findings of Falk-Petersen et al.
(1987) in the Barents Sea. In contrast, P. glacialis seem to be a pure carnivore, occupying
trophic level 3.1 with twice as high levels of Calanus FATMs as M. longa (Figure 3; Paper
II1).

The euphausiids in Iceland Sea were omnivorous in late summer, and occupied trophic levels
between 2.4 and 2.7 (Figure 2 in Paper III). The omnivorous feeding of 7. longicaudata and
M. norvegica in the Iceland Sea is in an agreement with studies from nearby areas (Mauchline
and Fisher, 1969; Falk-Petersen 2002; Dalpadado et al., 2008). Our findings of an omnivorous
feeding behavior of T. inermis contrasts some of the earlier studies in the Arctic, which found
T. inermis to be a true herbivore (Falk-Petersen et al., 2000; Dalpadado et al., 2008). The
stable isotope values of 7. inermis in Iceland Sea indicate omnivorous feeding behavior in late
summer when the phytoplankton biomass is low (Paper III). Calanus species are an important
part in the diet of M. norvegica (high levels of Calanus FATMs; Figure 3) while Calanus
species constitute only a minor part of the diet of the more abundant euphausiids 7. inermis
and T. longicaudata which were almost depleted in Calanus FATMs (Paper III). For these
smaller euphausiids, other smaller zooplankton species are probably more important in the

diet.

The amphipods T. libellula and T. abyssorum are carnivorous, occupying trophic levels
between 2.7 and 2.9 (Figure 2 in Paper III). They have well developed maxillipeds that they
use to capture their prey. Based on their high amounts of Calanus FATMs, Calanus species
appeared to be their major food source (Figure 3; Paper III). This is in an agreement with
earlier studies on lipid biomarkers and stomach content, suggesting that copepods are the
major food source for adult 7. libellula (Auel et al., 2002; Dalsgaard et al., 2003; Dalpadado
et al., 2008). The sympagic (ice-associated) amphipod species, Gammarus wilkitzkii was only

found in the westernmost Arctic region of the Iceland Sea (Gislason and Silva, 2012) and in
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our study to occupying the lowest trophic level of the amphipods (Figure 2 in Paper III). That
suggests grazing on phytoplankton in addition predation on Calanus. As in our study, G.
wilkitzkii has previously been found in open ocean were ice has melted and then mainly
feeding on calanoid copepods (Steele and Steele, 1974; Werner et al., 1999; Scott et al.,
2001). The fatty acid composition of G. wilkitzkii in the present study resembles that of G.
wilkitzkii in open waters in Kongsfjord in Svalbard (Scott et al., 2001). These amphipods
show clear ontogeny shift in the diet from herbi-, omnivorous as juveniles to more

carnivorous feedings as adults (Scott et al., 2001; Noyon et al., 2012).

Based on the similar moiety composition of the chaetognath Eukrohnia hamata and the
Calanus species (Figure 5) and their stable isotope composition (Figure 2 in Paper III) we
suggested E. hamata to be foraging mainly on Calanus species in the Iceland Sea (Paper I1I),
which is in agreement to the study by Froneman et al. (1998) in the southern ocean (Marion
Island) who found Calanus species to be important prey. Chaetognaths are active predators,
feeding for example on copepods, fish larva and other chaetognaths. They are widely

distributed in the Iceland Sea (Gislason and Silva, 2012).

We studied the juveniles of cod, haddock, capelin and sandeel (Ammodytes marinus) which
were mainly distributed in the shelf areas north and northwest of Iceland (Paper IV). The fatty
acid composition of the fish juveniles was different from the other groups as they had
relatively higher amounts of the phytoplankton originated FATMs 20:5n3 and 22:6n3 than the
other groups (Figure 5; Paper III). This was particularly evident for the gadoids haddock and
cod, which also had relatively low amounts of the Calanus FATMs compared to the other
species (Figure 3) suggesting that Calanus species were not as important in the diet of cod
and haddock juveniles as they were for capelin and sandeel (Paper III). The juveniles
occupied similar trophic level (c. 3.2; Figure 2 in Paper III), pointing to comparable feeding
habits, probably feeding on herbivorous zooplankton containing high amounts of 20:5n3 and
22:6n3, such as young herbivorous euphausiids. This is in an agreement with the studies of
the food of young fish in Icelandic waters based on stomach content analyses, where young
euphausiids and copepods such as C. finmarchicus and Acartia spp. were found to be the
major components of the diet of capelin and cod larvae (Pélsson, 1974) and a study from the
Barents Sea were C. finmarchicus and the T. inermis were the main prey of 0-group cod and

haddock (Dalpadado et al., 2009).
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Figure 5. Trophic relationships in the Iceland Sea in August 2007 and 2008. Redundancy analysis (RDA) plot
based on moiety values for all species. Triangles indicate mean values of the respective species. The species
were applied as dummy variables (environmental variables) and moieties as response variables. The arrows
point in the direction of steepest increase of the respective moiety. The fraction of unconstrained variance
accounted for by each axis is given. Abbrevations: Cf: C. finmarchicus; Ch: C. hyperboreus; Ml: M. longa; Pg:
P. glacialis; Ti: T. inermis; Tlo: T. longicaudata; Mn: M. norvegica; TI: T. libellula, T1_1: 1 cm, T1_4: 4 cm; Ta:
T. abyssorum; Gw: G. wilkitzkii; Eh: E. hamata; Gm: G. morhua; Ma: M. aeglefinus; Mv: M. villosus, Mv_juv:
larvae and juvenile, Mv_10: 10 cm, Mv_16: 16 cm, Mv_ad: adult (11-16 cm); Mp: M. poutassou; Am: A.
marinus. Modified after Petursdottir et al., 2012 (Paper III).

The importance of Calanus species as a food source for capelin increases with increasing size
(increasing amount of Calanus FATMs; Figure 3; Paper III). This finding is in agreement
with earlier stomach content analyses of capelin in the Iceland Sea (Astthorsson and Gislason,
1997). Prey selection by capelin is related to fish size (Astthorsson and Gislason, 1997;
Gjgsater et al., 2002; Orlova et al., 2009). The adult capelin (2-3 years) and blue whiting
occupy the highest trophic level (3.6) of the studied species (Figure 2 in Paper III; Paper IV).

Calanus species and Calanus predators (e.g. euphausiids and amphipods) are their major food
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source which is supported by their high amounts of Calanus FATMs as well as their relatively
enriched stable isotope compositions (Figure 2 in Paper III). This is in line with the stomach
content analyses from the concurrent sampling in the Iceland Sea (Palsson et al., 2012) as
well as diet studies from the Barents Sea and Newfoundland waters (O Driscoll et al., 2001;
Orlova et al., 2010) where copepods, particularly Calanus and larger zooplankton species,

were found to be major components of the capelin diet.

Blue whiting was found in low numbers and was mainly distributed in the central and eastern
Iceland Sea (Paper 1V), where influences from warmer Atlantic water were apparent. Our
results indicate that blue whiting and capelin share the same feeding habits, having almost
identical stable isotope values and similar lipid moiety composition (Figure 5; Figure 2 in
Paper III). Pronounced feeding migrations of blue whiting into the Iceland Sea could therefore
result in these two species competing for food. However, they prefer different water
temperatures and because of the observed westward displacement of capelin into colder Polar
waters as a result of increased temperature in the Iceland Sea in recent years (Paper IV), an

overlap in their distribution and competition for food is unlikely.

To conclude, there were around four trophic levels identified in the pelagic ecosystem of the
Iceland Sea in late summer with the adult capelin and blue whiting occupying the highest
trophic level and the copepod M. longa occupying the lowest (Figure 6). The pelagic
ecosystem was mainly Calanus based, where both the Atlantic C. finmarchicus and the larger
Arctic C. hyperboreus were important as an energy source for animals at higher trophic
levels. However, the abundant euphausiids 7. longicaudata and T. inermis were not closely
linked to the Calanus based food web. Euphausiids and amphipods as well as Calanus species
were found to be important in transferring energy to higher predators like capelin and blue

whiting (Figure 6).
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Figure 6. Schematic of the food-web in the Iceland Sea based on Paper III.

5.1.3 Comparison between the oceanic systems south and north of Iceland

As reviewed before, the waters south and north of Iceland differ both oceanographically and
biologically (Papers I, II, III, IV and V). The warmer Atlantic waters south and west of
Iceland, have higher concentration of nutrients, higher phytoplankton and zooplankton
biomass as well as higher diversity of fish than the waters north of Iceland. Different
zooplankton and fish communities have been observed in these two areas with higher

numbers of Arctic and lipid rich zooplankton species in the north.

Development of Calanus population during sampling time

The stable carbon isotopes are more enriched in the Reykjanes Ridge food web than in the
Iceland Sea food web, while the reverse is true for stable nitrogen isotopes (Figure 7; Papers |
and III). The observed differences in the stable isotopes values in these two ecosystems partly
reflect differences in seasonal plankton development (Sgreide et al., 2008) which at the time
of investigation was more advanced in the Iceland Sea. The sampling over the Reykjanes
Ridge took place c. 1 month after the spring bloom while in the Iceland Sea it took place more

than 2 months after the vernal bloom.

The higher relative amounts of wax esters in C. finmarchicus in the Iceland Sea than over the

Reykjanes Ridge (Papers I and III) also reflect a slightly later sampling in the season in the
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former region. Calanus finmarchicus accumulates wax esters during the relatively short
feeding season to prepare for overwintering at depth (Sargent and Henderson, 1986; Lee et
al., 2006). Over the Reykjanes Ridge in June the copepodite stage V had c. 36% of total
moieties consisting of fatty alcohols indicating around 70% wax ester levels, while copepodite
stage V in the Iceland Sea in August were recorded with c. 46% of total moieties as fatty
alcohols which means that wax ester levels were around 92%. Thus, as with the different
stable isotope baselines, the higher levels of wax ester in C. finmarchicus in the Iceland Sea
than over the Reykjanes Ridge indicate more advanced seasonal development in the Iceland
Sea. These high wax esters values of C. finmarchicus in the Iceland Sea suggest that the

population is ready for overwintering.
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Figure 7. Trophic relationships over the Reykjanes Ridge (June 2004) and in the Iceland Sea (August 2007 and
2008). Stable isotopes of carbon (8"C) and nitrogen (8"°N) of all the species studied.
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The importance of Calanus species in the ecosystem

The high biomass of Calanus species in Icelandic waters (Papers IV and V) makes them a key
link between primary producers and higher trophic levels and therefore extremely important
in energy transfer through the ecosystem. The importance of the energy rich Calanus species
as food for higher predators is further supported by the high amounts of the Calanus moieties
in most of the species that were investigated (Figure 3; Papers I, II and III). These long-chain
high energy fatty acids and alcohols (20:1 and 22:1) are only synthesized by Calanus species
(Sargent and Henderson, 1986) and are therefore easily traced through the ecosystem. In the
present study Calanus species have been proven to be important in the diet of other
mesozooplankton species (Paper III), macrozooplankton (Papers I and III) and epi-, meso-
and bathypelagic fish (Papers I, II and III) in the pelagic ecosystem of Icelandic waters during

sumimer.

The Calanus species, C. finmarchicus and C. hyperboreus, can be distinguished in autumn on
the basis of their different fatty alcohol ratio of 22:1n11 relative to 20:1n9 in their wax esters
(Table 2; Scott et al., 2002), being around 1 for C. finmarchicus and around 2 for C.
hyperboreus in the Arctic. In the Reykjanes Ridge area, in June, two of the mesopelagic
species, the shrimp Sergestes arcticus and the lanternfish Benthosema glaciale (larger
specimens), showed indication of large input of C. hyperboreus (Table 2; Paper I) and these
species were found at similar depth range over the Reykjanes Ridge in June (Gaard et al.,
2008; Paper I). In the Iceland Sea in late summer, most of the studied species had alcohol
ratios that suggested C. finmarchicus to be the most important Calanus prey. However, the
larger specimens of the amphipods Themisto libellula, T. abyssorum and Gammarus wilkitzkii
had ratios suggesting substantial proportion of C. hyperboreus in their diet in addition to C.
finmarchicus (Table 2; Paper III). These findings are in agreement with the main distribution
patterns of C. finmarchicus and C. hyperboreus in the Iceland Sea in August (Gislason and
Silva, 2012; Papers III and IV) where C. hyperboreus were in highest abundance in the
relatively cold waters in the west and northwest part of Iceland Sea. Most of the C.
hyperboreus population in the Iceland Sea, however, had by August already descended to
deeper layers (c. 800-1000 m; Gislason and Silva, 2012), and were therefore out of reach for
the pelagic species studied. The seasonal migration to deep water appeared to start one month
earlier for C. hyperboreus (July) than C. finmarchicus (August), the latter being still in the
upper layers in this study (Gislason and Silva, 2012). In spite of the importance of C.
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finmarchicus as prey in the Iceland Sea in August, the larger and more lipid rich C.
hyperboreus was most likely far more important as food in this pelagic ecosystem earlier in
summer when the population had shallower depth distribution. Contrary, the smaller C.
finmarchicus is more important as a food source over the Reykjanes Ridge. Thus, reflecting
the much lower abundance of C. hyperboreus in the south. It is relevant here that in general,
copepodite stage V of C. hyperboreus has approximately 25 times higher energy than the
smaller C. finmarchicus (Falk-Petersen et al., 2009).

Trophic structure of the two ecosystems

The pelagic ecosystems over the Reykjanes Ridge and in the Iceland Sea have around 4
trophic levels (birds and mammals excluded). The adults of capelin (Mallotus villosus) and
blue whiting (Micromesistius poutassou) in the Iceland Sea occupy trophic level around 3.6
while the deeper-living redfish (Sebastes mentella) had slightly higher trophic level (4.2) over
the Reykjanes Ridge. The small mesopelagic fish over the Reykjanes Ridge and the juvenile
fish in the Iceland Sea, occupy similar trophic positions and copepods and small zooplankton
constitute the major part of their diet (Figures 4 and 6). Although Calanus is the main driver
in both systems there exists a pathway where Calanus species are of less importance, and
where the main energy is channeled from the primary producers through the euphausiid
species, Thysanoessa inermis and T. longicaudata in the north and through Meganyctiphanes
norvegica in the south, to species that are located higher in the food web.

In the Iceland Sea, capelin is the main fish species in the pelagic ecosystem, while they are
absent over the Reykjanes Ridge. This large fish population feed on the lipid rich zooplankton
in the Iceland Sea and transfers the huge amount of energy during the return migrations to
adjacent sea areas. Over the Reykjanes Ridge, the mesopelagic lanternfish dominate the deep-
scattering layers (Opdal et al., 2008) but in the Iceland Sea comparable scattering layers were
not observed during present study (Olafur K. Palsson, pers. comm.). Most of the mesopelagic
species in these deep-scattering layers exhibit diel vertical migration and feed in the upper
layer during the night (like Maurolicus muelleri and small B. glaciale in this study) and

descend at dawn and thus actively bring energy to the deeper layers.
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5.2 Long-term changes in zooplankton community composition

As was reviewed in the Introduction, shifts in distribution and abundance of many fish species
have been observed and may be a result of increased temperature. This pattern is also evident
for zooplankton abundance and community composition in the North Atlantic (Planque and
Froementin, 1996; Reid and Beaugrand, 2002; Beaugrand, 2003; Pershing et al., 2004; Hays
et al., 2005; Valdes et al., 2007), where obvious shifts of warm water zooplankton species to
the north and a retreat of the cold water species to more northerly, colder areas, have been
observed (Beaugrand et al., 2002; Beaugrand, 2005). The aim of Paper V was to study the
zooplankton communities south and north of Iceland and to cast light on if similar changes in
zooplankton abundance and distribution have been taking place in the waters around Iceland.
Paper V uses samples from 1990-2007 on two transects representing different hydrographic
domains around Iceland, one in the south called Selvogsbanki transect (Atlantic water) and

the other in the north, called Siglunes transect (sub-Arctic water).

5.2.1 Zooplankton communities south and north of Iceland

Principal component analysis revealed clear differences in zooplankton composition between
the south and north of Iceland mainly determined by hydrographic conditions i.e. higher
temperature and salinity south of Iceland (Figure 4A in Paper V). Calanus finmarchicus and
Oithona spp. were dominant in both areas whereas the most important species in
distinguishing between the different communities were Podon leuckarti, cirripedes, bivalves,
polychaetes and Centropages hamatus in the warmer southern area (relatively higher amounts
in the south compared to the north) and C. hyperboreus in the colder northern area (relatively
higher amounts in the north compared to the south; Figure 4B in Paper V). These zooplankton
community characteristics are in agreement with earlier studies who have found C.
finmarchicus to be dominant in Icelandic waters, with coastal species being more common in
the south and Arctic species in the north (Jespersen, 1940; Gislason and Astthorsson, 2004).
The abundance of zooplankton is considerably higher in the south compared to the north
(long-term mean; Paper V), which is in line with previous observations from Gislason (2002)
who found mean annual biomass of C. finmarchicus in the surface layers to be more than two

times higher in south than north.
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5.2.2  Inter-annual variations in zooplankton community composition and possible effects
of global warming

In spite of general warming of surface water south of Iceland no unidirectional trends in the
zooplankton community composition were observed i.e. the results did not indicate that
certain zooplankton communities were being replaced by others as a result of increasing
temperature during 1990-2007 (Paper V). These results appear to contrast the findings of
Beaugrand et al. (2002) for the north Atlantic. However, Beaugrand et al. (2002) analysed a
longer time series (1960-1997) and observed distinctive change in the zooplankton
community in the mid to late 1980s which was before our time series started. As our time
series was mainly taken after the recent warming had taken place that may have influenced
our finding of no obvious shifts of zooplankton communities during 1990-2007 in the

Icelandic waters.

Still, clear inter-annual variations in zooplankton community composition were evident both
south and north of Iceland (Paper V) and several environmental variables were tested to
estimate their contribution to the inter-annual variability. Salinity and used N, 1i.e. decline in
nitrate from winter to period of sampling (spring), contributed significantly to the observed
inter-annual variability in the zooplankton community composition in the south while only
temperature was significant to the inter-annual variability in the north (Paper V). The inter-
annual variability in zooplankton composition south of Iceland is thus related to freshwater
runoff from rivers (low salinity), and relatively high phytoplankton growth i.e. high used N
(Gudmundsson, 1998). In years with low salinity and high levels of used N, relatively high
numbers of coastal species were detected. The waters in the northern area are characterized by
more extensive hydrographic fluctuations reflecting the inflow of Atlantic water from the
south which can vary greatly between years (Stefansson, 1962; Stefansson and Gudmundsson,
1969; Olafsson, 1999). The studies by Astthorsson and Gislason (1995, 1998) showed that the
zooplankton biomass was almost two times higher in warm years than in cold years. This
observation was linked to increased primary production in warm years providing better
feeding conditions for the zooplankton, advection of zooplankton into the area from the south
and faster temperature-dependent growth of zooplankton. In line with this, Paper V reported
the relative abundance of juvenile stages of C. finmarchicus and euphausiids as higher in
warm years while the abundance of amphipods and C. hyperboreus were relatively higher in

cold years (Figure 8; Paper V).
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Figure 8. RDA plot of zooplankton species (thin arrows) and environmental variable T: Temperature (the only
one which tested significant) for Siglunes transect (north of Iceland). Modified after Gislason et al., 2009 (Paper
V). For details: See text for figure 6B in Paper V.

Furevik et al. (2002) predicts further warming of the Nordic Seas. In light of our results
(Figure 8; Paper V), a potential scenario of the effect of global warming in Icelandic waters
may be more favorable conditions for C. finmarchicus and euphausiids and less favorable
conditions for the larger cold water species C. hyperboreus and amphipods. These results
agree with the investigation by Dalpadado et al. (2012) who studied long-term trends in
zooplankton groups in the Barents Sea in relation to climatic variability. Reflecting an
increase in temperature the biomass of euphausiids has increased and Arctic zooplankton has
declined such as C. hyperboreus, C. glacialis and amphipods (Dalpadado et al., 2012). A
model study by Slagstad er al. (2011) for the Barents Sea also predicts that the Arctic
copepods C. hyperboreus and C. glacialis will decline during warming while the Atlantic C.
finmarchicus will have more favorable conditions. Dalpadado et al. (2012) further predict that
Atlantic O-group fish and cod and the sub-Arctic capelin will benefit from the warming in the
Barents Sea (i.e. good feeding conditions). Contrary, the Arctic fish species such as polar cod

(Boreogadus saida) might be affected negatively. Thus, the different responses by different
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species to increases in temperature could therefore have a considerable impact on ecosystem

structure and food web interactions around Iceland.

5.3 Recent changes in the capelin population and its diet

Observations in the Iceland Sea during 2006, 2007 and 2008 confirmed the earlier observed
northward displacement of O-group and westward displacement of older capelin (Mallotus
villosus; Figure 9 and 10; Péalsson et al., 2012; Paper 1V). Since the late 1990s, marked
changes have been observed in the distribution of 0-group, juvenile, and adult capelin in their
nursery and feeding areas in the Iceland Sea (Figure 9 and 10; Vilhjalmsson, 2002). This has
been followed by a drastic decline in recruitment and stock size (Anon, 2011; Pélsson et al.,
2012; Paper IV). These observed changes in the capelin distribution are suggested to be a
consequence of a warming in the Iceland Sea (0.5-1°C) in recent years (Vilhjalmsson, 2002;
Anon, 2011; Paper IV). Dramatic fluctuations in the capelin population in the Barents Sea
have also been reported and linked with changes in climatic conditions, predation, inter- and
intraspecific competition for food and fishing pressure in complex interactions (Orlova et al.,
2010 and references therein). During the 1980s - 1990s the distribution and migration pattern
of the Icelandic capelin seemed relatively stable and predictable (Figure 9; Vilhjalmsson,
1994). The spawning usually took place in March on their main spawning grounds in the
warm Atlantic water south and southwest off Iceland. The larvae drifted with the surface
currents to their nursery areas, west and north of Iceland, were the immature stock fed. During
June to September the oldest and largest capelins took on more extensive feeding migrations
to the north, into the Arctic waters of the Iceland Sea, probably to utilize a progressing
seasonal food availability to optimize growth conditions, before the return migration to their
spawning grounds in winter (Figure 9). As stated previously, capelin is therefore important in
transferring energy from the Iceland Sea, where it feeds on the lipid rich zooplankton, to the
Icelandic shelf ecosystem where it gathers until spawning south of Iceland (Figure 9, 10;
Vilhjdlmsson, 1994; Astthorsson and Gislason, 1997; Astthorsson et al., 2007). Comparison
of the feeding of capelin on the new and earlier feeding grounds is therefore of interest (Paper

D).
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Figure 9. Main patterns in distribution and migration of capelin until the turn of the last century. Light blue:
Nursery area. Green: Feeding grounds of adult capelin. Blue arrows indicate feeding migrations and green
arrows autumn returning migrations towards Iceland waters. Red: Spawning migrations and areas. Violet arrows:
0-group drift. Figure from Pélsson et al., 2012.
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Figure 10. A hypothesis for changed patterns of distribution and migration of capelin in recent years (Pélsson et
al., 2012). Blue: Nursery area. Green: Feeding grounds of adult capelin. Spring and summer feeding migrations
are indicated by blue arrows, but autumn returning migrations by green arrows. Red: Spawning migrations
(arrows) and main spawning areas. Violet arrows: 0-group drift. Figure from Palsson et al., 2012.
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As stated earlier Calanus species, euphausiids and amphipods were important in the diet of
adult capelin in late summer 2007 and 2008 in their new distribution area (Paper III). Further,
it 1s noteworthy, that the arctic amphipod, Themisto libellula is important food source for
adult capelin in the western Iceland Sea (Figure 5). The higher contribution of amphipods in
the diet of capelin is in contrast to earlier investigations in their former feeding area where
Calanus species and euphausiids were the major part of their diet and amphipods were of
minor importance (Sigurdsson and Astthorsson, 1991; Astthorsson and Gislason, 1997). We
hypothesize that these findings reflect the recent changes in the feeding area of capelin, with
the capelin now feeding in the relatively colder waters of the East Greenland Sea and the
Denmark Strait (Figure 10; Paper III), where T. libellula is probably advected in great
amounts with the East-Greenland Current from the Greenland Sea (Gislason and Silva, 2012).
The marked changes in food composition in the recent study compared to earlier ones could
therefore be a result of the geographic displacement of capelin and thus different prey
availability. The greater importance of amphipods in the diet of capelin is also supported by
the stomach content analyses carried out concurrently with the sampling for fatty acids and
stable isotopes (Pélsson et al., 2012). Lack of proper time series of zooplankton in the Iceland
Sea render us unable to evaluate changes in the zooplankton community. We do however
suggest amphipods to be high quality food for adult capelin, as suggested by Orlova et al.
(2010) who found the fat content of capelin to be higher in the north east Barents Sea where
proportion of hyperiid amphipods was higher. Thus, we believe that the increased length and
growth of 1 year old capelin in recent years (Palsson et al., 2012) could be linked to the high

contributions of hyperiid amphipods in their diet.

The Arctic pelagic amphipod T. libellula has a broad distribution and is found in high
abundance in the Arctic (Dunbar, 1957; Dalpadado et al., 2001; Dalpadado, 2002), where it is
important in transferring energy from the copepods to higher trophic level. Themisto libellula
exist in relatively high numbers in the Iceland Sea, but are as stated above mainly distributed
in the western part where they are probably transported with the East-Greenland current
(Gislason and Silva, 2012). Themisto libellula is important in the adjacent waters of the
Iceland Sea, being key species in the Norwegian Sea ecosystem, where it contributes highly to
the zooplankton biomass and are important prey for a number of predators (Skjoldal et al.,
2004). It is also of importance as prey for seals, especially ringed seals (Phoca hispida) and

harp seals (P. groenlandica) in Greenland waters (Haug et al., 2004) and in the Barents Sea
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(Nilssen et al., 1995; Wathne et al., 2000). The schools of capelin in their new feeding areas
(Paper IV), in the western part of the Iceland Sea, could therefore have considerable impact
on the T. libellula population. Increased competition amongst organisms feeding on T.

libellula may influence the ecosystem structure and growth for the other species in this area.

Capelin is an important component of the Icelandic ecosystem and crucial in the diet of many
demersal fish, seabirds and mammals (e.g. Magnusson and Palsson, 1991; Vilhjalmsson,
1994). It is for example the most important food source for the commercially important cod
(Gadus morhua; Palsson and Bjornsson, 2011). Further enforcing the importance of capelin in
the Icelandic ecosystem is the clear relationship between weight at age of cod and the biomass
of capelin i.e. lower capelin biomass is reflected in decreased weight of cod (Vilhjalmsson,
1997; Astthorsson and Vilhjalmsson, 2002; Palsson and Bjornsson, 2011). The prevailing
decline in the stock size of capelin and changed distribution could therefore have dramatic

consequences also for higher trophic levels in their previous distribution area.

Pélsson et al. (2012) hypothesized that the changed drift pattern of 0-group capelin from the
southern part of the Iceland Sea into new and possibly less favorable nursery areas in East
Greenland continental shelf waters and the reduced capelin recruitment in recent years might
be traced to the larval phase of capelin on the Icelandic shelf (spawning area, onset of the
spawning, hatching and larval drift). It is difficult to interpret about the declined recruitment
due to limited information about the larval phase of capelin on the Icelandic shelf. Still, we
suggest that the quality of food in the new distribution area is similar to that in the old feeding
area as the life history traits of 1-3 year old capelin i.e. growth, feeding and fat content have
been without a trend over the last three decades, except for increased growth of 1 year old
capelin as discussed earlier (Palsson et al., 2012). There is therefore a need for further studies
to investigate the larval feeding, growth and survival during first months of their life history

of capelin on the Icelandic shelf.
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6. Conclusions

The difference in zooplankton community compositions on the shelf south and north of
Iceland are mainly influenced by Atlantic and Arctic water masses. The smaller Calanus
finmarchicus dominated the biomass (Papers IV and V) and was abundant in both areas while
higher abundance of the larger, lipid rich copepod C. hyperboreus in the north was important
in distinguishing between different zooplankton communities in the two areas (Paper V).

Calanus based food web is an important driver for the pelagic ecosystem in Icelandic waters.
High levels of Calanus markers (20:1n9 and 22:1nl11) in most of the species signifies the
importance of Calanus copepods as an energy pool for higher trophic levels (Papers I, II and
). Calanus finmarchicus is of higher trophic importance in the south than north whereas the

opposite is true for C. hyperboreus (Papers I and III).

Although Calanus is the main driver in both areas there exists a trophic pathway were
Calanus species are of less importance. There the energy is transferred via the euphausiid
Meganyctiphanes norvegica to the redfish Sebastes mentella over the Reykjanes Ridge and
through the euphausiids Thysanoessa inermis and T. longicaudata to higher trophic levels in

the Iceland Sea (Papers I and III).

About four trophic levels were observed in the two oceanic ecosystems studied. In both
regions, the adult pelagic fish occupied the highest trophic level, capelin (Mallotus villosus)
and blue whiting (Micromesistius poutassou) in the Iceland Sea and redfish over the
Reykjanes Ridge. In early summer, herbivorous copepods occupied the lowest trophic levels.
In late summer in the Iceland Sea most of the zooplankton species are either omnivorous or

strictly carnivorous (Papers I, III and IV).

Above the Reykjanes Ridge vertically migrating mesopelagic fish create a trophic structure
that links primary production and the primary grazer C. finmarchicus in the upper layer, to
predatory mesopelagic fish in the food web in the deep-scattering layers. This vertically
migrating behavior contributes to an active energy transport from the upper layers to the
deeper ones. The key players in this active transport of energy to deeper layers are the
mesopelagic fish, Maurolicus muelleri and Benthosema glaciale (smaller specimens) which

feed on C. finmarchicus, which is distributed in the surface layers while the larger B. glaciale
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and the shrimp Sergestes arcticus feed on the larger deeper-living C. hyperboreus. The shrimp
seems to alternate between pelagic and benthic feeding habits. The deep-living redfish

occupies a position between the pelagic and benthic realms as well (Papers I and II).

A moderate increase of sea temperature (0.5-1°C) in the Iceland Sea has resulted in a
westward displacement of older capelin (2-3 years) and northward displacement of 0-group
capelin (Paper IV). This resulted in a diet switch by the older capelin, with increased
importance of the Arctic amphipod Themisto libellula in the diet and less importance of
Calanus species (Paper III). That suggests that the capelin is able to utilize the most abundant
and available food source. The food quality in the new distribution area is believed to be at
least as good as in the earlier distribution area. The greatly reduced recruitment and decreased
stock size of capelin in 2005-2009 may be due to unfavorable conditions in their larval phase
on the Icelandic shelf. The competition for food in the new distribution region may impact
existing groups feeding on 7. libellula, and predators on capelin in the previous distribution
region may be affected. Such a distributional shift could therefore have a considerable impact

on ecosystem structure and food web interactions in a larger area.

Predicted warming in the Nordic Seas may affect the zooplankton community composition
north of Iceland. The abundance of the Atlantic species C. finmarchicus and euphausiids is
likely to increase whereas the Arctic species C. hyperboreus and amphipods are expected to
decrease. Different responses by different species to increases in temperature may influence
the community and trophic structure around Iceland. Northern species might retreat as has
already been seen with capelin and southern species extend their distribution area toward

north.
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