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“Many of these creatures so low in the scale of nature are most exquisite in their forms & rich colours”

- Charles Darwin, written when working with plankton on board the Beagle
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SUMMARY

Many benthic marine organisms produce pelagic larvae, meroplankton, which spend
from hours to months in the pelagic before settling on the sea floor. During this time,
meroplankton form an important part of the pelagic community. The survival of meroplankton
is important for maintaining benthic population and community structure and is hinged on
larvae being released at a time with suitable environmental variables in the water column. In
polar waters, seasonal fluctuation in the environment are strong, thus meroplankton dynamics
vary temporally and spatially. Few field studies have focused on the year round dynamics of
meroplankton or identified meroplanktonic larvae with a high taxonomic resolution.
Therefore, many aspects of meroplankton dynamics remain poorly understood in sub-Arctic
and Arctic waters. In the 1960s one of the largest benthic decapods in the world, the red king
crab, was intentionally introduced into Russian coastal waters of the southern Barents Sea.
Today they are continually expanding their range along the Norwegian coast and fjords. They
cause changes to the benthic community through predation, but also provide a valuable
fishery. Like many benthic invertebrates, the red king crab have a pelagic larval stage. Yet
there is no knowledge on when and where larvae are released nor how larval release correlates
with favorable environmental variables in Norwegian waters. The objectives of this thesis
were to increase our understanding on the seasonal and spatial dynamics of meroplankton in
sub-Arctic waters and identify the environmental variables responsible for these dynamics.
The potential role of meroplankton in the pelagic was investigated by identifying their
numerical contribution to the zooplankton community. Finally, the temporal and spatial
dynamics of red king crab larvae was investigated to see how larvae are timed with favorable
environmental variables in Norwegian waters. The study area, the sub-Arctic Porsangerfjord,
Norway (70 — 71 °N), has a productive benthic community and was recently invaded by the
red king crab. It displays strong gradients in environmental variables and therefore represents

an ideal field laboratory for investigating aspects of meroplankton dynamics.

Sampling monthly to bi-monthly over a 1.5-year period, showed that meroplankton
abundance and assemblage separate into significantly different seasonal communities (winter,
spring, early summer and late summer). Meroplankton were present in the water column year
around but the highest abundance and greatest number of meroplanktonic taxa were found in
spring and summer and correlated with increased chlorophyll a and temperature in the water

column. Meroplankton was periodically the dominant numerical component in the



mesozooplankton community these seasons (particularly in April). Spatial patterns in
meroplankton was investigated by sampling transects along the fjord in spring (April).
Significantly different meroplankton assemblages were found in three separate basins along
the fjord. The assemblages correlated with environmental variables and followed a downfjord
succession in seasonal communities. A community typical of winter characterized the inner
basin and an early summer community the outer basin. A high abundance and numerical
dominance of meroplankton in the mesozooplankton community was found in shallow bays
and the middle basin. Larvae of the red king crab were first recorded in late winter and were
continually released over a period of four months resulting in a larval period of six months
(January to June). The greatest densities of larvae on both a temporal and spatial scale was
found at shallow protected stations. Having a prolonged larval release is advantageous for
recruitment success of this invasive species because it ensures that at least some larvae will
coincide with favorable food concentrations and warmer temperatures in the water column.
Releasing larvae at protected sites may also increase the chance that larvae remain close to
suitable settlement localities. These findings coupled with a wide tolerance to temperature and
salinity during their larval and adult phase means that they are well suited for life in the
southern Barents Sea and that they have the potential of continuing their range along the coast
to southern Norway and north into Svalbard coastal waters. The findings on meroplankton
dynamics in this study provide evidence that larval release by benthic invertebrates is tightly
coupled with seasonal and spatial variations in environmental variables and that an
organism’s response to these variables result in complex seasonal and spatial dynamics of
meroplankton. In a warming ocean this coupling could cause a shift in larval release timing
and a range expansion for organisms. A periodical seasonal and spatial dominance of
meroplankton in the mesozooplankton community suggest that they are an important

component of the pelagic food web.
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1 BACKGROUND

1.1 EARLY LIFE-CYCLE AND LIFE HISTORY TRAITS OF BENTHIC MARINE
INVERTEBRATES

A majority of animals on earth display a complex life cycle, meaning that they pass
through two or more discrete phases during their lifetime (Moran 1994). These phases can differ
from each other in a number of ways, including morphologically, behaviorally and/or
physiologically (Moran 1994). The passage through a life cycle is governed by an organisms
life history traits such as: size at birth, growth rate, age and size at maturity, number of offspring
and reproduction events and lifespan (Stearns and Hoekstra 2005). The exact combination of
these traits characterize a species and are imperative for their present and future survival and
reproduction (Stearns and Hoekstra 2005). Some life history traits can be plastic in nature and
vary between individuals and populations of the same species. These include size and age at
maturity, fecundity, hatching timing, larval duration and size (Nylin and Gotthard 1998). The
plasticity of these traits is usually an effect of external forces acting on an organism, such as
food availability, environmental variables, competition and predation (Nylin and Gotthard
1998). Life history traits can thus vary within a species over both geographical and temporal

scales.

Marine benthic invertebrates display a wide range of life cycles. One prevalent and
highly complex life cycle is the production of larvae that hatch, swim into the water column,
metamorphose and settle back to the benthos as juveniles that mature and finally reproduce
(Levin and Bridges 1995). Other life cycles include the production of larvae that hatch and
metamorphose close to or on the sea floor, brooding of larvae until metamorphosis to the
juvenile state, and production of eggs that hatch directly as juveniles (Levin and Bridges 1995).
Marine invertebrates that produce larvae are usually termed as having an indirect development
whereas those that brood or produce juveniles have a direct development. Within many benthic
invertebrate families and genera, one can often find examples of species belonging to each of
the life cycle types. Moreover, some populations of the same species can even vary between an
indirect development with pelagic larvae or benthic larvae (Bhaud and Duchéne 1995). Yet, an
indirect development with pelagic larvae is the predominant life-cycle type for marine benthic
invertebrates and is displayed by approximately 70 % of species (Thorson 1950; Young et al.
2002). The complexity in both early life cycle and life history traits of marine benthic



invertebrates sparked its own field of study, marine larval ecology, which aims at identifying
patterns in life history traits, ecological niches and the ecological role of larval stages (Marshall
et al. 2012). Increasing our insight into such patterns is essential for understanding, managing
and predicting the abundance, distribution, potential dispersal and range expansion of benthic
invertebrate populations (Steidinger and Walker 1984). The focus of the present study is on the
larval stages of benthic invertebrates with an indirect reproduction and free-living larva in the

water column.

1.2 SEASONAL AND SPATIAL DYNAMICS OF BENTHIC INVERTEBRATE LARVAE

For life history and thereby life-cycle events to happen at an optimal time for survival
and future reproduction, organisms are often entrained and triggered by external as well as
internal forces. For benthic as well as pelagic invertebrates in marine environments, these
external factors include photoperiod, temperature, salinity, lunar cycles, tidal periodicity, food
availability and chemical cues; while internal factors include hormonal secretion and gamete
maturation (Giese 1959; Olive 1995; Morgan 1995). In reproductive cycles the events are often
timed with the optimal survival of either or both the reproducing adult and their released

offspring (Mercier and Hamel 2009).

Due to the axial rotation and elliptical orbit around the sun, the earth experiences daily
and annual variations in photoperiod, light intensity and temperature (Hut et al. 2013).
Moreover, because the earth’s axis is tilted relative to its orbit around the sun, the seasonal
(annual) variation and amplitude in photoperiod and temperature increases with increasing
latitude from the equator (Hut et al. 2013). Consequently, both poles experience continuous
darkness during winter and continuous light in summer, while the equator experiences a more
or less constant light to dark ratio (Hut et al. 2013). These geographical differences in light
regimes in turn affect temperature and the timing and intensity of primary production, the latter
of which is dependent on sufficient irradiation. Thus, an increased seasonality in environmental
variables is found with increasing latitude in marine environments. As a consequence,
reproductive events and larval release by many benthic marine invertebrates becomes more
seasonal with increased latitude. Despite the knowledge that such recruitment phenology i.e.
reproductive seasonality is operating, only a modest number of studies have focused on the year

around seasonality of benthic invertebrate larvae in sub-Arctic and high-Arctic waters (Thorson



1936; Mileikovsky 1970; Smidt 1979; Falk-Petersen 1982; Kuklinski et al. 2013; Silberberger
et al. 2016; Stubner et al. 2016; Kulikova et al. 2011; Paper 1). These studies have been
conducted with varying sampling frequencies, sampling methods and have identified larvae to
a varying degree (some to phylum others to family, genus and/or species level). Thus, many
aspects on the timing of spawning, larval duration in the water column and timing of settlement

still remain unknown for many benthic organisms at these latitudes.

Benthic invertebrates that produce pelagic larvae often differ in the number of gametes
produced and their spawning habits. Some benthic invertebrates produce large amounts of small
sized eggs while others produce large eggs in low numbers. These gametes may be released
into the water column with consequent fertilization, embryology and egg hatching happening
freely (Levitan 1995). Others fertilize and brood their eggs until they are ready for release or
when the optimal environmental variables are met (Levin and Bridges 1995). Moreover,
spawning and larval release may happen in one large burst, over a prolonged period of time or
portions are released several consecutive times (Levin and Bridges 1995). These differences
make the study of benthic invertebrate phenology and thereby meroplankton dynamics even

more complex.

Benthic invertebrate larvae released into the water column are small in size
(micrometers to a few millimeters) giving them a limited ability of deciding their horizontal
distribution (Shanks 1995). Although some larvae are capable of migrating vertically in the
water column, their horizontal distribution mainly depends on water currents in the area of
release. Consequently, larvae may be advected or retained close to their release site. The ability
to advect can be an important recruitment and distribution mechanism for benthic populations,
as it ensures that sessile adults have the opportunity of exchanging genetic material with other
subpopulations and to colonize new areas (Scheltema 1986). The amount of time these larvae
spend in the water column varies from hours to months, some even remain years before settling
on the sea floor (Shanks 1995). Thus, larvae have the potential for dispersing vast distances.
Understanding the spatial variability in marine invertebrate larvae may aid in developing
optimal marine protected areas (Shanks et al. 2003), understanding the spread of invasive
species (Neubert and Caswell 2000; Pedersen et al. 2006) and the potential northward expansion
of benthic populations with warming sea temperatures (Berge et al. 2005; Renaud et al. 2015).



1.3 LARVAL LIFE IN THE WATER COLUMN

When benthic marine invertebrate larvae are released into the water column they form
a temporary part of the zooplankton community termed meroplankton (Greek: meros = part +
plankt = drifter). They reside here together with holoplankton (Greek: holo = entire/whole +
plankt = drifter), which are permanent members that spend their entire life cycle in the water
column. Holoplankton display seasonal variation in abundance, biomass and reproductive
events at high-latitudes (e.g. Hopkins et al. 1984; Weydmann et al. 2013). Because
holoplankton are permanent members in the zooplankton community they are usually the most
prevalent and dominant component. Yet, a growing number of high-latitude zooplankton
studies in fjord and coastal areas are now showing a periodic high contribution of
meroplankton in the zooplankton community (e.g. Kwasniewski et al. 2013; Stibner et al.
2016).

During their time in the water column, meroplankton display different nutritional
modes. Some larvae are dependent on food for survival (planktotroph), feeding on
phytoplankton, bacteria, microorganisms, other pelagic organisms and even dissolved organic
matter (Boidron-Fétairon 1995). Other meroplankters are dependent on food supplies in the
form of lipids and yolk derived from their mothers and thus do not feed (lecitotrophic). The
exact feeding mode, prey preferences and feeding rates is still unknown for many boreal and
Acrctic species. Thus, the potential feeding pressure by meroplankton at high-latitudes remains
difficult to assess. A wide array of pelagic organisms prey upon meroplanktonic larvae
(Thorson 1950). Thus, meroplankton can also have an inverse trophic position by acting as a
food source for other pelagic organisms (Anger 2006; Short et al. 2013).

One of the most central paradigms in marine benthic larval biology at high-latitudes is
“Thorson’s Rule” (Mileikovsky 1971). This paradigm states that the number of benthic adult
species producing non-pelagic larvae increases with latitude and depth, i.e. pelagic larvae
becomes rarer at high-latitudes and deep seas (Mileikovsky, 1971). The paradigm has, and
still does, receive a considerable amount of attention, resulting in a growing number of
contradictory observations of high proportions of pelagic development at both poles (e.g.
Clarke, 1992; Fetzer and Arntz, 2008; Pearse, 1994). Today the paradigm receives less support
and has been modified to include the observation of higher proportions of lecitotrophic larvae

with increasing latitude (Clarke, 1992; Marshall et al., 2012). This modification is based on
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studies from mainly Antarctic waters (summarized by Marshall et al. 2012), but a growing
number of studies in the Arctic and on selected taxonomic groups are suggesting that the
increase in lecitothophy with latitude may not always be the rule (Clarke 1992; Fetzer and
Arntz 2008).

1.4 INVASIVE SPECIES

In a world that is progressively being effected by human expansion and movement
with ships, anthropogenic disturbances and global change, the translocation of marine species
to new areas is increasing rapidly (Molnar et al. 2008). Although this translocation may be
intentional or unintentional, some species establish self-sustaining populations well outside
their native range (deRivera et al. 2007). Many of these new populations become invasive
meaning that they cause considerable ecological and/or economic damage in their new home.
They are thus one of the threats to global biodiversity today (Bax et al. 2013). Consequently,
a large and increasing body of research and legislative efforts have been put on understanding
and preventing new and further range expansion of such organisms (e.g. Molnar et al. 2008).
For invasive organisms to establish, persist and expand their range, a complex life cycle and
high plasticity in life history traits has been identified as important factors (Anger 2006). Thus
in order to eradicate, predict and prevent further expansion of these organisms it is crucial to
understand timing of life cycle events, life history traits and tolerances in their native as well
as non-native range. Yet, as previously mentioned such knowledge is still lacking for many
boreal and Arctic benthic species. Complicating matters further is the fact that the biology of
a species in its native range may not always be applicable to their new area (deRivera et al.
2007).

One invasive benthic organism in Norwegian coastal waters with a complex life cycle
is the red king crab (Paralithodes camtschaticus). Russian scientists intentionally introduced
them to the Barents Sea from the North Pacific Ocean in the early 1960s, with the intension
of establishing a population of a new harvestable species (Orlov & Ivanov 1978). In the late
1970s, the first crabs were caught in Russian and Norwegian waters and the introduction was
deemed successful (Orlov and Ivanov 1978). The crab spread rapidly along the coast and not
until the 1990s did the Norwegian and Russian governments start a joint research and

management cooperation. In 2002, commercial fishing for the crab was opened to local
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fishermen (Sundet and Hoel 2016). Due to concerns about their potential effects to the benthic
ecosystem, a western distribution limit was set at 26°E, which is on the northernmost tip of
Norway (Figure 1). West of 26°E, an open access fishery and decimation fishery was
implemented while east of 26°E the population was — and currently is — managed as a
harvestable resource. Despite these efforts the crab has, as of 2013, increased their distribution
from Kapp Kanin, Russia in the east to Sgraya (22 °E), Norway in the west (stippled line in
Figure 1) (Britayev et al. 2010, Jargensen and Nilssen 2011). However, recent research cruises
in Tromsg (19 °E), Norway have found adult and juvenile crabs (red dot in Figure 1),
indicating that a reproducing population has established this far south (E. M. Nilssen pers.
com. 2017).

Due to concerns that this invasive crab can have a negative effect on local benthic
ecosystems, the Norwegian government expressed - in a white paper on the management of
red king crab - a need for an increased research effort on population surveys, understanding
their life cycle and their potential effect on the local benthic ecosystem (Anon. 2007). In the
same white paper, the government expressed a desire to use such knowledge to both
implement further eradication efforts and to keep the crab as a resource (Anon. 2007).
Currently, most of the research in Norwegian waters has focused on dynamics of the large
juvenile and adult portion of the population, focusing on individual growth (Windsland et al.
2013), migration patterns (Windsland et al. 2014) and mortality (Windsland 2015), feeding
habits (Jergensen and Primicerio 2007; Fuhrmann et al. 2015, Mikkelsen et al. 2012),
temperature preferences (Christiansen et al. 2015) and size and fecundity of adult females
(Hjelset et al. 2008; 2012). In contrast, the only work done on their zoeal (larval) phase in
Norwegian waters is modeling work and one laboratory experiment. The former focused on
potential spread with surface currents and possible settlement localities along the coast
(Pedersen et al. 2006), while the latter looked at temperature and salinity tolerances of the
larvae (Larsen 1996). Thus, many aspects of their temporal and spatial patterns in egg hatching
and larval stage composition remain unknown in Norwegian waters. This leads to
uncertainties as to what role reproductive phenology and the larval phase has had for the
successful crab invasion, how well larval release is timed with favorable environmental
variables and how the timing of larval release compares with other native Anomuran and

Brachyuran crabs.
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1.5 HIGH-LATITUDE FJORD SYSTEMS AS FIELD LABORATORIES

Despite the seasonal variation in environmental variables, benthic communities in sub-
Arctic and high-Arctic fjord and estuarine systems are some of the most diverse and productive
on earth (Nilsen et al. 2006). This is due to a heterogeneous coastal and seafloor topography,
varied sediment types, strong environmental and hydrographical gradients, high sedimentation
rates and thereby benthic food supply, which provides a rich environmental landscape for
benthic invertebrates of different ecological niches to occupy. Unlike temperate and boreal
fjords on the southern and south western coast of Norway where benthic sediments can be
periodically or permanently anoxic, sub-Arctic north Norwegian fjords experience yearly
vertical mixing of the water column and have a frequent exchange of water masses with the
coast (Wassmann et al. 1996). The frequency of such exchange varies through the year and
depends on the presence or absence of a fjord sill (Svendsen 1995) and can affect not only
temporal but also spatial gradients in environmental variables within a fjord. This in turn can
impact both the pelagic and benthic community. Typically communities are more stable in silled
fjords due to predicable hydrodynamics, environmental variables and less frequent advection
of pelagic organisms into or out of the fjord (Nilsen et al. 2006; Renaud et al. 2007). In contrast,
hydrodynamics and hydrographics are more variable in fjords without sills making the
composition and advection of organisms more susceptible to change over time and space
(Basedow et al. 2004; Renaud et al. 2007).

One of the largest fjords in northern Norway is the sub-Arctic Porsangerfjord (70 — 71
° N) located adjacent to the Barents Sea (Figure 1). As with other high-latitude fjords, it displays
a strong along fjord gradient in temperature, salinity, depth and sediment types. This is in part
caused by a deep sill at the fjord entrance, characterizing a majority of Porsangerfjord as silless
while a shallow sill separates the innermost part of the fjord from the rest (Myksvoll et al. 2012)
This has led to the formation of different benthic communities along the fjord, consisting of a
mix of cosmopolitan, boreal and Arctic organisms (Oug and Heisceter 2000; Oug and Fuhrmann
2013; Fuhrmann et al. 2015). In particular, the innermost part of the fjord provides a unique
refuge area for benthic populations of truly Arctic species (Fuhrmann et al. 2015; Wassmann et
al. 1996). Porsangerfjord is located at the westernmost edge of the quota regulated area for red
king crab and today it has become one of the most important harvestable species in the fjord
(Fuhrmann et al. 2015). The fjord also provides an important nursing ground for fish and

contains populations of birds, seals and whales that feed on the rich benthic and pelagic

13



communities. Strong gradients in environmental variables, hydrodynamics, benthic
communities and as well as the presence of red king crabs make Porsangerfjord an ideal field
laboratory to study larval timing, duration and spatial patterns of benthic marine invertebrates

sub-Arctic waters.
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2 MAIN OBJECTIVES

In this study we investigated the seasonal and spatial dynamics of benthic invertebrate larvae
residing in the water column (meroplankton) in the sub-Arctic Porsangerfjord, Norway (70 —
71 °N). Special focus was put on the red king crab (Paralithodes camtschaticus) to elucidate
reproductive patterns and early life cycle characteristics responsible for the successful

introduction of this invasive species. The main objectives were:

I.  to investigate the abundance, seasonality and spatial pattern in the meroplankton

community by identifying larvae to the lowest taxonomical level (Paper I, 11, 111),

Il.  to identify environmental drivers responsible for seasonal and spatial patterns in

meroplankton community structure (Paper I, 11 and I11),

I1l.  to assess the relative abundance of meroplankton in the mesozooplankton community

on a seasonal (Paper 1) and spatial (Paper I1) scale,

IV. to investigate the timing and spatial patterns in red king crab zoeal stage composition

in order to understand possible causes for their successful invasion (Paper I11).
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3 MATERIALS AND METHODS

3.1 PORSANGERFJORD

Porsangerfjord is located on the northernmost coastal part of Norway (70.0 — 71.0 °N,
25 — 26.5 °E). It is a broad fjord of 15 — 20 km with a length of approximately 120 km and a
mean depth of 200 m. Based on bathymetry and water exchange, the fjord can be separated into
three main basins: Outer, Middle and Inner (Figure 1) (Svendsen 1991; Myksvoll et al. 2012;
Mankettikkara 2013). A shallow 60 m sill delineates the Inner-basin, while the Middle-basin is
separated from the Outer-basin by the large island Tamsgya (Figure 1). Finally, the Outer-basin
is separated from the coast by a deep sill at 180-200 m, which is in the same depth range as the
surrounding basin (Mankettikkara 2013; Myksvoll et al. 2012) (for location of basins and sills
see Figure 1). Due to the deep sill, the Outer-basin is open to the coast while the Middle-basins
is classified as semi-enclosed. The basins thus experience a continuous or frequent exchange of
deep water with the Norwegian Coastal Current (NCC) and Atlantic water (Svendsen 1995;
Wassmann et al. 1996; Eilertsen and Skardhamar 2006). The Inner-basin has little contact with
the coast and experiences a moderate amount of freshwater runoff during spring and summer.
This basin is characterized as Arctic, due to annual ice-coverage in late winter and early spring,
temperatures reaching as low as -1.7 °C in late winter and remaining around 0 °C through

summer.

Circulation patterns in the fjord is influenced by prevailing wind direction and strength,
which is strongest in un-stratified waters during winter and spring (Svendsen 1991, 1995). The
prevailing wind direction in the fjord is southerly and northerly (Wassmann et al. 1996).
Southerly winds in combination with rotational effects result in the main circulation pattern of
the fjord, forming an outflowing current with winter cooled fjord-waters along the eastern side
and an incurrent of warmer coastal waters along the western side of the Middle-basin (Myksvoll
et al. 2012; Svendsen 1991). In summer stratified water (May — October) a wind-induced
upwelling and downwelling system sets up on the western and eastern side of the fjord,
respectively. This often causes a cross fjord gradient in environmental variables and
stratification. In the Outer-basin, a large eddy is often formed mixing water from the NCC and

cold water originating from within the fjord (Pedersen et al. 2005; Myksvoll et al. 2012).
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Figure 1. Map of the study area: Norway and Porsangerfjord, Norway. Red solid lines delineates the
area of commercial fishery for red king crabs (Paralithodes camtschaticus), red stippled line shows
the current distribution of red king crabs, black stippled lines show the location of fjord sills. Red
circle shows the location of a newly discovered red king crab stock and yellow circle pinpoints the
Lofoten and Vesteralen area.

The limited exchange of surface waters between the Inner- and Middle-basin results in a strong
down-fjord gradient in environmental variables, with the water column becoming warmer and
more saline moving from the fjord head toward the mouth. Recently, The Norwegian
Geological Survey produced detailed maps of the bottom sediments in the Middle-basin and
Inner-basin (Anon. 2015). Generally, the deep basins have a muddy and sandy sediment type
while gravel, cobbles, boulders and hard bottom are found on the western part of the fjord,
around islands and in bays along the western shoreline.
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Porsangerfjord is located at the westernmost limit of the quota-regulated area for the red
king crab (P. camtschaticus) (Figure 1) and was one of the last fjords to be invaded by the crab.
In 2002, the first crabs were recorded within the fjord (Fuhrmann et al. 2015) and by 2008, a
quota-regulated fishery for crabs in the Outer- and Middle-basin was established. In 2012,
juvenile crabs started being caught in the Inner-basin, while a few adult crabs have been
detected in 2014 (E. M. Nilssen).

3.2 FIELD PROCEDURES

The temporal dynamics of meroplankton and decapod zoeal release was examined by
collecting zooplankton samples monthly or bi-monthly between February 2013 and August
2014 (11 sampling dates in total) from RV Johan Ruud. Zooplankton samples were collected at
six fixed stations along the eastern side fjord (1c, 2c, 3d, 4a and 4b) and in a shallow protected
Bay on the western side (B4) (Figure 1). All samples from all stations were analyzed and used
in Paper 111 when focusing on decapod zoea (a total of 72 samples). This way spatial and
temporal dynamics of zoeal stage composition could be studied simultaneously and possible
hotspots for crab zoea identified. For Paper I, we selected two contrasting stations. This was
done because identifying meroplankton to the lowest taxonomic level from all the samples
proved to be complicated (see next section 3.3 for details). Previous seasonal studies on
meroplankton in fjord and coastal areas usually select stations in shallow protected areas.
Therefore, one shallow station that was protected and surrounded by mixed sediment types (B4)
and one deep station influenced by eddies and surrounded by mainly soft sediments (3d) was
selected (Figure 1). Between April 11" and 17", 2013 zooplankton samples was collected at 18
stations within the fjord. Stations were arranged in transects across the fjord: one transect was
located in the Outer-basin (1a-c), three transects in the Middle-basin (2a-c, 3a-d and 4a-b) and
two stations in the Inner-basins (5a-b), and four stations in Bays (B1, B2, B3, B4) along the
western side of the Middle-basin (Figure 1). This way it was possible to identify possible along-
fjord and cross-fjord differences in meroplankton (Paper I1) and decapod zoeal stage (Paper

I11) composition and abundance.

All zooplankton samples were collected using a standard WP2 equipped with a 180-pum
mesh size net (Hydrobios, Kiel, 0.57 m mouth opening) and a filtering cod-end. The net was
towed vertically from approximately 5 m above the seafloor to the sea surface at a speed of 0.5

m s1. One to three hauls were taken at each station and fixed with 4 % buffered formaldehyde
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in seawater. Environmental variables were provided by the University of Tromsg Sea
Monitoring Program, which collects CTD-data from fixed stations all along the north-
Norwegian coast including Porsangerfjord. Within the fjord, stations 1c, 2c, 3d, 4a and 4b are
established monitoring stations and our seasonal zooplankton samples were collected as part of
this cruise regime. A CTD-profile was collected prior to each zooplankton sample. The CTD-
profiles were cast using a Sea-Bird Electronics SBE9 and a Sea-Bird Electronics SBE25
(Seabird Electronics Inc., USA). Due to loss of instrumentation during one cruise, we were not
able to provide CTD-profiles for June 2014. In April 2013 CTD-profiles were collected at all
stations (Paper I1, I11). Only environmental variables important for timing of meroplankton in
the water column were included in the papers. These variables included water column
temperature, salinity and in situ fluorescence. In situ fluorescence was calibrated to provide an

approximate chlorophyll a concentration in the water column.

3.3 TAXONOMIC IDENTIFICATION AND STATISTICAL ANALYSIS

Zooplankton samples were analyzed in the laboratory at UiT, The Arctic University of
Norway and the two main zooplankton components, meroplankton and holoplankton, were
counted and identified (Paper | and I1). First, the whole sample was sorted through and all
decapod crab zoea were removed and stored for identification and reference (Paper I11). Large
macrozooplankton were also removed at this stage. Decapod zoea were first identified to genus
(Figure 2a) or species (Figure 2b) level and then to zoeal stage using available identification
literature. Anomuran decapods pass through four zoeal stages and a final glaucothoe stage that
settles on the seafloor while brachyuran decapods have two zoeal stages and a settling megalopa
stage (see Figure 2a and 2b for examples of stage | zoeae). Because the literature available for
species and stage identification is based on larvae originating from other geographical localities,
they differed slightly in size (one of the key ways of separating some species) from the zoea
identified in this study. Therefore several repeated rounds of identification was needed to
identify zoeae from Porsangerfjord. If key features separating two very similar species were
absent (e.g. length of rostral spines on Hyas araneus vs. Hyas coarctatus in Figure 2c and 2d,

respectively) zoeae were grouped in their respective higher taxon.

Second, randomized subsample aliquots were extracted from the zooplankton sample
until approximately 300 individuals of each zooplankton component (meroplankton and

holoplankton) were counted (600 individuals in total) using a stereomicroscope equipped with
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a calibrated micrometer (Paper I and I1). The aim was to identify all meroplankton to the level
of genus or species using available identification keys. However, many soft-bodied
meroplankton undergo big changes in morphology from the time they enter the water column
to the time they are ready to settle (e.g. polychaete larvae in Figure 2f) and closely related
species can often be very similar in morphology (e.g. bivalve and gastropod veligers in Figure
29,h), making species identification difficult. Moreover, there is a scarcity in identification
literature available for many marine invertebrate larval species and stages. The identification of
larvae to a low taxonomic level of genus and species therefore proved to be highly complex for
many taxa. To compensate for this, unidentifiable larvae were pooled according to their
respective higher taxa or developmental stage (e.g. Prosobranchia veliger, Bivalvia veliger in
Figure 2g,h).

Holoplankton were identified to the level of phylum or order (Paper 1). Copepods were
separated by order into cyclopoid and calanoid copepods and the calanoid copepods were
further divided according to size, smaller and larger than 2 mm prosome length. Copepod
nauplii were considered as a single group. Due to low representation the remaining
holoplanktonic mesozooplankton and macrozooplankton were identified but designated as one
group in results and discussion. With this identification scheme, we could describe general
temporal and spatial trends in the holoplanktonic composition within the fjord.

Total and relative abundance of both zooplankton components were used in the analysis
of temporal and spatial dynamics. This way the relative abundance of meroplankton in the
zooplankton community could be evaluated. In Paper | and Paper I, total abundances were
presented as individuals per cubic meter (ind. m). Because of a low number of individuals per
sample, decapod zoea were presented as individuals per square meter (ind. m in Paper I11).
This is the main presentation method used in decapod zoea studies and makes comparisons
easier. In the studies we used both univariate statistics: Kruskal-Wallis test; and multivariate
statistics: Canonical Correspondence Analysis (CCA), Multivariate non-Parametric
Permutation ANOVA (PERMANOVA), hierarchical clustering and Similarity Percentages
Analysis (SIMPER). These methods were used to identify temporal and spatial differences in
meroplankton composition and to pinpoint possible environmental variables responsible. R
version 2.14.2 (R Development Core Team, 2012) using the vegan (Oksanen 2015) and pvclust

(Suzuki and Shimodaira 2015) libraries, were used for statistical analysis. Graphs were
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produced in SigmaPlot Version 13.0 (Systat Software, San Jose, CA), R version 2.14.2 and

Windows Excel.

15.12pm

Figure 2. Photographs of meroplankton collected over the course of this study: a) Hyas sp. stage |
zoea, b) stage | zoea of the red king crab Paralithodes camtschaticus, ¢) rostral spines of Hyas
araneus zoea (spines are longer than the width of rostrum), d) rostral spines of Hyas coarctatus zoea
(spines are shorter than the width of rostrum), e) cirripede Balanus crenatus nauplii, f) polychaete
larvae of various stages and species (mainly Spionids), g) various bivalve veligers and h) various
gastropod veligers.

21



4 SUMMARY OF RESULTS

Paper I: Seasonal dynamics of meroplankton in a high-latitude fjord

From the 21 samples collected at two stations (B4 and 3d) over a 1.5 year period, we
identified 56 distinct morphological larval forms belonging to 41 benthic taxa and eight phyla.
The two stations did not differ significantly in terms of meroplankton composition nor
abundance. Multivariate analysis indicated that there were significantly different meroplankton
compositions through the year separating into winter, spring, early summer and late summer
assemblages. The winter composition of main meroplanktonic taxa was composed of mainly
gastropod veligers and bryozoa cyphonautes, while the composition during spring was
dominated by cirripede nauplii and polychaete larvae (Figure 3). In early summer a wide variety
of meroplankton taxa were present, belonging primarily to polychaeta and echinodermata
(Figure 3). Finally, late summer comprised of bivalve veligers and bryozoan cyphonautes larvae
(Figure 3). The highest abundances of larvae appeared during spring and summer, forming two
peaks in meroplankton abundance in April and August (Figure 3). The spring peak was
dominated by cirripede nauplii, while the late summer peak was dominated by bivalve veligers.
Meroplankton were the principal component in the zooplankton community in spring. By
contrast, winter had a very low abundance of meroplankton and their relative abundance in the
zooplankton community was negligible. The presence of a majority of meroplankton correlated
with primary production and temperature in the water column. The fact that meroplankton were
present in the water column through the whole year and at times were the dominant component
in the zooplankton community, suggests that they, in addition to being important for benthic
recruitment, are important in the pelagic ecosystem as grazers on phytoplankton and as prey for

other organisms.

22



100 - r 1200

90 -
- 1000
80 - 1 Other
< 20 = == Crustacea
3 "800 £ ——Bryozoa
60 - g=]
g £ Bivalvia
3 50 - 600 &
© g == Gastropoda
2 401 3
= 5 = Echinodermata
o - 400 2
o 30 4 Y == Polychaeta
[=)]
[]
20 4 ) mm Cirripedi
L 200 g Cirripedia
10 A / == Abundance
0 / T - 0

Winter Spring Early summer Late summer

Figure 3. The seasonal relative abundance of the main meroplanktonic groups and the total abundance
of meroplankton in Porsangerfjord, Norway (based on mean abundances from the two stations B4 and
3d).

Paper I1: Spatial patterns of spring meroplankton along environmental gradients in a
sub-Arctic fjord

Because April was one of the spring months that experienced a peak in meroplankton
abundance and relative abundance in the zooplankton community, their spatial patterns,
relationship with environmental variables and their relative abundance in the mesozooplankton
community was investigated in April 2013. In this part of the study, a total of 32
morphologically different larval forms were identified belonging to 23 taxa and eight phyla.
Meroplankton were found at all stations and their community structure and total abundance
differed significantly along the fjord (Figure 4). The abundance in the Inner-basin and Outer-
basin was low and dominated by gastropoda and echinodermata, respectively (Figure 4). The
highest abundances were recorded in the Bays and the Middle-basin where cirripedia and
polychaeta were dominant (Figure 4). Numerically meroplankton contributed highly to the
zooplankton community in the Bays (30-90 %) and Middle-basin (13-48 %). Changes in
community structure were attributed to spatial gradients in environmental variables such as
chlorophyll a, salinity and temperature. When these results were compared with the seasonal
communities found in Paper I, the different communities suggested a down-fjord seasonal
succession in reproductive events where the Inner-basin had a community typical for late winter

(dominated by gastropods), the Middle-basin typical of spring (dominated by cirripede nauplii)
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while the Outer-basin was more typical for late spring to early summer (dominated by

echinoderms).
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Figure 4. The spatial relative abundance of the main meroplanktonic groups in April 2013 in
Porsangerfjord, Norway.

Paper I11: Temporal and spatial dynamics of invasive Red King Crab larvae and co-

existing decapods in north Norwegian waters

Temporal and spatial patterns in larval stages belonging to the invasive red king crab
(Paralithodes camtschaticus) and co-existing native decapods was investigated at 6-18 stations
over the whole study period (1.5-years). To explain the spawning behavior of the red king crab
population in Norwegian waters, the degree of egg hatching was determined from females
collected at selected stations in April 2013 and 2014. Larvae of the red king crab were the first
to be released into the water column and display a prolonged larval release (Figure 5), where
hatching starts in January and terminates in late April or early May. This is likely due to several

peculiarities in their spawning behavior - like a protracted hatching that lasts 30 days for
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individual females and a later shift in timing with each successive reproduction - together with
the environmental effects influencing both the adults and their zoea. Two native larval
decapods, Pagurus pubescens and Hyas araneus, displayed a similar behavior, appearing in the
water column in February and March, respectively and residing there for three to four months
(Figure 5). Finally, three native decapods, Pagurus bernhardus, Hyas coarctatus and Munida
sp., were observed later in spring and summer and had a comparably shorter larval duration.
The highest density of decapod larvae was located in shallow areas of the fjord and in locations
with mixed sediment types of hard bottom and gravel, and may reflect aggregative behaviors
displayed by spawning females. Based on the biogeographical origin of the decapod species,
the differences in timing and duration in the water column is due to various tolerances to
environmental variables. Moreover, findings from this study could help explain how high-
latitude species such as the red king crab have successfully invaded the southern Barents Sea

and how they may spread further along the Norwegian coast.
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Figure 5. Timing and duration decapod zoeae various decapod species are found in the water column
and the monthly average environmental variables — seafloor and surface temperature (°C) and
Chlorophyll a (ug chla I'%) in Porsangerfjord, Norway.
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5 DISCUSSION

5.1 MEROPLANKTON COMPOSITION AND SEASONALITY

By sampling the sub-Arctic Porsangerfjord over a 1.5-year period, we found a strong
seasonal variation in larval timing, duration and abundance in the water column (Paper I, 111).
The peak abundance and highest number of meroplanktonic taxa were found in spring and
summer (Paper 1, 11). This appears to be a prominent feature across the whole sub-Arctic and
Arctic (e.g. Eastern Greenland by Thorson 1936; Andersen 1984; Western Greenland by Smidt
1979; Arendt et al. 2013; the Chukchi Sea by Hopcroft et al. 2010; Questel et al. 2013; the
Northeast Atlantic by Falk-Petersen 1982; Silberberger et al. 2016; Stibner et al. 2016;
Kamchatka by Kulikova et al. 2000) and demonstrates that these seasons are important for

spawning and reproduction of many benthic organisms at these latitudes.

Currently, only a handful of meroplankton studies have focused on identifying the entire
meroplanktonic community to a high taxonomic level in sub-Arctic (Paper I, I1; Falk-Petersen
1982; Shliter and Rachor 2001; Silberberger et al. 2016) and high-Arctic waters (Thorson 1936;
Smidt 1979; Andersen 1984; Fetzer and Arntz 2008). In Porsangerfjord, 41 benthic taxa and 75
distinct larval stages belonging to eight phyla were identified on a temporal and spatial scale
(Paper 1, 11, 111). Although this number of taxa is lower than that found in temperate waters
(e.g. 160 taxa by Thorson 1946) and a recent sub-Arctic shelf study (65 taxa by Silberberger et
al. 2016), it is within a comparable range to that of other high-latitude coastal areas and suggests
that similar benthic compositions and reproductive strategies are operating in the sub-Arctic
and Arctic (Paper 1). The level of taxonomic resolution and identification of larval stage varies
between studies due to the difficulty in identifying some larvae to a low taxonomic level and
the scarcity of identification literature available for larvae of many boreal and a majority of
Arctic species. Therefore, a higher number of taxa are most likely present at high-latitudes
(Paper 1). Morphological identification of mollusk larvae in particular has been fraught with
difficulty regardless of latitude, as closely related species are indiscernible at early stages
(summarized by Pulfrich 1997). Yet, in a recent study from Svalbard, bivalve veligers were
identified to species level and larval stage by using a combination of morphological
identification and molecular techniques (Brander et al. 2016). Combining classical

morphological taxonomy with modern molecular methods are proving to be a promising future
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within meroplankton biology and has been used in an increasing number of studies in Antarctic
waters (e.g. Webb et al. 2006; Bowden et al. 2009).

Other year-round meroplankton studies at high-latitudes report a very similar but also
somewhat different seasonal composition and development in the main meroplanktonic groups
found in this study (Paper I). For example, a pulse of cirripedia nauplii is a common feature in
spring, followed by multiple peaks of echinoderm and polychaete larvae through spring and
summer, high abundance of bivalve veligers and bryozoan cyphonautes in late summer and fall
and finally a low abundance of mainly gastropod veligers in winter appears to be a common
scenario in the sub-Arctic and Arctic (e.g. Paper I; Smidt 1979; Kuklinski et al. 2013;
Silberberger et al. 2016; Stlibner et al. 2016). This pattern is also observed for polychaete and
echinoid larvae, while bivalve veligers are only recorded in late summer in sub-Antarctic and
high-Antarctic waters (Stanwell-Smith et al. 1999; Bowden et al. 2009; Sewell and Jury 2011).
In contrast to the seasonal assemblages found in this study, Thorson (1936) did not record any
gastropod veligers during winter in Franz Joseph Fjord, Greenland while Stlbner et al. (2016)
reported bivalve veligers and bryozoa cyphonautes in mid-winter in Adventfjord, Svalbard.
Finding comparable seasonal compositions of the main meroplanktonic groups suggest that
benthic adults belonging to these groups respond in similar ways to external and internal forces
over broad geographical scales. At the same time, dissimilarities between studies are expected
as various regions exhibit different hydrographics, hydrodynamics, substrate types and benthic

adult compositions.

Identifying larvae to the lowest taxonomic level demonstrated that a seasonal succession
of taxa, larval stages, abundance and durations are operating through the year in Porsangerfjord
(Paper I, 111). Three co-occurring mass spawning cirripede species were responsible for the
peak meroplankton abundance in spring. This is similar to findings from sub-Arctic shelf seas
outside Lofoten-Vesteralen, Norway, however unlike our finding they also detected a slight
temporal succession in the timing of peak abundance for these species through spring and early
summer (Silberberger et al. 2016). Interestingly, although the greatest variety of taxa had their
peak larval abundance in the early summer months the total bulk of meroplankton decreased
this season. This feature has also been found in Greenland fjords (Smidt 1897; Andersen 1984)
and in another north Norwegian fjord (Balsfjord, Norway by Falk-Petersen 1982) and
demonstrates that these taxa are not mass spawners to the same degree as cirripedes and

bivalves. The duration different larvae were present in the water column varied, ranging from
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six months for red king crab zoea to single observations of Anomia sp. in August (Paper I, 111).
Other organisms like gastropods were found year around but due to the lack of high taxonomic
resolution on this taxon, it is unknown if this consists of one or several species with continued
or successive spawning. It is important to note that by sampling monthly to bi-monthly we have
likely missed some larval dynamics, as some larvae may have appeared and settled between our
sampling dates (Paper I, 11). Moreover, by using a coarse mesh size of 180 um many young
larval stages of bivalves, polychaetes and trochophores have escaped the net (Paper I, I1).
Despite this by comparing findings between meroplankton studies using various sampling
frequencies and methods we are steadily getting closer to understanding the full scope of

meroplankton seasonality at high-latitudes.

5.2 ENVIRONMENTAL VARIABLES CORRELATES WITH MEROPLANKTON
SEASONALITY

The meroplankton assemblage is affected by environmental variables in boreal (Thorson 1946),
sub-Arctic (Silberberger et al. 2016) and Arctic waters (Brander et al. 2016; Kuklinski et al.
2013; Stlbner et al. 2016). In the present study, correlations between the environment and
meroplankton were detected on both a temporal (Paper 1) and spatial scale (Paper Il). The
majority of meroplankton in Porsangerfjord are planktotrophic (Paper 1) and their ability to
locate an adequate quantity and quality of food is vital for development and survival (Thorson
1950). Thus timing larval release to phytoplankton availability greatly increases the chance of
propagules surviving to settlement. Mazzuco and Kasten (2017) argued that releasing larvae at
a time when food is abundant in the water column is a strong evolutionary driver for benthic
invertebrates with feeding larvae. This likely explains why the greatest number and variety of
planktotrophic cirripede, polychaete, decapod, echinoderm and bivalve larvae are present
during the spring and summer phytoplankton bloom in sub-Arctic (Paper I, 11, I11; Falk-
Petersen 1982; Silberberger et al. 2016) and Arctic waters (Smidt 1979; Stubner et al. 2016).
Some benthic invertebrates also have temperature requirements during their larval phase
(Mileikovsky 1968). For example, larvae of many boreal organisms need warmer sea surface
temperatures to successfully grow, feed and survive (e.g. the boreal hermit crab P. bernhardus
in Paper I11). Increased temperatures will ultimately accelerate larval development and thereby
shorten the time larvae are exposed to pelagic predators and potential adverse advection with

currents.
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For invertebrates to synchronize spawning and larval release with the phytoplankton
bloom and favorable sea surface temperatures, they rely on external ques like chlorophyll a
concentration, temperature and photoperiod as triggers (Paper I, 11; Kuklinski et al. 2013;
Silberberger et al. 2016; Stibner et al. 2016). In this study, the identification of larvae to the
lowest taxonomic level made it possible to discern when and possibly why certain taxa are
present in the water column through the year. Cirripedes, such as Semibalanus balanoides,
release their nauplii when they come into direct contact with substantial concentrations of
diatom cells (Barnes 1962). Waiting for this direct que is a strong signal that an adequate
amount of suitable food is available as soon as their larvae enter the water column in spring
(Paper 1, I1). The boreal-Arctic spider crab H. araneus and polychaetes belonging to genus
Dipolydora require a combination of cooling temperatures and increasing photoperiod prior to
and during egg hatching in late winter and early spring (Paper I; Petersen 1995). This early
spawning mechanism is advantageous at high-latitudes where the onset of the phytoplankton
bloom can occur while temperatures are low but photoperiod is increasing (Eilertsen and
Frantzen 2007). In contrast, many polychaetes (Blake and Arnofsky 1999), echinoderms
(Mercier and Hamel 2009), bivalves (Gunther and Fedyakov 2000) and decapods (Paper IlI;
Lindley 1998) require a combined increase in temperature, photoperiod and/or nutrients. Larvae
belonging to these groups are released through summer, thereby coinciding with peak
phytoplankton bloom and sea surface temperature (Paper I, 111). These findings suggests that
benthic invertebrates are well adapted to the temporal dynamics in phytoplankton and

temperature in Porsangerfjord.

Interestingly, some meroplankters appear to be unsynchronized with favorable
environmental variables and reside in the water column in fall and winter (Paper I; Hirche and
Kosobokova 2011; Silberberger et al. 2016; Stiibner et al. 2016). It has been suggested that
many of these larvae are lecithotrophic and can thus utilize a larger part of the year for
spawning, even when there is no phytoplankton available (Thorson 1950). However, in this
study some larvae present this season could be planktotrophic and likely utilize alternative food
sources (Paper I). The advantage to releasing larvae in winter could be less competition for
space when settling on the seafloor (Kuklinski et al. 2013; Meyer et al. 2017). Moreover, newly
settled recruits potentially receive sinking nutrients in the form of phytoplankton cells and
detritus during the phytoplankton bloom, providing them with a good start to the benthic phase

(Thorson 1946). These findings add to the evidence that benthic invertebrate reproduction and
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biological processes are operating during the polar night in not only Arctic waters (Berge 2015),

but also in sub-Arctic waters (Paper I; Silberberger et al. 2016).

5.3 ENVIRONMENTAL GRADIENTS CAUSE SPATIAL VARIATIONS IN
MEROPLANKTON ASSEMBLAGE

Spatial patterns of planktonic larvae is influenced by the local adult community,
environmental variables, adult spawning behavior, larval behavior, larval duration and
hydrodynamics (Shanks 2009; Pineda et al. 2010). In this thesis, | provide some of the first
evidence that down-fjord gradients in environmental variables influence spawning and larval
release of benthic invertebrates (Paper I1). In the Inner-basin, sub-zero temperatures and low
chlorophyll a concentrations may have inhibited spawning for some benthic adults, thereby
causing the meroplankton community to be of a late winter and early spring assemblage in April
2013. In contrast, the community in the Outer-basin consisted of taxa that are more typical of a
spring and early summer assemblage, and correlated with the highest seafloor salinities and
temperatures recorded in April. A similar reproductive delay has been found for the
holoplanktonic copepod Calanus finmarchicus in the Inner-basin of Porsangerfjord. They
release their nauplii one month later and have a longer developmental time than those residing
in the Outer-basin (Priou 2015). Spatial studies in other Atlantic influenced sub-Arctic and
high-Arctic fjords have shown a similar up-fjord delay in reproduction and development by
holoplanktonic organisms (e.g. Falkenhaug et al. 1997). Thus, reproductive patterns in both the
benthic community and the holoplanktonic are influenced by along fjord gradients in

environmental variables of high-latitude fjords.

Two general features of potential larval origin and settlement in the fjord became
apparent: first, because the larval assemblage reflected the benthic adult composition and there
was a significant difference in meroplankton community and abundance between the three
basins it could be suggest that larvae were, to some extent, locally produced. Second, shallow
protected bay stations had the greatest abundances of larvae both on a temporal and spatial scale
and likely act as hotspots and retention areas for propagules of intertidal and subtidal adults.
The benthic invertebrate community within the fjord may therefore be self-recruiting depending
on area of release. Recent evidence indicate that local retention close to the release site may
actually be a common feature for many pelagic larvae in coastal, fjord and embayment waters
(Archambault et al. 1998; Levin 2006; Silberberger et al. 2016). Current systems within parts
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of Porsangerfjord are however strong, water exchange between the Mid-basin and Outer-basin
is frequent and larval duration in high-latitudes can last between 2-8 weeks, thus larval transport
out of the fjord and intrusion of propagules originating from outside the fjord cannot be entirely
excluded. A recent study on the mesozooplankton community in Porsangerfjord found that
advection is occurring due to the presence of holoplanktonic organisms originating from outside
the fjord in the Outer-basin and the outer parts of the Middle-basin (Varela 2015). In contrast,
the Inner-basin is more enclosed and experience less larval advection due to the shallow sill
(Myksvoll et al. 2012), which may aid in the maintenance of a unique refuge area of Arctic

benthic species in this basin.

54 MEROPLANKTON IN THE MESOZOOPLANKTON COMMUNITY AND THE
FOOD WEB

In Porsangerfjord meroplankton was periodically a high contributor (summer) and a
dominant (spring) component in the mesozooplankton community on both a temporal (Paper
1) and spatial scale (Paper II). This agrees well with other studies on seasonal dynamics of
zooplankton in high-latitude coastal and fjord studies, which have shown a periodic (e.g. Smidt
1979; Willis et al. 2006; Kwasniewski et al. 2013; Questel et al. 2013) or even a continuous
(Stubner et al. 2016) dominance and high contribution of meroplankton through spring and
summer. In contrast to coastal waters, meroplankton are a negligible component in the water
column of the deep open ocean (Longhurst 1998) and is linked with a predominantly direct
benthic reproduction and development at great depths. The spring dominance of meroplankton
at high-latitudes typically appear at the start of the phytoplankton bloom prior to the increase
in copepods and is predominantly due to the pulse of planktotrophic cirrpede nauplii (Paper I;
Smidt 1979; Kwasniewski et al. 2013; Stlibner et al. 2016). Similar to our study, Walkusz et al.
(2009) found that cirripede nauplii and echinoderm larvae caused a pulsed and patchy
dominance of meroplankton thorough spring and summer in Kongsfjord, Svalbard. A
dominance due to cirripedes was however not found in Young Sound east Greenland (Nilsen et
al. 2007) and is likely caused by prolonged ice scouring causing adults to become dislodged
from the sea floor (Kwasniewski et al. 2013). A recent study in Adventfjorden, Svalbard found
that bivalve veligers caused a prolonged dominance of meroplankton through mid to late
summer (Stubner et al. 2016). Although meroplankton abundance, distribution, seasonality and

composition in fjords and coastal areas is variable in nature, their periodic high contribution to
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the mesozooplankton community during the productive seasons could point to an important role

in the pelagic food web.

Currently, the general consensus is that feeding pressure exerted by meroplankton is
negligible due to low abundances and clearance rates (Strathmann 1996; Hansen et al. 1997).
Yet, many dominant meroplankton found in this (Paper I) and a recent Arctic study (Fetzer
and Arntz 2008) appear to be planktotrophic and can feed on a mixture of diatoms, flagellates,
ciliates, bacteria, detritus and dissolved organic materials (Young et al. 2002). Currently,
literature on larval nutritional mode (planktotrophic vs. lecithotrophic), ingestion rates and food
selectivity for many benthic invertebrates are scarce (Paper I). The studies that have looked
into these mechanisms show that feeding often change with larval ontogeny and differ between
taxa and larvae of similar size (e.g. Cirripedes by Stone 1989; Echinoderms by Hart 1996;
Opisthobranchs by Hansen 1991; Polychaetes by Hansen et al. 2010) making the potential role
of meroplankton in the pelagic food web difficult to determine. In general, crustacean larvae
have higher ingestion rates, compared to ciliated filter-feeding larvae due to a more efficient
feeding behavior and morphology of feeding structures (Strathmann 1971; Hansen et al. 1997).
Yet, ciliated larvae like polychaetes, mollusks and echinoderms display an omnivorous diet
(Young et al. 2002) and their feeding pressure can be substantial depending on their abundance
and prey field. Jargensen (1981) found an abundant veliger cohort of the bivalve Mytilus edulis
to have a daily clearance rate of 0.25 — 1.39 ml larva* d! on nanophytoplankton, in Isefjord,
Denmark, which resulted in a loss of 40 — 50 % nanophytoplankton in local waters. Since
crustacean and ciliated meroplankton of different species and sizes occur simultaneously in
high abundances in fjords and estuaries they should not be overlooked as part of the food-web
structure. Meroplanktonic larvae can also serve as prey for a wide range of pelagic predators
such as chaetognaths, ctenophores, hydromedusae, schyphomedusae, euphausiids, shrimp, fish
larvae and juveniles and other predatory meroplanktonic larvae (Thorson, 1950), and many of
these predators overlapped with meroplankton in time and space in the present study (Paper ).
Juvenile capelin and herring caught at the mouth of Porsangerfjord have been found to have
bivalve veligers, polychaete larvae, cirripede nauplii and bryozoa cyphonautes in their stomachs
(Fossheim et al. 2006; Pedersen and Fossheim 2008). Thus during spring and summer,
meroplankton is an important food source for pelagic predators. The periodic dominance of
meroplankton in the water column certainly warrants further research on what trophic role

meroplankton may have in high-latitude coastal waters.
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55 CAN LARVAL DYNAMICS SHED LIGHT ON THE INVASIVE SUCCESS OF RED
KING CRABS?

For an invasive species to persist and survive in a new environment they need to recruit
successfully on a consistent basis (Anger 2006). Hence, invasive marine invertebrates with
planktotrophic larvae must release their propagules at a time when they experience favorable
conditions in the water column. The present study, showed that larval release by red king crabs
in Porsangerfjord is prolonged over a period of approximately 4 to 5 months, starting in winter
(January) and ending in early summer (May). Disseminating larval release over such a long
period is a highly advantageous reproductive behavior because it increases the chance that at
least some zoea will encounter favorable conditions. That zoea of the red king crab can tolerate
a broad range of temperatures and salinities make them even more suited for life in fluctuating
environments (Larsen 1996). However, duration of the zoeal phase is highly sensitive to food
availability and temperature in the water column (Paul and Paul 1980; Shirley and Shirley
1990). In north Norwegian and native Alaskan waters, larval release by red king crabs appeared
to be uncoupled with the phytoplankton bloom (Paper I11; Shirley and Shirley 1989; Shirley
and Shirley 1990). Therefore, zoeae residing in the water column in January and February may
experience a suboptimal availability of food, leading to a prolonged larval phase and subsequent
reduced survival (Paper I11; Shirley and Shirley 1990). Those present in the water column from
March will encounter favorable conditions as the phytoplankton bloom builds and the pulse of

suitable meroplanktonic larval prey becomes available (Paper I11).

When the final pelagic stage of the red king crab is ready to settle on the seafloor they
actively chose shallow (< 27 m) structurally complex habitats with heterogeneous hard bottom
and communities of bryozoans and hydrozoans and thus plenty of hiding places from predators
and availability of food (Stevens and Kittaka 1998). Having a long individual residence time in
the water column (two months) coupled with a protracted hatching period leaves zoeae of the
red king crab at the risk of dispersing vast distances and potentially away from favorable places
to settle. In a 3 year modelling study on advection of red king crab zoea in fjords and along the
coast of northern Norway, Pedersen et al. (2006) found that zoeae released within fjords and
semi-enclosed areas generally stayed close to their release site each year while those released
in less protected areas on the coast were transported into the Barents Sea or along the shelf with
the Norwegian coastal current depending on the wind systems. The present study suggested that

some degree of retention was operating within Porsangerfjord, as zoeae were only found in the

33



Middle-basin and the bay stations retained the greatest abundance of zoeae (e.g. stations B4 and
B3 in Paper I11). Zoeae released or transported into the Outer-basin of Porsangerfjord may be
subject to a higher level of advection (Paper I1), which based on advection modeling mainly
travel east with the Norwegian coastal current (Pedersen et al. 2006). However, a small fraction
are transported west and thus outside the quota regulated area. Having a migratory spawning
behavior where larvae are released at shallow protected sites, semi-enclosed areas and within
fjords is highly advantageous for this species as it increases the chance that zoeae are retained
in close proximity to suitable settlement areas. This coupled with the complex coastal and
seafloor topography with numerous fjords and semi-enclosed areas along the Norwegian coast
increases the chance that red king crab zoeae do not travel far (Shanks 2009), can locate
favorable settlement habitats and thus survive their larval phase.

Although the open fishery and decimation fishery for red king crabs has slowed their
spread west of 26 °E (Sundet and Hoel 2016), young crabs have recently been caught in fjords
around Tromsg (red circle in Figure 1) indicating that a local stock has established in the area
(E. M. Nilssen pers. comm.). Given their wide tolerance to environmental variables and their
potential for further spread there is concern that the red king crab could also establish north in
Svalbard waters (Christiansen et al. 2015). It is unlikely that adult migration will be responsible
for any northward migration given that the deep depth between the continental shelves of
Norway and Svalbard is outside the depth range utilized by adults. However, if a crab stock
establishes around Vesteralen, Norway (yellow circle in Figure 1), larvae could be advected
with the strong Norwegian Atlantic Current that passes this area before moving into Svalbard
waters (Loeng 1991). A recent study modelling the drift of bivalve veligers from Vesteralen to
Svalbard showed that surface-layer transport takes between 47 to 80 days in May and that
transport is likely faster earlier in spring (Berge et al. 2005). A protracted larval release through
spring (Paper 111) and a larval duration that lasts on average two months, could thus provide
plenty of opportunities for northward advection of king crab zoeae. For these zoeae to
successfully recruit and establish a new Svalbard stock there needs to be an adequate prey field
available in the water column as they advect and that they need to locate suitable settlement
localities once they reach Svalbard. Future research on king crab zoea should therefore also
model a potential northward advection. The findings in this study ultimately provides further
evidence that a strong fishery on particularly female red king crabs is vital when aiming at
decreasing and restricting the spread of crab outside the quota regulated area in northern

Norway.
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It is clear that for the red king crab as population and from an economic standpoint, the
introduction has been successful and that a combination of different life history traits and life
cycle mechanisms have contributed to this success. These include high individual investments
in eggs (Stevens 2014), high female fecundity (Hjelset et al. 2012), a large size at maturity
(Hjelset et al. 2008), a migratory spawning behavior to shallow protected areas (Paper IlI;
Sundet and Hjelset 2010), a protracted zoeal release (Paper I11), a temporal match between
favorable pelagic conditions and zoeae (Paper I11), zoeal and adult stages that are tolerant to a
wide range of temperatures (Larsen 1996; Christiansen et al. 2015), an omnivorous diet (Paul
et al. 1979; Fuhrmann et al. 2015; Fuhrmann et al. 2017) and the ability to migrate great
distances into new areas (Windsland et al. 2014). Moreover, characteristics of the southern
Barents Sea and Porsangerfjord contribute to the success by providing favorable environmental
variables for both the pelagic and benthic phase, a rich prey field (Fuhrmann et al. 2015), few
natural enemies (Sundet 2014) and little competition during their adult life (Fuhrmann et al.
2017) and a complex coastal topography with a wide range of suitable areas for feeding,
spawning and larval settlement coupled with hydrodynamics that keep some larvae close to
suitable settlement locations (Pedersen et al. 2006). Combined, these factors show that the red
king crab have the potential to continue their spread south along the Norwegian coast and
potentially north to Svalbard waters.

5.6 BENTHIC INVERTEBRATE REPRODUCTION IN A WARMING OCEAN

In this study we show that shifts in timing of larval release due to changes in temperature
and phytoplankton bloom occur at the level of individual species and main meroplanktonic
groups on broad latitudinal scales (Paper I, 1), over short spatial scales (Paper Il) and
interannually (Paper 1). For example, cirripeds nauplii appear later in regions with delayed
bloom situations (Paper 11). Boreal organisms such as the hermit crab Pagurus bernhardus
require warm temperatures in the water column to hatch their eggs and for their larvae to
survive, therefore a later larval release is observed with increased latitude and subsequent later
warming of the water column (Paper I11; Lindley 1987; Lindley et al. 1993). This demonstrates
how reproductive phenology of benthic invertebrates is fine-tuned with local environmental
variability in the various regions they inhabit. Temperature has a strong influence on benthic

invertebrate reproduction. In a warming ocean due to climate change, long term temperature
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increase may have consequences for reproductive phenology, recruitment success, range
expansion of benthic organisms and benthic community structure in sub-Arctic and Arctic
waters. Changes in timing of spawning has already been demonstrated for echinoderms in the
North Atlantic and North Sea, which in a 44 year time series appear progressively earlier in the
year as temperatures in the water column have gradually increased (Edwards and Richardson
2004; Kirby and Lindley 2004; Kirby et al. 2008). Shifts in phenology have been proposed to
cause a potential mismatch in time between larvae and the food and environment they require
(Atkinson et al. 2015). How larval survival and reproductive cycles of benthic organisms will
respond to higher temperatures in the future, will depend on their niche breadth, plasticity and
ability to adapt (Philipart et al. 2014; Slayter et al. 2013). Here an organism’s niche can be
defined, in the widest sense, as the range of tolerance for multiple environmental factors like
temperature and salinity, their dietary requirements and their utilization of these both in time
and space (Hutchinson 1957; Slayter et al. 2013). Species with a broad generalist niche during
their adult and larval stage could be expected to be more tolerant to increased temperatures.
Examples of such species are the red king crab which are tolerant to a wide array of
temperatures during a majority of their life and disseminates larval release over time in order
to optimally utilize food resources in the water column (Paper 111). Specialist species with a
narrower niche are likely to be less tolerant to increased temperatures and may experience
periods that are suboptimal for successful reproduction. Research therefore needs to continue
looking at environmental tolerances, larval timing in the water column and how timing

corresponds with favorable environmental variables.

The north Norwegian coast lies at the transition between sub-Arctic and high-Arctic
waters and serves as a biogeographical transitional zone for many benthic organisms, which
reside at their northernmost and southernmost distribution limit (Mileikovsky 1968). Temperate
and boreal species requiring warm temperatures for reproduction could find a warming Arctic
more favorable and thus move northward. A northward shift from sub-Arctic Norwegian to
Arctic Svalbard waters has already been noted for the boreal bivalve Mytilus edulis and has
been attributed to periodically warm years (Berge et al. 2005). Similar expansions could be
expected for other organisms. For example, females of the hermit crab P. bernhardus, require
late fall and winter temperatures of between 6 to 8 °C to produce eggs (Lancaster 1990), while
the larval stage require temperatures above 6 °C to survive in spring (Dawirs 1979). Currently
these temperature requirements are too high for this crab to establish a viable population in

Svalbard waters where temperatures are generally lower than 6 °C in fall and winter (Loeng
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1991). In contrast, Arctic species that require cold winter temperatures for reproduction will
likely respond in the opposite way by retreating north. Thus, a predicted temperature increase
of 2 to 4 °C during winter in high-latitude waters by the end of the century (IPCC 2001), will
certainly cause changes in local reproductive phenology and distribution patterns of benthic

invertebrates.
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6 CONCLUSIONS AND FUTURE PERSPECTIVES

This thesis provided new knowledge on meroplankton dynamics in sub-Arctic waters,
including their temporal and spatial abundance, assemblage and relative abundance in the
mesozooplankton community. Moreover, it was shown that reproductive strategies of the red
king crab makes them well suited for life in the southern Barents Sea and that they are equipped
to continue their spread westward and potentially north into Svalbard waters.

The composition and abundance of meroplankton formed four distinct seasonal
assemblages caused by a complex succession of taxa and larval stages through the year. Larvae
varied in the duration they resided in the water column, some benthic invertebrates were mass
spawners producing large quantities of larvae causing the bulk of meroplankton to peak some
months. These finding provides strong evidence that benthic invertebrates are tuned to release
their larvae at different parts of the year and shows various reproductive strategies and life
history traits are operating in sub-Arctic waters. Because a majority of larvae correlated with
the phytoplankton bloom through spring and summer it can be concluded that phytoplankton is
involved in governing when spawning and larval release should take place for many benthic
organisms and may act as a direct trigger for some species. Strengthening notion is the fact that
many of these larvae were identified as planktotrophic and thus need to be released when food
is available in the water column. Meroplankton also correlated with temperature, where some
species wait for an increase in temperature before spawning. This can increase larval survival
by shortening the time they reside in the water column. Finding an up-fjord delay in the seasonal
succession of meroplankton communities which correlated with the up-fjord decrease in
temperature and chlorophyll a provides further evidence that timing of some benthic larvae is
coupled with temperature and phytoplankton. The significantly different communities in the
three basins and high concentration of larvae in protected bays suggests that larvae are locally
produced and may add to increasing evidence that local retention is a common feature in fjord
and coastal waters. Yet some degree of larval transport into and out of the fjord cannot be
entirely excluded. To elucidate the origin of larvae in the fjord requires studying spatial patterns
in larval supply, juvenile settlement localities and adult compositions. A periodic dominance of
planktotrophic meroplankton in the mesozooplankton community both in space and time
suggests that they are an important part of the pelagic food web, both as grazers on

phytoplankton and as potential prey for other pelagic predators. This therefore warrants further
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studies on larval feeding type (planktotrophic vs. lecitotrphic), diet and potential predators on

meroplankton at high-latitudes.

Red king crabs released their larvae over a period of four to five months and larvae were
present in the water column for six months. Having a protracted larval release acts as a
successful reproductive strategy for this high-latitude invasive species, ensuring that at least
some larvae will match the variable phytoplankton bloom and thus survive to settlement. This
coupled with a complex and favorable coastal topography with plenty of shallow protected
areas to release larvae, retain larvae and for juveniles to settle makes the red king crab well
equipped for life in the southern Barents Sea. It also makes them able to continue their westward
spread along the Norwegian coast and potentially advect north into Svalbard waters. Therefore,
to restrict its spread it is vital that the Norwegian government continue the free fishery and
decimation fishery on female crabs outside the quota restricted area. Further research is needed
to model potential northward drift of zoeae, to identify their predator-prey relationship with
phytoplankton and other prey organisms and identify potential predators in the water column

of Norwegian waters.

There is still a strong need to better understand various reproductive strategies and the
temporal and spatial patterns in spawning and larval release displayed by benthic invertebrates
and how this structures benthic populations. Moreover, predicting how species may respond to
warmer temperatures due to climate change and how this may change benthic community
structure calls for a more holistic research effort on both the pelagic and benthic phase. This
will require the identification of meroplankton in spatial and temporal zooplankton studies
together with benthic studies that incorporates juvenile settlement dynamics with adult
population patterns in sub-Arctic and high-Arctic waters. Identification of larvae to the level of
species, genus and larval stage should become a central part when working with meroplankton
and can be done by combining morphological identification with molecular techniques.
Moreover, field and laboratory experiments on reproductive strategies and tolerances to various
environmental variables during the adult and larval phase of benthic invertebrates needs to be

continued.

39



7 REFERENCES

Andersen OGN (1984) Meroplankton in Jgrgen Branlund Fjord, North Greenland.
Meddelelser om Grgnland Bioscience 12:1-29

Anger K (2006) Contributions of larval biology to crustacean research: a review. Invertebr
Reprod Dev 49:175-205

Anonymous (2007) Stortingsmelding nr. 40 (2006-2007) Management of the red king crab.
In: Whitepaper from the ministry of fisheries and coastal affairs.

Anonymous (2015) Bunnsedimenter (kornstgrrelse), regionalt. Norges geologiske
undersgkelse/ MAREANO

Archambault P, Roff JC, Bourget E, Bang B, Ingram GR (1998) Nearshore abundance of
zooplankton in relation to shoreline configuration and mechanisms involved. J
Plankton Res 20:671-690

Arendt KE, Juul-Pedersen T, Mortensen J, Blicher ME, Rysgaard S (2012) A 5-year study of
seasonal patterns in mesozooplankton community structure in a sub-Arctic fjord
reveals dominance of Microsetella norvegica (Crustacea, Copepoda). J Plankton Res
35:105-120

Atkinson A, Harmer RA, Widdicombe CE, McEvoy AJ, Smyth TJ, Cummings DG,
Somerfield PJ, Maud JL, McConville K (2015) Questioning the role of phenology
shifts and trophic mismatching in a planktonic food web. Prog Oceanogr 137:498-512

Barnes H (1962) Note on variations in the release of nauplii of Balanus balanoides with
special reference to the spring diatom outburst. Crustaceana 4:118-122

Basedow SL, Eiane K, Tverberg V, Spindler M (2004) Advection of zooplankton in an Arctic
fjord (Kongsfjorden, Svalbard). Estuar Coast Shelf Sci 60:113-124

Bax N, Williamson A, Aguero M, Gonzalez E, Geeves W (2003) Marine invasive alien
species: a threat to global biodiversity. Mar Policy 27:313-323

Berge J, Johnsen G, Nilsen F, Gulliksen B, Slagstad D (2005) Ocean temperature oscillations
enable reappearance of blue mussels Mytilus edulis in Svalbard after a 1000 year
absence. Mar Ecol Prog Ser 303:167-175

Berge J, Renaud PE, Darnis G, Cottier F, Last K, Gabrielsen TM, Johnsen G, Seuthe L,
Weslawski JM, Leu E, Moline M, Nahrgang J, Sgreide JE, Varpe @, Lgnne OJ, Daase
M, Falk-Petersen S (2015) In the dark: A review of ecosystem processes during the
Acrctic polar night. Prog Oceanogr 139:258-271

Bhaud M, Duchéne J-C (1996) Change from planktonic to benthic development: is life cycle
evolution an adaptive answer to the constraints of dispersal? Oceanol Acta 19:335-346

Blake JA, Arnofsky PL (1999) Reproduction and larval development of the spioniform
Polychaeta with application to systematics and phylogeny. Hydrobiologia 402:57-106

Boidron-Fétairon IF (1995) Larval Diet. In: McEdward L (ed) Ecology of marine invertebrate
larvae. CRC Press, Boca Raton, FL

Bowden DA, Clarke A, Peck LS (2009) Seasonal variation in the diversity and abundance of
pelagic larvae of Antarctic marine invertebrates. Mar Biol 156:2033-2047

Brandner MM, Stubner E, Reed AJ, Gabrielsen TM, Thatje S (2016) Seasonality of bivalve
larvae within a high Arctic fjord. Polar Biol 40(2):1-14

Britayev TA, Rzhavsky AV, Pavlova LV, Dvoretskij AG (2010) Studies on impact of the
alien Red King Crab (Paralithodes camtschaticus) on the shallow water benthic
communities of the Barents Sea. J Appl Ichthyol 26:66-73

Christiansen JS, Sparboe M, Sather B-S, Siikavuopio SI (2015) Thermal behaviour and the
prospect spread of an invasive benthic top predator onto the Euro-Arctic shelves.
Divers Distrib 21:1004-1013

Clarke A (1992) Reproduction in the cold: Thorson revisited. Invertebr Reprod Dev 22:175-

40



183

Dawirs RR (1979) Effects of Temperature and Salinity on Larval Development of Pagurus
bernhardus (Decapoda, Paguridae). Mar Ecol Prog Ser 1:323-329

deRivera CE, Hitchcock NG, Teck SJ, Steves BP, Hines AH, Ruiz GM (2007) Larval
development rate predicts range expansion of an introduced crab. Mar Biol 150:1275-
1288

Edwards M, Richardson AJ (2004) Impact of climate change on marine pelagic phenology
and trophic mismatch. Nature 430:881-884

Eilertsen HC, Skardhamar J (2006) Temperatures of north Norwegian fjords and coastal
waters: Variability, significance of local processes and air—sea heat exchange. Estuar
Coast Shelf Sci 67:530-538

Eilertsen HC, Frantzen S (2007) Phytoplankton from two sub-Arctic fjords in northern
Norway 2002—-2004: 1. Seasonal variations in chlorophyll a and bloom dynamics. Mar
Biol Res 3:319-332

Falkenhaug T, KS T, T S (1997) Diel, seasonal and ontogenetic variations in the vertical
distributions of four marine copepods. Mar Ecol Prog Ser 149:105-119

Falk-Petersen I-B (1982) Ecological investigations on the zooplankton community of
Balsfjorden, northern Norway - Planktonic eggs and larvae from March 1978 to
February 1980. Sarsia 67:69-78

Fetzer I, Arntz W (2008) Reproductive strategies of benthic invertebrates in the Kara Sea
(Russian Arctic): adaptation of reproduction modes to cold water. Mar Ecol Prog Ser
356:189-202

Fossheim M, Tande KS, Semenova T, Timonin A (2006) Capelin larvae (Mallotus villosus)
and community structure of zooplankton off the coast of northern Norway. J Plankton
Res 28:585-595

Fuhrmann MM, Pedersen T, Ramasco V, Nilssen EM (2015) Macrobenthic biomass and
production in a heterogenic subarctic fjord after invasion by the red king crab. J Sea
Res 106:1-13

Fuhrmann MM, Pedersen T, Nilssen EM (2017) Trophic niche of the invasive red king crab
Paralithodes camtschaticus in a benthic food web. Mar Ecol Prog Ser 565:113-129

Giese AG (1959) Comparative Physiology: Annual Reproductive Cycles of Marine
Invertebrates. Annu Rev Physiol 21:546-576

Gunther C-P, Fedyakov VV (2000) Seasonal changes in the bivalve larval plankton of the
White Sea. Senckenb Marit 30:141-151

Hansen B (1991) Feeding behaviour in larvae of the opisthobranch Philine aperta. Mar Biol
111:263-270

Hansen BW, Bjgrnsen P, Hansen B (1997) Zooplankton grazing and growth: Scaling within
the 2-2,000 um body size range. Limnol Oceanogr 42:687-704

Hansen BW, Jakobsen HH, Andersen A, Almeda R, Pedersen TM, Christensen AM, Nilsson
B (2010) Swimming behavior and prey retention of the polychaete larvae Polydora
ciliata (Johnston). J Exp Biol 213:3237-3246

Hart MW (1996) Variation in Suspension Feeding Rates among Larvae of Some Temperate,
Eastern Pacific Echinoderms. Invertebr Biol 115:30-45

Hirche HJ, Kosobokova KN (2011) Winter studies on zooplankton in Arctic seas: the
Storfjord (Svalbard) and adjacent ice-covered Barents Sea. Mar Biol 158:2359-2376

Hjelset AM, Nilssen EM, Sundet JH (2012) Reduced size composition and fecundity related
to fishery and invasion history in the introduced red king crab (Paralithodes
camtschaticus) in Norwegian waters. Fish Res 121:73-80

Hjelset AM, Sundet JH, Nilssen EM (2008) Size at sexual maturity in the female red king
crab (Paralithodes camtschaticus) in a newly settled population in the Barents Sea,

41



Norway. J Northwest Atl Fish Sci 41:173-182

Hopcroft RR, Kosobokova KN, Pinchuk Al (2010) Zooplankton community patterns in the
Chukchi Sea during summer 2004. Deep Sea Res Part 2 Top Stud Oceanogr 57:27-39

Hopkins CCE, Tande KS, Grenvik S, Sargent JR (1984) Ecological investigations of the
zooplankton community of Balsfjorden, Northern Norway: An analysis of growth and
overwintering tactics in relation to niche and environment in Metridia longa
(Lubbock), Calanus finmarchicus (Gunnerus), Thysanoessa inermis (Krgyer) and T.
raschi (M. Sars). J Exp Mar Biol Ecol 82:77-99

Hut RA, Paolucci S, Dor R, Kyriacou CP, Daan S (2013) Latitudinal clines: an evolutionary
view on biological rhythms. Proc R Soc Lond B Biol Sci 280:20130433

Hutchinson GE (1957) Concluding Remarks. Cold Spring Harbor Symp Quant Biol 22:415-
427

IPCC (2001) Climate Change 2000—Third Assessment Report. Cambridge University Press,
Cambridge

Jorgensen CB (1981) Mortality, growth, and grazing impact of a cohort of bivalve larvae,
Mytilus edulis L. Ophelia 20:185-192

Jorgensen LL, Nilssen EM (2011) The Invasive History, Impact and Management of the Red
King Crab Paralithodes camtschaticus off the Coast of Norway. In: Galil BS, Clark
PF, Carlton JT (eds) In the Wrong Place - Alien Marine Crustaceans: Distribution,
Biology and Impacts. Springer Netherlands, Dordrecht

Jorgensen LL, Primicerio R (2007) Impact scenario for the invasive red king crab
Paralithodes camtschaticus (Tilesius, 1815) (Reptantia, Lithodidae) on Norwegian,
native, epibenthic prey. Hydrobiologia 590:47-54

Kirby RR, Beaugrand G, Lindley JA (2008) Climate-induced effects on the meroplankton and
the benthic-pelagic ecology of the North Sea. Limnol Oceanogr 53:1805-1815

Kirby RR, Lindley JA (2005) Molecular analysis of Continuous Plankton Recorder samples,
an examination of echinoderm larvae in the North Sea. J Mar Biol Assoc UK 85:451-
459

Kuklinski P, Berge J, McFadden L, Dmoch K, Zajaczkowski M, Nygard H, Piwosz K,
Tatarek A (2013) Seasonality of occurrence and recruitment of Arctic marine benthic
invertebrate larvae in relation to environmental variables. Polar Biol 36:549-560

Kulikova VA, Solokhina EV, Samatov AD (2000) Meroplankton of Avachinskii inlet
(Kamchatka). Russian Journal of Marine Biology 26:1-7

Kwasniewski S, Walkusz W, Cottier FR, Leu E (2013) Mesozooplankton dynamics in relation
to food availability during spring and early summer in a high latitude glaciated fjord
(Kongsfjorden), with focus on Calanus. J Mar Syst 111-112:83-96

Lancaster | (1990) Reproduction and life history strategy of the hermit crab Pagurus
bernhardus. J Mar Biol Assoc UK 70:129-142

Larsen LI (1996) Temeraturafhaengig udvikling, vaekst og dgdelighed hos larver af
kongekrabben (Paralithodes camtschatica Tilesius) under eksperimentelle forhold.
Master’s thesis, University of Tromsg, Norges Fiskerihggskole

Levin LA, Bridges, T. (1995) Pattern and diversity in reproduction and development. In:
McEdward L (ed) Ecology of marine invertebrate larvae. CRC Press, Boca Raton, FL

Levin LA (2006) Recent progress in understanding larval dispersal: new directions and
digressions. Integr Comp Biol 46:282-297

Levitan DR (1995) The ecology of fertilization in free-spawning invertebrates In: McEdward
L (ed) Ecology of marine invertebrate larvae CRC Press, Boca Raton, Florida

Lindley JA (1987) Continuous plankton records: the geographical distribution and seasonal
cycles of decapod crustacean larvae and pelagic post-larvae in the north-eastern
Atlantic Ocean and the North Sea, 1981-3. J Mar Biol Assoc UK 67:145-167

42



Lindley JA (1998) Diversity, biomass and production of decapod crustacean larvae in a
changing environment. Invertebr Reprod Dev 33:209-219

Lindley JA, Williams R, Hunt HG (1993) Anomalous seasonal cycles of decapod crustacean
larvae in the North Sea plankton in an abnormally warm year. J Exp Mar Biol Ecol
172:47-65

Loeng H (1991) Features of the physical oceanographic conditions of the Barents Sea. Polar
Res 10:5-18

Longhurst AR (1998) Ecological Geography of the Sea. Academic Press

Mankettikkara R (2013) Hydrophysical characteristics of the northern Norwegian coast and
fjords. PhD thesis, University of Tromsg,

Marshall DJ, Krug PJ, Kupriyanova EK, Byrne M, Emlet RB (2012) The Biogeography of
Marine Invertebrate Life Histories. Annu Rev Ecol Evol Syst 43:97-114

Mazzuco ACA, Kasten P (2017) Chlorophyll-a and the Supply Side Ecology: Lessons from
the Rocky Shores. In: Jacob-Lopes E, Zepka LQ, Queiroz Ml (eds) Chlorophyll. In
Tech, Rijeka

Mercier A, Hamel JF (2009) Endogenous and exogenous control of gametogenesis and
spawning in echinoderms Vol 55. Academic Press, London, England

Meyer KS, Sweetman AK, Kuklinski P, Leopold P, Vogedes D, Berge J, Griffiths C, Young
CM, Renaud PE (2017) Recruitment of benthic invertebrates in high Arctic fjords:
Relation to temperature, depth, and season. Limnol Oceanogr

Mikkelsen N, Pedersen T (2012) Invasive red king crab affects lumpsucker recruitment by
egg consumption. Mar Ecol Prog Ser 469:87-99

Mileikovsky SA (1968) Distribution of pelagic larvae of bottom invertebrates of the
Norwegian and Barents Seas. Mar Biol 1:161-167

Mileikovsky SA (1970) Seasonal and daily dynamics in pelagic larvae of marine shelf bottom
invertebrates in nearshore waters of Kandalaksha Bay (White Sea). Mar Biol 5:180-
194

Mileikovsky SA (1971) Types of larval development in marine bottom invertebrates, their
distribution and ecological significance: a re-evaluation. Mar Biol 10:193-213

Molnar JL, Gamboa RL, Revenga C, Spalding MD (2008) Assessing the global threat of
invasive species to marine biodiversity. Front Ecol Environ 6:485-492

Moran NA (1994) Adaptation and Constraint in the Complex Life Cycles of Animals. Annu
Rev Ecol Syst 25:573-600

Morgan S (1995) The timing of larval release. In: McEdward L (ed) Ecology of marine
invertebrate larvae. CRC Press, Boca Raton, FL

Myksvoll MS, Sandvik AD, Skardhamar J, Sundby S (2012) Importance of high resolution
wind forcing on eddy activity and particle dispersion in a Norwegian fjord. Estuar
Coast Shelf Sci 113:293-304

Neubert MG, Caswell H (2000) Demography and dispersal: Calculation and sensitivity
analysis of invasion speed for structured populations. Ecology 81:1613-1628

Nielsen TG, Ottosen LD, Hansen BW (2007) Structure and function of the pelagic ecosystem
in Young Sound, NE Greenland. In: Rysgaard S, Glud RN (eds) Carbon Cycling in
Arctic Marine Ecosystems: Case Study Young Sound, , Vol 58. Meddelelser om
Grenland. Bioscience, p 88-107

Nilsen M, Pedersen T, Nilssen EM (2006) Macrobenthic biomass, productivity (P/B) and
production in a high-latitude ecosystem, North Norway. Mar Ecol Prog Ser 321:67-77

Nylin S, Gotthard K (1998) Plasticity in Life-History Traits. Annu Rev Entomol 43:63-83

Oksanen J (2015) Multivariate Analysis of Ecological Communities in R: Vegan Tutorial.

Olive PJW (1995) Annual breeding cycles in marine invertebrates and environmental
temperature: Probing the proximate and ultimate causes of reproductive synchrony. J

43



Therm Biol 20:79-90

Orlov Y, Ivanov BG (1978) On the introduction of the Kamchatka King crab Paralithodes
camtschatica (Decapoda: Anomura: Lithodidae) into the Barents Sea. Mar Biol
48:373-375

Oug E, Fuhrmann MM (2013) Bunndyrsamfunn i foreslatt marint verneomrade i indre
Porsangerfjorden - Artssammensetning og biomasse far invasjon av kongekrabben
2011. Norsk institutt for vannforskning, Grimstad

Oug E, Haisceter T (2000) Soft-bottom macrofauna in the high-latitude ecosystem of
Balsfjord, northern Norway: Species composition, community structure and temporal
variability. Sarsia 85:1-13

Paul AJ, Paul JM (1980) The effect of early starvation on later feeding success of king crab
zoeae. J Exp Mar Biol Ecol 44:247-251

Paul AJ, Paul JM, Shoemaker PA, Feder HM (1979) Prey Concentrations and Feeding
Response in Laboratory-Reared Stage-One Zoeae of King Crab, Snow Crab, and Pink
Shrimp. Trans Am Fish Soc 108:440-443

Pearse JS (1994) Cold-water echinoderms break “Thorson's rule". In: Young CM,
Eckelbarger KJ (eds) Reproduction, larval biology, and recruitment of the deep-sea
benthos. Columbia University Press

Pedersen O, Nilssen EM, Jargensen LL, Slagstad D (2006) Advection of the Red King Crab
larvae on the coast of North Norway—A Lagrangian model study. Fish Res 79:325-
336

Pedersen T, Fossheim M (2007) Diet of 0-group stages of capelin (Mallotus villosus), herring
(Clupea harengus) and cod (Gadus morhua) during spring and summer in the Barents
Sea. Mar Biol 153:1037-1046

Petersen S (1995) The embryonic developement of Hyas araneus L. (Decapoda, Majidae):
Effects of temperature. Sarsia 80:193-198

Pineda J, Porri F, Starczak V, Blythe J (2010) Causes of decoupling between larval supply
and settlement and consequences for understanding recruitment and population
connectivity. J Exp Mar Biol Ecol 392:9-21

Priou P (2015) Associations between herbivorous zooplankton, phytoplankton and
hydrography in Porsangerfjord, northern Norway. Master’s thesis, UiT The Arctic
University of Norway, Tromsg, Norway

Pulfrich A (1997) Seasonal variation in the occurrence of planktic bivalve larvae in the
Schleswig-Holstein Wadden Sea. Helgolander Meeresuntersuchungen 51:23

Questel JM, Clarke C, Hopcroft RR (2013) Seasonal and interannual variation in the
planktonic communities of the northeastern Chukchi Sea during the summer and early
fall. Cont Shelf Res 67:23-41

Renaud PE, Sejr MK, Bluhm BA, Sirenko B, Ellingsen IH (2015) The future of Arctic
benthos: Expansion, invasion, and biodiversity. Prog Oceanogr 139:244-257

Renaud PE, Wtodarska-Kowalczuk M, Trannum H, Holte B, Westawski JM, Cochrane S,
Dahle S, Gulliksen B (2007) Multidecadal stability of benthic community structure in
a high-Arctic glacial fjord (van Mijenfjord, Spitsbergen). Polar Biol 30:295-305

Scheltema RS (1986) On dispersal and planktonic larvae of benthic invertebrates: An eclectic
overview and summary of problems. Bull Mar Sci 39:290-322

Schliter M, Rachor E (2001) Meroplankton distribution in the central Barents Sea in relation
to local oceanographic patterns. Polar Biol 24:582-592

Sewell MA, Jury JA (2011) Seasonal patterns in diversity and abundance of the High
Antarctic meroplankton: Plankton sampling using a Ross Sea desalination plant.
Limnol Oceanogr 56:1667-1681

Shanks A (1995) Mechanisms of cross-shelf dispersal of larval invertebrates and fish. In:

44



McEdward L (ed) Ecology of marine invertebrate larvae. CRC Press, Boca Raton, FL

Shanks A (2009) Pelagic Larval Duration and Dispersal Distance Revisited. Biol Bull
216:373-385

Shanks AL, Grantham BA, Carr MH (2003) Propagule dispersal distance and the size and
spacing of marine reserves. Ecol Appl 13:5159-S169

Shirley SM, Shirley TC (1989) Interannual variability in density, timing and survival of
Alaskan red king crab Paralithodes camtschatica larvae. Mar Ecol Prog Ser 54:51-59

Shirley TC, shirley SM (1990) Planktonic survival of red king crab larvae in a subarctic
ecosystem, 1985-1989. In: Ziemann DA, Fulton-Bennett KW (eds) APPRISE -
Inderannual variability and fisheries recruitement The Oceanic Institute, HI

Short J, Metaxas A, Daigle RM (2013) Predation of larval benthic invertebrates in St
George’s Bay, Nova Scotia. ] Mar Biol Assoc UK 93:591-599

Silberberger MJ, Renaud PE, Espinasse B, Reiss H (2016) Spatial and temporal structure of
the meroplankton community in a sub-Arctic shelf system. Mar Ecol Prog Ser 555:79-
93

Slatyer RA, Hirst M, Sexton JP (2013) Niche breadth predicts geographical range size: a
general ecological pattern. Ecol Lett 16:1104-1114

Smidt ELB (1979) Annual cycles of primary production and of zooplankton at Southwest
Greenland: with figures of some bottom invertebrate larvae, Vol 1. Meddelelser om
Granland

Stanwell-Smith D, Peck LS, Clarke A, Murray AWA, Todd CD (1999) The distribution,
abundance and seasonality of pelagic marine invertebrate larvae in the maritime
Antarctic. Philos Trans R Soc Lond B Biol Sci 354:471-484

Stearns SC, Hoekstra RF (2005) Evolution, an introduction Oxford University Press, United
States

Steidinger KA, Walker L, M., (1984) Marine plankton life cycle strategies CRC press, Inc.,
Boca Raton, Florida

Stevens B (2014) Developement and biology of king crab larvae. In: Stevens B (ed) King
crabs of the world, biology and fisheries management. CRC Press, Boca Raton,
Florida

Stevens BG, Kittaka J (1998) Postlarval settling behavior, substrate preference, and time to
metamorphosis for red king crab Paralithodes camtschaticus. Mar Ecol Prog Ser
167:197-206

Stone CJ (1989) A comparison of algal diets for cirripede nauplii. J Exp Mar Biol Ecol
132:17-40

Strathmann R (1971) The feeding behavior of planktotrophic echinoderm larvae:
Mechanisms, regulation, and rates of suspensionfeeding. J Exp Mar Biol Ecol 6:109-
160

Strathmann R (1996) Are planktonic larvae of marine benthic invertebrates too scarce to
compete within species? Oceanol Acta 19:399-407

Stlbner El, Sereide JE, Reigstad M, Marquardt M, Blachowiak-Samolyk K (2016) Year-
round meroplankton dynamics in high-Arctic Svalbard. J Plankton Res 38:522-536

Sundet JH (2014) The red king crab (Paralithodes camschaticus) in the Barents Sea. In:
Fernandez L (ed) Marine invasive species in the Arctic, Book 547. TemaNord
Environment, Copenhagen

Sundet JH, Hoel AH (2016) The Norwegian management of an introduced species: the Arctic
red king crab fishery. Mar Policy 72:278-284

Svendsen H (1991) Preliminary results from a hydrophysical investigation of Porsangerfjord,
Altafjord and adjacent coastal waters, June-August 1990., University of Bergen,
Norway, Report of the Geophysical Institute

45



Svendsen, H., 1995. Physical oceanography of coupled fjord-coast systems in northern
Norway with special focus on frontal dynamics and tides. Ecology of Fjords and
Coastal Waters. Elsevier, New York, 149-164.

Suzuki R, Shimodaira H (2015) pvclust: Hierarchical Clustering with p-values via Multiscale
Bootstrap Resampling.

Thorson G (1936) The Larval Development, Growth, and Metabolism of Arctic Marine
Bottom Invertebrates Compared with Those of Other Seas. Meddelelser om Grgnland
100:1-155

Thorson G (1946) Reproduction and larval development of Danish marine bottom
invertebrates with special reference to planktonic larvae in the Sound (@resund).
Meddelelser fra Kommissionen for Danmarks fiskeri- og havundersggelser 4:1-523

Thorson G (1950) Reproductive and larval ecology of marine bottom invertebrates. Biol Rev
25:1-45

Varela AP (2015) Vertical distributions of zooplankton using the Video Plankton Recorder in
two high-latitude fjords. “A case study on diel migration in Billefjorden, Svalbard, and
seasonal migration in Porsangerfjord, northern Norway”. Master’s thesis, UiT The
Arctic University of Norway, Tromsg, Norway

Walkusz W, Kwasniewski S, Falk-Petersen S, Hop H, Tverberg V, Wieczorek P, Weslawski
JM (2009) Seasonal and spatial changes in the zooplankton community of
Kongsfjorden, Svalbard. Polar Res 28:254-281

Wassmann P, Svendsen H, Keck A, Reigstad M (1996) Selected aspects of the physical
oceanography and particle fluxes in fjords of northern Norway. J Mar Syst 8:53-71

Webb KE, Barnes DKA, Clark MS, Bowden DA (2006) DNA barcoding: A molecular tool to
identify Antarctic marine larvae. Deep Sea Res Part 2 Top Stud Oceanogr 53:1053-
1060

Weydmann A, Sereide JE, Kwasniewski S, Leu E, Falk-Petersen S, Berge J (2013) Ice-related
seasonality in zooplankton community composition in a high Arctic fjord. J Plankton
Res 35:831-842

Willis K, Cottier F, Kwasniewski S, Wold A, Falk-Petersen S (2006) The influence of
advection on zooplankton community composition in an Arctic fjord (Kongsfjorden,
Svalbard). J Mar Syst 61:39-54

Windsland K (2015) Total and natural mortality of red king crab (Paralithodes
camtschaticus) in Norwegian waters: catch—curve analysis and indirect estimation
methods. ICES J Mar Sci 72:642-650

Windsland K, Hvingel C, Nilssen EM, Sundet JH (2013) Evaluation of von bertalanffy
growth curves for the introduced red king crab (Paralithodes camtschaticus) in
Norwegian waters. Fisheries Research 145:15-21

Windsland K, Hvingel C, Nilssen EM, Sundet JH (2014) Dispersal of the introduced red king
crab (Paralithodes camtschaticus) in Norwegian waters: a tag-recapture study. ICES J
Mar Sci 71:1966-1976

Young CM, Sewell MA, Rice ME (2002) Atlas of Marine Invertebrate Larvae. Academic
Press

46



	Her kan du lime inn oppgaven_2
	Thesis 3

