Seasonal and spatial changes in the zooplankton community of
Kongsfjorden, Svalbard

Wojciech Walkusz,' Slawek Kwasniewski," Stig Falk-Petersen,? Haakon Hop,? Vigdis Tverberg,?
Piotr Wieczorek' & Jan Marcin Weslawski’

1 Institute of Oceanology, Polish Academy of Sciences, Powstancow Warszawy St. 55, PL-81-712 Sopot, Poland
2 Norwegian Polar Institute, Polar Environmental Centre, NO-9296 Tromsg, Norway

Keywords
Advection; Calanus; fjords; Kongsfjorden,;
Svalbard; zooplankton.

Correspondence

Wojciech Walkusz, Institute of Oceanology
PAS, Powstancow Warszawy St. 55,
PL-81-712 Sopot, Poland. E-mail:
walwo@iopan.gda.pl

doi:10.1111/j.1751-8369.2009.00107.x

Arctic marine ecosystems have

recently received

Abstract

Seasonal changes in the zooplankton composition of the glacially influenced
Kongsfjorden, Svalbard (79°N, 12°E), and its adjacent shelf were studied in
2002. Samples were collected in the spring, summer and autumn in stratified
hauls (according to hydrographic characteristics), by means of a 0.180-mm
Multi Plankton Sampler. A strong front between the open sea and the fjord
waters was observed during the spring, preventing water mass exchange, but
was not observed later in the season. The considerable seasonal changes in
zooplankton abundance were related to the seasonal variation in hydrogra-
phical regime. The total zooplankton abundance during the spring (40-2010
individuals m~) was much lower than in the summer and autumn (410-
10 560 individuals m~). The main factors shaping the zooplankton community
in the fjord include: the presence of a local front, advection, the flow pattern
and the decreasing depth of the basin in the inner fjord. Presumably these
factors regulate the gross pattern of zooplankton density and distribution, and
override the importance of biological processes. This study increased our
understanding of seasonal processes in fjords, particularly with regard to the
strong seasonal variability in the Arctic.

increase in the pelagic biomass from winter to summer

increased attention because they are considered to be
sensitive to climate change (Fleming etal. 1997;
Wlodarska-Kowalczuk & Weslawski 2001; Willis et al.
2006). Their most characteristic feature is the strong sea-
sonality that influences aspects varying from taxonomic
composition to functional dynamics (Weslawski et al.
1988; Falk-Petersen etal. 1990; Falk-Petersen et al.
2000).

Relatively little information is available on the seasonal
aspects of zooplankton ecology from Arctic and sub-
Arctic waters (Minoda 1967; Oshurkov et al. 1982; Hassel
1986; Richter 1995; Arashkievich et al. 2002; Astthorsson
& Gislason 2003). In this respect, even less is known from
fjords in the Spitsbergen region (Weslawski et al. 1988;
Lischka & Hagen 2005).

The following paradigms are widely accepted in the
literature on the basis of up-to-date studies: (a) there is a
single, short and pronounced phytoplankton bloom; (b)
the zooplankton density and biomass peak at least one
month after the phytoplankton bloom; (c) there is a large
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conditions; (d) the bloom starts at the ice edge, and
spreads to the water column as the ice retreats (Melnikov
2000; Cooney et al. 2001; Astthorsson & Gislason 2003).

The semi-enclosed fjordic basins of Svalbard are of
interest today, as the ongoing warming of the European
Arctic has already resulted in a reduction of ice cover, and
major changes in marine ecosystems are expected (e.g.,
Willis et al. 2007; Stempniewicz et al. 2007). Because the
fjordic hydrography differs from the shelf waters and
open Arctic basin, we were interested in whether or not
the paradigm of Arctic zooplankton seasonality is the
same in fjords as in open water. The fjords of Spitsbergen
may be suitable for observing modifications of the eco-
system structure and functioning as a result of climate
change, mediated, in this case, by the variable influence
of the Arctic and Atlantic water masses (Cottier et al.
2005).

This study was carried out in Kongsfjorden, a glacial
fjord on the western coast of Spitsbergen, in the Svalbard
Archipelago. The fjord is strongly influenced by both the
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inflow of warm Atlantic water (AW) from the West Spits-
bergen Current (WSC) and freshwater run-off from the
surrounding tidal glaciers. Although our basic knowledge
of the Kongsfjorden ecosystem has recently improved
(e.g., Hop et al. 2002; Svendsen et al. 2002; Hop et al.
2006), the ecosystem dynamics of the fjord is still poorly
understood. Mainly for logistic reasons, the fjord has
mostly been studied during summer, when it is accessible
by research vessels. The summer productive period is of
great importance for Arctic ecosystems. Crucial processes
(e.g., reproduction) take place during other seasons.
However, sufficient information on these processes is
still lacking.

The aim of this study was to fill the gap in our knowl-
edge of seasonal changes in zooplankton composition and
abundance in Kongsfjorden. The survey included stations
inside as well as outside the fjord in order to reveal
possible interactions between the fjord and the open sea.
The biological dynamics of the zooplankton community
were studied in relation to hydrography, although other
factors are also considered in the discussion of the results.

Methods

Zooplankton was collected during the spring (11-17
April), summer (29-30 July) and autumn (21-23 Sep-
tember) of 2002, along a transect from the shelf slope
(Fram Strait region) to Kongsfjorden on Spitsbergen,
Svalbard, from the RV Lance, RV Oceania and RV Jan
Mayen, respectively. All of the samples were collected
during the daytime to avoid the potential influence of
vertical migrations. The horizontal extent of sampling
stations encompassed the main features of the topogra-
phy of the bottom of the fjord and the adjacent shelf. Two
stations (V6 and V10) were established outside of the
fjord (at the slope and at the entrance to the shelf trench),
whereas five stations (KO, K1, K2, K3 and K5) were
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located within Kongsfjorden (Fig. 1). The sampling gear
used at most of the stations was a Multi Plankton Sampler
(Hydro-Bios, Kiel-Holtenau, Germany), with a 0.25-m?
net opening equipped with five nets of 0.180-mm mesh
size. Only at station K5 in the spring was zooplankton
collected from the ice with a WP-2 net (mouth area
0.25 m?, mesh size 0.180 mm). Except for the WP-2 sam-
pling, the zooplankton sampling was vertically stratified
(Table 1), reflecting the hydrological structure of the
water column revealed by temperature and salinity mea-
surements taken prior to the plankton net sampling. In
most cases, samples were collected in the entire water
column, from the bottom to the surface. In the summer at
the station V6 (bottom depth 1100 m), zooplankton was
collected down to only 400 m because of unfavourable
weather conditions. In the spring and summer, one haul
(i.e., one replicate) was taken from each station, whereas
in the autumn two replicates were taken, and the values
presented here are the mean of the individual hauls. The
stratified distribution of important taxa and their seasonal
variability are presented against the background of the
hydrographic conditions. For practical purposes, the
vertical distribution for Calanus species at station V6 is
limited to the upper 400 m: below this depth their abun-
dance was extremely low.

Samples were preserved in 4% solution of buffered
formaldehyde in seawater. The sorting and identification
of zooplankton were carried out at the Institute of Ocean-
ology, Polish Academy of Sciences, Sopot, Poland. Most of
the Copepoda were identified to species or genus level,
whereas the remaining taxa were identified to the lowest
possible taxonomical level. For larger copepods that
were collected representatively (e.g., Calanus finmarchicus,
Calanus glacialis, Calanus hyperboreus, Metridia longa and
Pseudocalanus spp.), the copepodid developmental stages
were also identified. In order to distinguish the three
Calanus species, the identification criteria presented by

Fig. 1 The fjord Kongsfjorden, on the west
coast of Spitsbergen, Svalbard, showing the
! locations of the sampling stations. Patchy
12°E areas indicate tidal glaciers.
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Table 1 Extent of sampling strata (m) at each season and station in
Kongsfjorden. Samples were obtained by means of a Multi Plankton
Sampler, except for at station K5 in spring (WP-2 net).

Station Depth strata (m) Date, 2002
Spring

V6 1100-900-600-120-0 17 April

V10 275-200-75-0 17 April

KO 320-180-100-25-0 17 April

K1 335-200-75-25-0 16 April

K2 200-150-100-50-0 16 April

K3 330-250-100-50-0 15 April

K5 76-0 11 April
Summer

V6 500-360-200-100-40-0 29 July

V10 320-250-130-50-20-0 29 July

KO 320-220-160-80-20-0 29 July

K1 350-210-160-100-40-0 30 July

K2 320-260-160-80-20-0 30 July

K3 320-230-160-80-30-0 30 July

K5 88-60-40-20-0 30 July
Autumn

% 1100-900-600-120-60-0 21 September

V10 275-200-150-40-15-0 21 September

KO 320-250-175-80-25-0 21 September

K1 347-285-200-100-25-0 23 September

K2 318-250-150-80-30-0 23 September

K3 338-250-90-20-0 23 September

K5 90-72-55-30-0 23 September

Kwasniewski etal. (2003) were applied. The filtered
water volume was estimated from flow meter readings
mounted on the nets, and the zooplankton abundance
presented throughout the paper is expressed as the
number of individuals per m® (ind. m™).
Conductivity—temperature-density (CTD)
ments were taken along a transect running from the open
sea to the fjord, in each season, and the high-resolution
CTD data were used to create water mass plots. The
detailed oceanographic data and a description of the
water masses can be found in Cottier et al. (2005).
Hierarchical agglomerative clustering (CLUSTER) and
non-metric multidimensional scaling (MDS) were
applied to reveal the zooplankton similarity, with regard

measure-

to zooplankton composition and abundance, between
the stations (Field et al. 1982; Clarke & Warwick 1994).
Afterwards, SIMPER (similarity percentages) was used to
determine the contribution of each species to the average
Bray—Curtis similarity within the defined groupings.
PRIMER v5.0 (Plymouth Marine Laboratory, Plymouth,
UK) was used for all calculations.

In order to separate the effects related to different
environmental parameters (salinity; temperature; depth
interval of sampling, averaged for each layer; bottom
depth), direct ordination was applied. All zooplankton
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abundance data were logio-transformed in order to
reduce the influence of common taxa. Linear ordination
(redundancy analysis, cANOcO for WINDOWS 4.5; ter
Braak & Smilauer 2002) was applied based on the length
of the main gradient. Significance tests were performed
using Monte-Carlo restricted permutations adjusted for
temporal autocorrelation.

Results

Oceanography

During the spring, a strong hydrographic front was
present between the open sea (AW) and the fjord waters
(Fig. 2). However, small pockets of transformed Atlantic
water (TAW) were observed within the fjord area, sug-
gesting the possibility of restricted water exchange. In the
summer, the front diffused, and the advection of AW onto
the shelf and into the fjord was most likely uncon-
strained. Meltwater spread over the surface layers from
near the glacier area towards the shelf. The thickness
and extent of this water mass became much more pro-
nounced during the autumn, indicating stronger glacial
discharge during this season.

Zooplankton

Hierarchical agglomerative clustering and non-metric
multidimensional scaling analysis of zooplankton
revealed distinctive groupings: (a) spring zooplankton;
(b) zooplankton collected in shelf/open sea in summer
and autumn; (c) zooplankton of the inner fjord basin
collected in summer and autumn; (d) zooplankton col-
lected in the main fjord basin in summer; and (e)
zooplankton of the main basin sampled in the autumn
(Fig. 3). SIMPER analysis showed a high degree of
zooplankton dissimilarity between samples collected in
spring and those from the remaining seasons, with the
lowest dissimilarity between summer and autumn fjord
zooplankton (Table 2). The contribution of species to the
groupings obtained with CLUSTER and MDS analyses is
shown in Table 3. In all groupings, the SIMPER analysis
showed that Oithona similis was the dominant species.
Besides O. similis, both on the shelf and in open water in
summer and autumn, as well as within the grouping in
spring, C. finmarchicus and Pseudocalanus spp. contributed
greatly to the observed similarity. In the summer, Echi-
nodermata larvae were the distinguishing factor for the
fjord grouping, whereas in the inner basin grouping (in
summer and autumn) Pseudocalanus spp. and Bivalvia
larvae were the most important taxa.

Most of the taxa identified during the present study
(Table 4) had been recorded previously in Svalbard
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waters (Kwasniewski 1990; Hop etal. 2002; Walkusz
etal. 2004; Hop etal. 2006). Some, however, were
recorded in this area for the first time. The new zooplank-
ton taxa included: Stephos lamellatus, Aetideopsis rostrata,
Aetideus armatus, Anomalocera patersoni, Spinocalanus abys-
salis and Paracalanus parvus.

The zooplankton composition and abundance were
found to change with hydrographic conditions from
spring to autumn. The total zooplankton abundance

. Winter Cooled Water |:| Transformed Atlantic Water
B Adantic Water

90 100 Fig. 2 Hydrographical conditions along the

transect running from the open sea into
Kongsfjorden for three seasons; the positions
of the sampling stations are indicated above
the plots.

(ind. m™) in the spring was much lower than in the
summer and autumn. Also, the spatial distribution of
zooplankton showed a pronounced difference in patterns
for the three seasons (Fig. 4).

In spring, the highest total zooplankton density was
observed in the central part of the fjord, particularly at
station K1, reaching 2010 ind. m™. This was mainly a
result of the extremely high abundance of Cirripedia (bar-
nacle) nauplii. The abundance of the remaining taxa was

Polar Research s 2009 s—= © 2009 The Authors



W. Walkusz et al.

[a) 20

o
=

The zooplankton community in Kongsfjorden

| A

Bray-Curtis similarity
=]
=

=
=

fjord samples

wll [T

= - -~
|g E|E 5 |E|E i
wle viw v e ;m
=Tl Lo S o] SR

SJ/AL Summer/ Autumn
inner shelf & open sea
basin

Summer
fjord samples

Spring samples

(b)

Vé6_Sp

K10_Sp

K5 Sp
K3 Sp K2 Sp

Fig. 3 (a) Clustering dendrogram and (b) ordi- KO _Sp
nation plot illustrating the similarity between
stations from all three seasons in terms of
zooplankton composition. The shades of grey
indicate the final separation of samples
into aggregation groups. Abbreviations: A, Kl1_Sp

Stress: 0.05

autumn; S, summer; Sp, spring.

Table 2 Average percentage dissimilarity of zooplankton communities between groupings of stations obtained with the CLUSTER and MDS analyses.

Average dissimilarity (%) Spring

Summer/autumn shelf & open sea

Summer/autumn inner basin -~ Summer fjord  Autumn fjord

Summer/autumn shelf & opensea ~ 79.7 —

Summer/autumn inner basin 97.8 85.1
Summer fjord 93.5 60.0
Autumn fjord 93.9 66.0

59.4 — —
50.3 M7 —

highest at station K2, with 275 ind. m~, whereas at
station K1 it was only 192 ind. m~.

In summer and autumn, the highest abundance was
observed at station K5 (inner fjord basin), reaching
8270 and 10 560 ind. m~, respectively. The abundance
was lower in the central part of the fjord in both
seasons, and decreased further towards the shelf

stations.
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Only a few taxa occurred frequently and were rela-
tively abundant, comprising the vast part of the
zooplankton abundance from fjord to shelf (Table 5).
They included: C. finmarchicus, C. glacialis, M. longa,
Pseudocalanus spp., O. similis, Microcalanus spp., Triconia (=
Oncaea) borealis, Cirripedia nauplii and Echinodermata
larvae, and the detailed patterns of seasonal and spatial
variability are only discussed for these taxa.
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Table 3 Mean abundance (ab; ind. m~) and percentage contribution (%) of individual taxa to the zooplankton similarities in the obtained groupings,
calculated with similarity percentage (SIMPER) analysis. The values in bold indicate taxa accounting for approximately 90% of the similarity in each

grouping.
Summer/autumn Summer/autumn

Autumn fjord Summer fjord inner basin shelf & open sea Spring
Taxon ab % ab % ab % ab % ab %
Foraminifera 0.1 0.0 0.0 0.0 0.0 0.0 1.2 0.1 0.3 0.1
Aglantha digitale 0.8 0.0 0.5 0.0 1.9 0.0 1.5 0.2 0.0 0.0
Beroé cucumis 0.1 0.0 0.1 0.0 0.3 0.0 0.15 0.0 0.1 0.1
Polychaeta—larvae 0.5 0.0 1.9 0.0 1.6 0.0 0.4 0.0 0.3 0.1
Ostracoda 0.1 0.0 0.2 0.0 0.1 0.0 4.7 0.3 0.2 0.2
Cirripedia—Tlarvae 3.6 0.1 1.2 0.0 0.2 0.0 0.0 0.0 269.4 0.9
Acartia longiremis 4.0 0.1 1.8 0.1 36.4 0.4 0.8 0.0 0.1 0.0
Bradyidius similis 3.8 0.1 1.2 0.0 0.3 0.0 0.0 0.0 0.1 0.0
Calanus finmarchicus 87.7 2.4 145 5.0 183 1.3 118 19.8 12.8 13.5
Calanus glacialis 18.4 0.6 48.2 1.6 70.5 0.7 17.4 0.9 33 2.1
Calanus hyperboreus 9.6 0.3 12.5 0.4 20.7 0.2 0.9 0.1 0.0 0.1
Metridia longa 18.0 0.5 42.0 1.0 5.1 0.1 12.4 1.8 1.8 1.5
Microcalanus spp. 67.5 2.1 441 1.3 186 0.8 26.7 1.3 6.0 3.8
Oithona atlantica 373 1.1 29.8 1.0 60.6 0.6 13.9 1.2 0.5 0.5
Oithona similis 2494 80.0 1289 45.0 4946 64.7 455 62.5 62.5 56.7
Paraeuch. norvegica 0.1 0.0 0.1 0.0 0.0 0.0 1.2 0.1 0.0 0.0
Pseudocalanus spp. 124 4.0 188 5.4 1804 22.6 22.2 2.8 8.3 7.8
Triconia borealis 143 4.6 134 4.7 337 2.1 42.9 1.5 0.5 0.1
Calanoida nauplii 15.0 0.5 188 4.9 286 0.3 79.0 4.1 7.3 1.1
Harpacticoida n. det. 0.4 0.0 0.4 0.0 0.4 0.0 0.1 0.0 0.3 0.1
Themisto abyssorum 0.2 0.0 0.8 0.0 0.52 0.0 0.5 0.1 0.4 0.2
Thysanoessa longicaudata 0.0 0.0 0.0 0.0 0.51 0.0 0.4 0.1 0.1 0.1
Clione limacina 0.4 0.0 0.0 0.0 1.7 0.0 0.1 0.0 0.4 0.3
Limacina helicina 119 3.1 62.9 1.9 252 25 0.3 0.7 0.1 0.1
Bivalvia—larvae 9.2 0.2 21.7 0.7 491 3.3 6.5 0.7 0.0 0.0
Echinodermata larvae 5.8 0.2 800 24.5 637 0.5 7.9 0.1 0.0 0.0
Eukrohnia hamata 4.0 0.1 3.9 0.1 0.2 0.0 6.3 1.2 0.3 0.4
Sagitta elegans 0.7 0.0 1.7 0.1 5.2 0.1 0.1 0.0 0.4 0.2
Oikopleura spp. 2.0 0.0 1.7 0.0 0.1 0.0 45 0.2 0.1 0.1
Fritillaria borealis 4.1 0.1 85.0 2.2 70.1 0.1 11.6 0.1 0.2 0.0

Calanus finmarchicus

In spring, C. finmarchicus was barely present within the
fjord (<13 ind. m~? in the surface layer at K2), but occurred
in relatively high densities on the shelf (station V10) and
in the open sea (station V6) (Fig. 5). At these two outer
stations, the bulk of the C. finmarchicus population
was concentrated close to the surface, with 137 and
109 ind. m~ in the uppermost layers, respectively. The
population was predominated by adult females and males,
with a considerable share of copepodid stage V (Fig. 6).
In contrast to the situation in spring, C. finmarchicus was
much more abundant both outside and inside the fjord
during the summer and autumn. It was mostly concen-
trated in the surface layer, although relatively high
densities were also recorded in the deep layers in autumn.
Again, the highest abundances were recorded at station
V10, reaching 2490ind. m~® during summer and

1140 ind. m™® during autumn. In summer, C. finmarchicus
was also relatively abundant in the subsurface layer, with
the highest density observed at station K5 (461 ind. m™).
In autumn, part of the C. finmarchicus population had
descended to near the bottom (up to 251 ind. m~ in the
bottom layer at station KO). During the summer, the
population was composed of predominantly copepodid
stages I and II in the surface and subsurface layers at all
stations, except for station V6, whereas CVs occurred in
deeper layers. A more advanced developmental situation
in summer, with a high number of CIII, followed by CI and
CII, occurred at the outer station V6 (Fig. 7). In autumn,
the older stages CIV and CV predominated the open water
atall depths (Fig. 8). Inside the fjord, CV was the prevailing
stage in the bottom layer, whereas CII and CIII were still
the main stages in the surface layer. However, at station K5
(inner glacial bay), the most abundant copepodid stages in
the surface layer were III and IV.

Polar Research s 2009 s—= © 2009 The Authors
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Table 4 Taxa recorded during three seasons in Kongsfjorden, 2002.

Foraminifera

Hydrozoa (medusae):
Aglantha digitale (Muller, 1776)
Sarsia princeps (Haeckel, 1879)

Siphonophora:
Dimophyes arctica (Chun, 1897)

Ctenophora:
Beroé cucumis Fabricius, 1780
Mertensia ovum (Fabricius, 1780)
Nematoda
Polychaeta—larvae
Ostracoda

Cirripedia—larvae

Copepoda:

Acartia longiremis (Lilljeborg, 1853)

Aetideus armatus (Boeck, 1872)

Aetideopsis rostrata Sars, 1903

Anomalocera patersoni Templeton,

1837
Bradyidius similis (Sars, 1902)

Calanus finmarchicus (Gunnerus, 1756)

Calanus glacialis Jaschnov, 1955

Calanus hyperboreus (Krayer, 1838)

Centropages hamatus (Lilljeborg, 1853)

Chiridius obtusifrons Sars, 1902

Gaetanus brevispinus (Sars, 1900)
Gaetanus tenuispinus (Sars, 1900)
Heterorhabdus norvegicus (Boeck,

Stephos lamellatus Sars, 1902

Temora longicornis (Mller,
1792)

Triconia (Oncaea) borealis
(Sars, 1918)

Xantharus siedleckii Schulz
& Kwasniewski, 2004

Cyclopoida, not determined

Harpacticoida, not determined
Monstrilloida, not determined

Cladocera:
Evadne nordmanni Lovén, 1836
Podon leuckartii Sars, 1862

Isopoda
Cumacea
Tanaidacea

Amphipoda:
Themisto abyssorum Boeck,
1870
Themisto libellula (Lichtenstein,
1822)

Euphausiacea:
Thysanoessa inermis (Krayer,
1846)
Thysanoessa longicaudata
(Krayer, 1846)

Decapoda—TIarvae
Pteropoda:

Clione limacina (Phipps, 1774)
Limacina helicina Phipps, 1774

1872)
Metridia lucens Boeck, 1864 Limacina retroversa (Fleming,
1823)
Metridia longa (Lubbock, 1854)
Mesaiokeras spitsbergensis Schulz &
Kwasniewski, 2004
Microcalanus spp.
Neoscolecithrix farrani Smirnov, 1935
Oithona atlantica Farran, 1908
Oithona similis Claus, 1863
Paracalanus parvus Claus, 1863

Bivalvia—larvae

Bryozoa—larvae

Echinodermata—Iarvae

Paraeuchaeta barbata (Brady,1883) Chaetognatha:
Paraeuchaeta glacialis (Hansen, 1887) Eukrohnia hamata (Mobius,
1875)

Paraeuchaeta norvegica (Boeck, 1865) Sagitta elegans Verrill, 1873
Pseudocalanus acuspes (Giesbrecht,
1881)

Pseudocalanus minutus (Krayer, 1845)  Appendicularia:

Scaphocalanus brevicornis (Sars, 1900) Oikopleura spp.
Scolecithricella minor (Brady, 1883) Fritillaria borealis Lohmann,
1896

Spinocalanus abyssalis Giesbrecht, 1888
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Fig. 4 Total zooplankton abundance (ind. m=) at stations ranging from
the open sea (station V6) to inner Kongsfjorden (station K5) during three
seasons in 2002.

Calanus glacialis

In spring, C. glacialis was scarce at almost all of the stations
investigated (Fig. 9). At stations K5 (mean for the entire
90-m water column) and K2 (subsurface layer), the
abundance reached 11 and 12 ind. m~>, respectively.
Copepodid stage V prevailed in the glacial bay, whereas
adult females dominated at station K2 (Fig. 6).

A very different situation was observed during the
summer, when C. glacialis were concentrated in the
surface layer. The highest abundance of this copepod was
in the surface layer at station V10, situated outside of the
fjord (774 ind. m™), but this decreased considerably
further out into the open water (27 ind. m™ at station
V6). Within the fjord, the abundance in the surface layer
ranged from 124 ind. m™ (station K1) to 423 ind. m™
(K3), but was only 10-20% of this value deeper in the
water column. At the inner bay station K5, C. glacialis was
more evenly distributed in the water column, with
177 ind. m™ in the surface layer and 131 ind. m™ in the
layer below. Copepodid stage I was the most common
stage in the surface layers of the outer stations (V6 and
V10), as well as at the stations in the main fjord basin (KO
and K3), whereas stages CV and CIV were predominant
at the other fjord stations (K1, K2 and K5) (Fig. 7).

In autumn, C. glacialis occurred at much lower densi-
ties, and was mainly concentrated close to the bottom,
with the maximum abundance found in the glacial bay
(142 ind. m™). Copepodid stage V predominated in the
population (Fig. 8).

Calanus hyperboreus

In spring, C. hyperboreus was hardly present at any station
(Fig. 10). In summer, it was recorded in the highest
numbers inside the fjord (up to 58 ind. m™ at station K2),
where it was concentrated in the bottom layers. An
exception was the situation at the station K5, where C.
hyperboreus was relatively abundant (21-42 ind. m™) in
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Table 5 Relative abundance (%) of zooplankton taxa in Kongsfjorden during spring, summer and

autumn.

Spring

Taxon\station Vé V10 KO K1 K2 K3 K5
Calanus finmarchicus 55.22 47.24 2.45 0.23 3.99 1.72 8.73
Calanus glacialis 0.60 0.74 1.00 0.07 3.26 1.03 10.88
Calanus hyperboreus 0.09 0.00 0.03 0.00 0.00 0.05 0.06
Pseudocalanus spp. 1.79 2.33 8.37 0.79 5.33 3.79 12.34
Metridia longa 6.03 7.72 0.43 0.00 0.11 0.47 0.34
Oithona similis 5.68 28.91 31.67 2.85 70.87 80.45 49.43
Microcalanus spp. 1.78 0.21 1.48 0.27 8.10 8.76 5.21
Triconia (O.) borealis 0.00 0.00 0.24 0.00 0.00 0.06 2.64
Cirripedia nauplii 0.01 0.21 43.29 95.05 0.01 0.00 0.00
Echinodermata larvae 0.00 0.00 0.01 0.00 0.02 0.00 0.00
Others 28.80 12.62 11.05 0.74 8.32 3.67 10.37
Summer

Taxon\station Vo6 V10 KO K1 K2 K3 K5
Calanus finmarchicus 20.63 13.32 6.04 3.90 4.47 4.47 3.46
Calanus glacialis 0.61 4.10 1.72 1.33 1.59 1.57 1.21
Calanus hyperboreus 0.14 0.06 0.67 0.42 0.49 0.18 0.39
Pseudocalanus spp. 2.66 1.74 5.70 3.95 7.18 6.63 16.58
Metridia longa 1.57 1.24 3.65 0.93 1.25 0.40 0.06
Oithona similis 41.46 51.44 40.85 44.29 42.22 40.25 47.50
Microcalanus spp. 0.08 0.30 2.45 0.72 1.94 0.82 0.60
Triconia (O.) borealis 0.73 0.85 6.46 4.22 5.09 2.57 1.51
Cirripedia nauplii 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Echinodermata larvae 0.38 2.20 17.11 33.10 22.30 28.63 15.05
Others 31.74 24.75 15.34 7.14 13.48 14.50 13.64
Autumn

Taxon\station Vo6 V10 KO K1 K2 K3 K5
Calanus finmarchicus 14.68 10.17 4.09 2.42 2.44 2.04 0.77
Calanus glacialis 0.73 0.69 0.75 0.52 0.45 0.63 0.38
Calanus hyperboreus 0.23 0.04 0.43 0.27 0.26 0.26 0.09
Pseudocalanus spp. 5.14 1.31 3.23 4.15 3.72 4.55 21.18
Metridia longa 2.25 1.04 0.78 0.72 0.30 0.53 0.05
Oithona similis 45.95 68.13 74.34 77.72 81.42 79.45 56.50
Microcalanus spp. 8.51 3.61 2.65 1.87 1.88 2.09 3.06
Triconia (O.) borealis 17.13 1.43 3.92 5.56 418 4.42 5.20
Cirripedia nauplii 0.00 0.06 0.09 0.01 0.05 0.00 0.00
Echinodermata larvae 0.04 0.04 0.24 0.29 0.10 0.13 0.28
Others 5.36 13.48 9.48 6.46 5.19 5.90 12.49

the entire water column. It was scarce outside of the fjord
(stations V10 and V6). The bulk of the population con-
sisted of copepodid stage IV (Fig. 7).

In autumn, the distribution and age structure of C.
hyperboreus were very similar to those observed during
the summer. The densities of copepods in the bottom
layers were comparable with the summer values, but
there were fewer copepods in the upper layers. Unlike the
summer situation, C. hyperboreus was concentrated in the
deeper layers at station K5, rather than being more dis-
persed in the water column. In autumn, the prevailing
stage was still CIV (Fig. 8).

Pseudocalanus spp.
Because of the difficulties in identifying the two
Pseudocalanus species for all copepodid stages during
routine sample examination, the description of the sea-
sonal and spatial distribution of these copepods was only
carried out to the generic level.

In spring, Pseudocalanus was rarely present at the outer
stations (Fig. 11). Within the fjord, representatives of
this genus were relatively abundant in the surface layer
at station KO (79 ind. m™), but were less abundant
(<27 ind. m™) at the other stations. During spring, the

Polar Research s 2009 s—= © 2009 The Authors
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Fig. 5 Seasonal changes of Calanus finmarchi- 0 10
cus abundance (white rectangles; ind. m=)
along the transect running from the open sea
into Kongsfjorden. Note that there is a different
abundance scale for each season.

Pseudocalanus population was mainly composed of
copepodid stages III-V (Fig. 6).

In summer, the abundance of Pseudocalanus was gener-
ally much higher, and it increased from the shelf into the
fjord. Individuals of Pseudocalanus were concentrated pre-
dominantly in the surface and subsurface layers, reaching
the highest abundances in the glacier bay (2500 and
2100 ind. m™?, respectively). The age structure was differ-
ent from that observed in the spring, as the younger
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stages (CI-CII) were the most abundant, although CV
prevailed in the deep and bottom layers (Fig. 7).

In autumn, the bulk of Pseudocalanus were concen-
trated in the bottom layers, although part of the
population remained closer to the surface. Again, the
highest concentrations were recorded at station KS5,
with 1040 ind. m™ in the surface layer, and up to
5560 ind. m~ in the deep layer. In the central part of the
fjord, the abundance of Pseudocalanus in the deep layers
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spp. and (e) Metridia longa.
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Fig. 7 Copepodid stage composition along the transect running from the open sea into Kongsfjorden in summer. (a) Calanus finmarchicus, (b) Calanus glacialis, (c) Calanus hyperboreus, (d) Pseudocalanus

spp. and (e) Metridia longa.
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Fig. 8 Copepodid stage composition along the transect running from the open sea into Kongsfjorden in autumn. (a) Calanus finmarchicus, (b) Calanus glacialis, (c) Calanus hyperboreus, (d) Pseudocalanus

spp. and (e) Metridia longa.
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Fig. 9 Seasonal changes of Calanus glacialis 0 10
abundance (white rectangles; ind. m=) along
the transect running from the open sea into
Kongsfjorden. Note that there is a different
abundance scale for each season.

did not exceed 345 ind. m~ (K2). At stations V10 and K2,
there were even less Pseudocalanus in the surface layer
(11 and 237 ind. m™?, respectively). The most abundant
stages in autumn were CII and CIV, followed by CV,
although some CI and CII were still present near the
surface (Fig. 8).

On a routine basis it was only possible to identify
Pseudocalanus specimens to species level for adult
(copepodid VI) females. The results of this examination
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show that most females in spring were Pseudocalanus
minutus, whereas females of Pseudocalanus acuspes pre-
vailed at all stations during summer and autumn, except
for station K5 in summer.

Metridia longa
Similarly to the other copepods, M. longa was scarce in

spring within the fjord, as well as over the shelf and in
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open water (Fig.12). The highest abundance of this
species was recorded in the surface layer at station V10
(12 ind. m™). The main copepodids present in spring
were adult females, comprising 60% of the entire popu-
lation (Fig. 6).

In summer, M. longa vanished from the surface, and its
abundance increased mainly in the deeper parts of the
water column, with 50-80 ind. m™. The species had the
highest abundance in the deep parts of the outer basin

14

. Winter Cooled Water Transformed Atlantic Water
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Fig. 10 Seasonal changes of Calanus hyper-
boreus abundance (white rectangles; ind. m=)
along the transect running from the open sea
into Kongsfjorden. Note that there is a different
abundance scale for each season.

(station KO, with 275 ind. m~). The population consisted
mostly of younger copepodid stages (I-1II), with stage II
prevailing (Fig. 7).

In autumn, M. longa was still less abundant outside of
the fjord (with a maximum of 20-40 ind. m™ at V10)
than in the main basin (55 and 47 ind. m™ at KO, in the
bottom and deep layers, respectively), and was mainly
present close to the bottom. The predominant stages were
CV and adult females outside the fjord, and CIV and CV in

Polar Research s 2009 s—= © 2009 The Authors
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Fig. 11 Seasonal changes of Pseudocalanus 0
spp. abundance (white rectangles; ind. m=)
along the transect running from the open sea
into Kongsfjorden. Note that there is a different
abundance scale in each season.

10

Kongsfjorden (Fig. 8). Metridia longa was never very
abundant in the inner basin, with a maximum of
20 ind. m~ in summer.

Oithona similis

Oithona similis was certainly the most numerous copepod
species in this study. In spring, it prevailed in the upper
layers of the water column, and reached 348 ind. m~ in
the surface layer at station K3, and was nearly as abun-
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dant (266 ind. m~) in the subsurface layer at station K2
(Fig. 13). It was, however, less abundant in the open sea
(11 ind. m™ at station V6) and the glacial bay (50 ind. m™
at station K5).

In summer, O. similis was more abundant than during
the spring in the entire water column, with the highest
densities in surface and subsurface layers. The highest
abundance of the species was recorded in the surface
layer at station K3 (10 560 ind. m™), and it was also
numerous at station K2 (6860 ind. m™). Its lowest abun-
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dance in the surface waters was recorded at station V6
(1810 ind. m™?). The abundance of O. similis was also high
at station K5, with 7630 and 5850 ind. m in the surface
and subsurface layers, respectively. The species clearly
avoided deep and bottom waters, as the highest abun-
dance in these layers was only 296 ind. m™, at station K5.

The abundance of O. similis in autumn was higher than
in the two previous seasons. The species was still the most

16
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Fig. 12 Seasonal changes of Metridia longa
abundance (white rectangles; ind. m=) along
the transect running from the open sea into
Kongsfjorden.

abundant in the surface and subsurface layers of the main
fjord. Oithona similis reached the highest density recorded
in this study (20 040 ind. m™) in the surface layer at
station K2, although it was also abundant at stations K1
and K3, with 15 720 and 14 940 ind. m™, respectively.
Similarly to other seasons, the abundance decreased
towards the bottom, and the highest value in deep waters
was only 3910 ind. m™?, in the bottom layer at station K5.
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Fig. 13 Seasonal changes of Oithona similis 0 10
abundance (white rectangles; ind. m=) along
the transect running from the open sea into
Kongsfjorden. Note that there is a different
abundance scale for each season.

Microcalanus spp.

Microcalanus (including Microcalanus pusillus and Microcala-
nus pygmaeus) occurred in very low numbers during
spring at all stations, except for stations K2 (36 ind. m
within the subsurface layer) and K3 (49 ind. m~ within
the middle layer) (Fig. 14). These copepods became more
abundant in summer, mainly in the middle layer at
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stations KO (125 ind. m™) and K2 (139 ind. m™®). The
Microcalanus abundance increased further in the autumn,
particularly at the glacial bay station K5, where it reached
563 and 290 ind. m~ in the surface and subsurface layers,
respectively. The abundance was also high in surface and
subsurface layers at station K3 (166 ind. m™ in each).
Towards the open sea, Microcalanus was more numerous
in the deeper parts of the water column.
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Triconia borealis

In spring, T. borealis was present in low numbers at all
stations (maximum 3 ind. m~ at station K5) (Fig. 15). In
summer, its abundance increased both in the surface and
bottom layers. The highest densities of this copepod in
the bottom layer were recorded at stations KO and K2
(371 and 560 ind. m~, respectively), whereas the highest
densities in the surface layers were at stations K2 and K5
(200 and 226 ind. m~, respectively).
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Fig. 14 Seasonal changes of Microcalanus
spp. abundance (white rectangles; ind. m=)
along the transect running from the open sea
into Kongsfjorden.

In autumn, T. borealis swarmed in the deeper layers,
and reached 1240 ind. m~® at station K5 and 391-
589 ind. m~ at the other stations within the fjord.

Cirripedia nauplii

The naupliar stages of Cirripedia stay in the water column
for a very short period before they become cyprids, and
settle at the bottom. Mass appearances of this organism
were recorded during the spring, although their distribu-
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Fig. 15 Seasonal changes of Triconia borealis 0 10
abundance (white rectangles; ind. m=) along
the transect running from the open sea into
Kongsfjorden. Note that there is a different
abundance scale for each season.

tion was very patchy. Barnacle nauplii were particularly
abundant at station KO (456 ind. m~>, in the surface
layer), and at nearby station K1 (3870 ind. m~, in the
middle layer). Such high densities were not found else-
where, either in summer or in autumn.

Echinodermata larvae

The greatest abundance of Echinodermata larvae was
recorded at the main fjord stations in summer. Their
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densities reached the highest values in the surface layer
at stations K3 and K2, with 11 670 and 10 560 ind. m~,
respectively. Echinodermata larvae had a very patchy dis-
tribution, and did not play a role in other seasons.

Statistical analysis

Redundancy analysis (RDA) explained 38% of the vari-
ance of the species—environment relationship in spring,
but no significant correlation between the variability in
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Table 6 Marginal and conditional effects obtained from the forward
selection of environmental variables. A, is a fit with an eigenvalue based
on a single variable only, whereas A4 is an additional fit with an increase in
the eigenvalue, p is the significance level obtained with a Monte Carlo
simulation using 499 unrestricted permutations.

Marginal Conditional
Environmental variable effects A effects A p-value
Spring
Salinity 0.21 0.21 0.006
Depth layer 0.20 0.13 0.020
Temperature 0.17 0.02 0.700
Bottom depth 0.05 0.02 0.624
Summer
Depth layer 0.43 0.43 0.002
Salinity 0.35 0.13 0.002
Bottom depth 0.17 0.06 0.140
Temperature 0.12 0.02 0.002
Autumn
Salinity 0.30 0.30 0.002
Temperature 0.16 0.16 0.002
Depth layer 0.20 0.06 0.002
Bottom depth 0.07 0.02 0.424

zooplankton abundance and both the temperature and
the depth at stations was found (Table 6, Fig. 16). There
was, however, a statistically significant correlation
between zooplankton and salinity, and also for particular
depth layers. The first and second canonical axes
explained 71 and 21% of the species—environment
relationship, respectively. In spring, Eukrohnia hamata,
M. longa, C. finmarchicus, Themisto abyssorum and Oikopleura
were positively correlated with salinity, temperature and
bottom depth. Ostracoda, Paraeuchaeta norvegica, Bradyidius
similis and C. hyperboreus were positively correlated with a
particular depth layer. Most of the taxa, however, were
negatively correlated with all environmental variables.

The RDA analysis of summer zooplankton showed that
43% of zooplankton variability could be explained by
variability in the depth layer (sampling depth), whereas
35% could be explained by salinity changes. All of the
variables used in the model explained 65% of the
observed zooplankton variability. Temperature also cor-
related significantly with zooplankton abundance. The
first and second canonical axes explained 83 and 12% of
the species—environment relationship, respectively. In
summer, M. longa was positively correlated with a par-
ticular depth layer, whereas Ostracoda and E. hamata were
positively correlated with salinity. Aglantha digitale, Oiko-
pleura, Thysanoessa longicaudata and also C. finmarchicus
were positively correlated with salinity.

The RDA of zooplankton collected in autumn revealed
significantly positive correlations with temperature, salin-
ity and depth layer, whereas the bottom depth correlation
was not significant. The first and second canonical axes

20

W. Walkusz et al.

(a) o< Temperature
=
Salingty
o«
< Laye
1.0
b = :
€ oy
Micro
. Triconia
i Cliame ifl‘
M. Jon Ntk {1
B. sim :
L : L glac
Lave ; Preddoc
O, il Acarti
L 3
o w2 sim
"""""""""" =T i PEchithoderm
HarPp oty .E;'r,r'rﬁ"," "
et » v
"'"I""T-"U.ﬁms‘ r " Lﬁ?f
E. ham
Par n = lon
Bottom
<
3 Temperature
-1.0 1.0
(©) = :
c o€ 22 im
. x’ff E"%t‘k\&%‘rﬂ I(.me
1 l.wjmu'a
'C'ﬂom
PRy
ég.fﬂntr‘m ¥ “mi%,&” ¢
wi. il

w Brvazog, Biv vel
T A 5 B

S fih s, ~Harpac  Naupliy

‘MMT‘E|ME *Echinpderm

T
ha Temora * Frinit
nam
Oikap! ot an
<
! |1.|||11ua‘|ll'l|.
-1.0 1.0
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explained 61 and 31% of the species—environment rela-
tionship, respectively. Among many taxa positively
correlated with depth layer were C. glacialis, C. hyperboreus
and T. borealis, whereas C. finmarchicus, Oithona altantica
and Oikopleura revealed a positive correlation with
temperature. Ostracoda and P. norvegica were positively
correlated with bottom depth, whereas T. borealis, C. gla-
cialis and Pseudocalanus spp. were negatively correlated
with temperature.

Discussion

Oceanography

In spring, the temperature and salinity distributions in
the fjord were virtually homogeneous, and the entire
fjord was filled with winter cooled water (WCW) (Svend-
sen et al. 2002; Cottier et al. 2005). The water column
was weakly stratified over the shelf, and a distinct frontal
zone formed over the shelf edge. The fjord waters were
generally separated from the AW of the WSC, although
some eastbound intrusions of AW across the front were
noticeable.

During the summer, the oceanography of the fjord
underwent rapid and considerable change. As a conse-
quence of seasonal warming, the front weakened, and
TAW penetrated into the fjord. Within the fjord, less
saline and colder surface water (SW) was present, as a
result of glaciers melting and land run-off (Cottier et al.
2005). This layer was the thickest in the glacial bay, and
spread out onto the shelf nearly to station V10. In the
deeper parts of the fjord, colder and more saline WCW
was still present, as a remnant of the winter conditions.
In addition, two other distinct water masses could be
recognized in the fjord: intermediate water (IW) and
local water (LW) (Cottier et al. 2005). All of the afore-
mentioned water masses contributed to the greatly
pronounced, but complicated, stratification of the water
column in the fjord and over the shelf. The summer
situation suggested an unobstructed exchange of water
masses between the open sea, the shelf and the fjord
itself, and hence the possibility of increased advection of
zooplankton into the fjord. The general circulation
pattern of Kongsfjorden assumes that water from the
shelf enters the fjord along its southern coast, circulates
inside the fjord, and flows out along the northern coast
(Basedow et al. 2004; Cottier et al. 2005).

In autumn, the layer of SW was most likely thickened
as a result of stronger glacier outflow, whereas the
volume of cold water in the deeper part of the fjord
decreased. The general stratification pattern observed in
summer persisted, which suggested that the exchange of
water masses between the fjord and the adjacent shelf
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was not limited by a hydrographic barrier, and showed
that the zooplankton community in the fjord could be
affected by advection of zooplankton into and out of
the fjord.

Observations in Kongsfjorden in 2002, by means of
sediment traps and CTD loggers on a single-point
mooring in the outer part of the fjord, showed that the
changes in water characteristics and associated zooplank-
ton composition can be an abrupt process (Willis et al.
2006), but the dynamics of this process still needs to be
investigated.

Zooplankton

The RDA analysis confirmed that there are three factors
that play a significant role in the shaping of the zoop-
lankton community: salinity and depth layer in spring,
with temperature playing an additional role in summer
and autumn. Piwosz et al. (2008) showed that the phy-
toplankton biomass and primary productivity decrease
towards the inner fjord, as a result of light limitation
(resulting from an increase in suspended sediments),
which supports our understanding that the presence of a
front has a substantial influence on the advection of
zooplankton in Kongsfjorden.

The MDS and CLUSTER analyses revealed some differ-
ences between spring, summer and autumn in terms of
zooplankton composition and abundance. The zooplank-
ton community from the region studied underwent a
change from low total abundance in spring to high den-
sities in summer and autumn, similarly to the seasonal
pattern in zooplankton abundance in other Arctic marine
ecosystems (Hassel 1986; Weslawski et al. 1988; Falk-
Petersen et al. 1990; Weslawski, Jankowski et al. 1991).
After a winter period of diapause, or reduced activity,
the majority of zooplankters start to feed on the spring
phytoplankton bloom, and commence reproduction.

The spring zooplankton grouping was characterized
by a high proportion of O. similis, C. finmarchicus and
Copepoda nauplii. Also, mass appearances of Cirripedia
nauplii and other meroplanktonic larvae (mainly Poly-
chaeta) were observed. The recorded densities of
meroplankton were high compared with those previously
found in other Arctic localities, e.g., in Hornsund
(maximum 300 ind. m~; Weslawski et al. 1988) or in
the White Sea (maximum 728 ind. m~>; Oshurkov et al.
1982). Such high Cirripedia nauplii abundance in Kongs-
fjorden could be explained by the presence of large areas
of hard bottom in the nearshore areas of the middle to
outer fjord, particularly at the fjord entrance (Jorgensen
& Gulliksen 2001; Kaczmarek et al. 2005).

Oithona similis was the most numerous species through-
out the study, and had the greatest impact on the
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zooplankton similarities among seasons and stations.
Gallienne & Robins (2001) considered O. similis to be the
most abundant and ubiquitous species in the oceans of
the world, whereas Fransz & Gonzalez (1995) described
0. similis as a eurythermal, euryhaline, omnivorous
species, which is adapted to a wide range of habitats.
Oithona similis was the most numerous zooplankton
species in previous studies from the fjord and adjacent sea
(e.g., Hop et al. 2002; Walkusz et al. 2003), as well as
elsewhere in the Arctic (Pavshtiks 1980; Auel & Hagen
2002; Blachowiak-Samolyk et al. 2006).

Calanus finmarchicus, which was also found in abundant
quantities in the open sea/shelf and main fjord basin in
summer, is an indicative species for Atlantic-derived
waters (Hirche & Mumm 1992; Kwasniewski et al. 2003).
The WSC is regarded as the main transporting medium of
this species from the Norwegian Sea to Svalbard waters
(Aksnes & Blindheim 1996; Scott et al. 2000; Hop et al.
2002; Karnovsky et al. 2003; Basedow et al. 2004). The
densities of C. finmarchicus within the fjord during spring
were relatively low in relation to summer and autumn,
which suggests that the overwintering population in
Kongsfjorden is supported by individuals from the WSC.
The advection of water masses and zooplankton, which is
limited during spring, possibly occurs later in the year,
after the disappearance of the hydrographical barrier
(Cottier et al. 2005; Willis et al. 2006). The number of
adult females present during spring (3 ind. m~) would
certainly not be sufficient for maintaining the local
population.

Assuming that females spawn under ideal environmen-
tal conditions (i.e. with enough food being available and
in an optimal temperature range) they would be able to
lay as many as 1470 eggs m™> (24.5 eggs female™ day™,
and spawning extends for 20 days; Niehoff et al. 1999).
Hirche (1990), however, suggested that an individual
female might only lay a total of 200 eggs in cold Arctic
water (600 eggs m~ in our case). If we consider natural
mortality (either resulting from physiological processes
or environmental variability) and predation risk, which
together may account for a loss of up to 2.4% per day
(Bagoien et al. 2001), a low number of individuals would
survive from April to July. If we also take into consider-
ation that C. finmarchicus develops into older stages more
slowly at low temperatures (Hansen et al. 2003), it seems
unlikely that a local population could be maintained
without advection of individuals.

During summer and autumn, the highest total zoop-
lankton abundance was in the inner glacial bay (in the
summer/autumn inner-basin grouping), which differed
from the situation in previous years, when a higher zoop-
lankton abundance was found in the central part of the
fjord (Hop et al. 2002). We think that such a situation is
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the result of strong and unrestrained advection from the
shelf into the main fjord, and then further past the sill
into the relatively shallow (>90 m) inner bay. Zooplank-
ton probably becomes entrapped in the inner bay as a
result of the circulation pattern, and because of unfavour-
able water conditions in both the bottom layer (WCW)
and surface layer, where fresh water from glacier and
river run-off prevails (Weslawski et al. 2000; Cottier et al.
2005). However, these harsh conditions do not seem to be
a problem for taxa that are adapted to low salinity (e.g.,
0. similis) or low temperature (e.g., Pseudocalanus spp.).

The seasonal variability of O. similis abundance, with
low densities in spring, and a gradual increase in summer
and autumn, has been previously reported in Kongs-
fjorden (Lischka & Hagen 2005). This is most likely to
result from an extended spawning season (Ashjian et al.
2003), with peaks during May-September (Lischka &
Hagen 2005). Our data from spring was from April, well
in advance of the reproductive period. Spring reproduc-
tion resulted in an enhanced abundance during summer,
whereas the highest abundance of O. similis in autumn
was the result of a second mass spawning. Characteristic
conditions such as the co-occurrence of different water
masses with the presence of steep environmental
gradients, and the local circulation pattern, make
Kongsfjorden a favourable ecosystem for O. similis. The
abundances of 0. similis observed in our study were in the
same range as those reported by Lischka & Hagen (2005),
although our sampling net (0.180-mm mesh) was coarser
than Lischka & Hagen’s (0.100-mm mesh), and hence we
may have missed some of the population. Thus, it seems
justified to assume that there were more O. similis in 2002
compared with previous studies, although we cannot
back-calculate the total abundance because of this lack of
the smallest fraction.

The densities of Pseudocalanus spp. recorded in our
study exceeded those found in Kongsfjorden by Lischka
& Hagen (2005), and we think that two reasons for this
should be considered. The first explanation could be that
the interannual variability and increasing abundance of
small taxa (O. similis and Pseudocalanus spp.) observed in
Kongsfjorden, between 1996 and 2002, result from an
intensified Atlantic influence on the system (Hop at al.
2006; Willis et al. 2006). The second explanation is that
zooplankton advected into the relatively shallow basin of
the glacial bay become entrapped, and glacial run-off
limits the feeding habitat (Weslawski et al. 2000). Our
finding of a higher abundance of Pseudocalanus spp. in
autumn agrees with the results of earlier studies from this
region, which describe autumn as the period when the
representatives of this genus attain their peak abundances
in relation to life cycle dynamics (e.g., Lischka & Hagen,
2005).
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Another taxon that was abundant in the glacial bay in
summer and autumn was Microcalanus spp., which con-
sists of two species: M. pygmaeus and M. pusillus (Walkusz
et al. 2003). These two species were treated together in
this study. The taxonomy of this genus is still a matter
of debate, and sampling was performed with a mesh
that was too coarse to accurately sample the develop-
mental stages of both species. Recent studies suggest
that M. pygmaeus is most often found in samples from
high latitudes (Weslawski, Kwasniewski etal. 1991;
Mumm 1993; Kosobokova et al. 1998; Kosobokova &
Hirche 2000; Auel & Hagen 2002; Ashjian et al. 2003),
whereas M. pusillus is recorded in more Boreal localities
(Barthel etal. 1995), and was considered by @stvedt
(1955) and Wiborg (1955) to be characteristic of the
Atlantic fauna.

Microcalanus spp. undergo seasonal migrations to
greater depths during the early summer (Head et al.
2003). In Kongsfjorden and the adjacent shelf, Microcala-
nus spp. avoided the surface and subsurface layers
during spring and summer, and were instead found in
the deeper parts of the water column, in agreement
with the results of previous observations from the Nor-
wegian Sea (@stvedt 1955; Wiborg 1955). Other studies
have shown that Microcalanus spp. are generally limited
to the upper 50 m of the water column (Kosobokova
1980; Grainger 1989; Kosobokova & Hirche 2000;
Ashijan etal. 2003). Such a situation occurred in
Kongstjorden during autumn, when Microcalanus spp.
were concentrated in the upper water layers close to the
glaciers. This could result from a preference of this
species for colder water (Head et al. 2003). In the layer
where Microcalanus was abundant, the temperature
ranged between 3.0 and 4.0°C, whereas it was higher
(5.5-6.0°C) in the water layers below. Another factor
that should be responsible for high abundances in the
inner bay is the mechanical concentration of plankton
by circulating currents, a phenomenon that has been
reported previously in Kongsfjorden (Weslawski et al.
2000; Zajaczkowski & Legezynska 2001).

The zooplankton observed in the main fjord in summer
(summer fjord grouping) and autumn (autumn fjord
grouping) were the most similar, characterized not only
by a high abundance of O. similis, but also by the major
contributions of C. finmarchicus, Pseudocalanus spp. and
T. borealis. Echinodermata larvae played an important role
during the summer.

The distribution of C. finmarchicus in the fjord is influ-
enced by several biological and physical factors. It has
been shown, for example, that Calanus species form stage-
specific aggregations (Kwasniewski et al. 2003). Because
of their different depth distributions and separate circu-
lation patterns at different depths, individuals can be
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transported within the fjord along different pathways
(Basedow et al. 2004). The high abundance of C. finmar-
chicus towards the end of the main basin (particularly at
station K3) in summer could result from an eddy forma-
tion, as has been determined from models (Ingvaldsen
et al. 2001). The aggregation of the species in the surface
layers was also observed by Basedow et al. (2004). The
decreasing abundance of C. finmarchicus towards autumn
could be the effect of population mortality, but could also
partly result from unbalanced advection (with a prevail-
ing outflow over the inflow). In autumn, when there was
stronger freshwater run-off, the inflow into the fjord
most likely took place within subsurface layers, which are
void of C. finmarchicus individuals, whereas the outflow
was in surface layers still occupied by some of the popu-
lation. There were also differences in population stage
composition between the shelf and fjord stations, and the
population in the fjord was usually delayed compared
with the WSC population. Because C. finmarchicus is a
Boreal species, we postulate that the delayed seasonal
increase of temperature, and the generally lower tem-
perature, resulting from the local cooling in the fjord,
could be responsible for the differences in population
demography. In addition, different food quality outside its
original habitat (WSC) or competition from sibling species
could play a role.

It has been found that T. (= Oncaea) borealis prefers
greater depths in the Norwegian Sea (@stvedt 1955), as
well as in the Arctic Ocean (Auel & Hagen 2002). The
species was only observed at shallower levels in the water
column in May and June, at the beginning of a period of
increased abundance that lasted throughout the second
part of the year (@stvedt 1955).

We postulate that the seasonal changes in the abun-
dance of T. borealis in Kongstjorden (i.e., very low
abundance in spring, and increased abundance during
summer and autumn) generally mimics the seasonal
abundance pattern described for the Norwegian Sea. As
an open-sea/deep-water species, T. borealis is most likely
to be an expatriate in Kongsfjorden, and its abundance
will largely depend on advection. The source of T. borealis
for Kongsfjorden is presumably the WSC, which has also
been found to be the main source of the species in the
nearby area of the Nansen Basin, Arctic Ocean (Auel &
Hagen 2002). Because no advection took place in Kongs-
fjorden prior to summer in 2002 (Cottier et al. 2005; this
study), the stock of T. borealis remained at a low level of
abundance.

The zooplankton species of the open sea and the shelf
were clustered together, with high percentages of O.
similis, C. finmarchicus and Pseudocalanus spp., as well as of
M. Ilonga. The seasonality in the abundance of M. longa
confirmed observations in studies from the Arctic Ocean
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(Minoda 1967), Baffin Bay (North Water Polynya;
Ringuette et al. 2002) and Norwegian fjords (Greonvik &
Hopkins 1984). In our study, M. longa was abundant in
the deeper parts of the water column, which is consistent
with previous observations in Kongsfjorden (Hop et al.
2002), Hornsund (Walkusz 2006) and the Barents Sea
(Blachowiak-Samolyk et al. 2006). In our study, this is
also confirmed by a positive correlation between the
abundance of M. longa and its occurrence in a particular
water depth layer. As it is considered to be an Arctic
species (Beaugrand et al. 2002), its migration to greater
depths, in our case, is likely to be a strategy to avoid the
relatively warm TAW. The presence of M. longa in deeper
parts of the water column could also be related to depth
segregation, which reduces competition (Geynrikh et al.
1983; Falkenhaug et al. 1997; Kosobokova et al. 1998;
Mumm et al. 1998), as well as predation by pelagic preda-
tors such as polar cod (Boreogadus saida) (Joensen 2008).
The age structure observed during this survey was typical
for M. longa, with mature individuals prevailing during
spring (Geynrikh et al. 1983), younger stages (CI-CIII)
being abundant in summer and older stages being abun-
dant in autumn (Minoda 1967).

Another species that occurred in summer in high abun-
dance on the shelf was the Arctic C. glacialis. The source
area for the Arctic water masses is the northern Barents
Sea, and the water masses are transported from there to
the shelf off western Spitsbergen via Storfjorden, first as
the Serkapp Current, and later as the northward flowing
coastal current (Cottier et al. 2006). Little information is
available on the possible influence of this coastal current
on the oceanography of the west Spitsbergen coast (Salo-
ranta & Svendsen 2001), but it has been shown to be
important for marine biota in this region, particularly the
little auk (Alle alle) (Karnovsky et al. 2003).

Similarly to the other zooplankters, C. glacialis had a
low abundance in spring, and a much higher abundance
in summer and autumn. Usually, the highest abundance
of this species was found within Kongsfjorden, whereas
the abundances were much lower on the shelf and at
the station in the WSC, similar to earlier observations
(Basedow et al. 2004). An exception was the high abun-
dance recorded during summer in the surface layers at
the shelf station V10. This station was in an area poten-
tially influenced by the coastal current, although the
water masses in the vicinity of V10 did not show signa-
tures of the Arctic or shelf waters in our study. The Arctic
water mass in this part of the coastal current probably
loses its signature because of solar radiation or heat
exchange with the atmosphere, and because of mixing
with adjacent water masses from fjords and the WSC.
Arctic water from the Barents Sea is probably present on
the shelf as intrusions rather than continuous layers,
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especially at a distance from the source region (Saloranta
& Svendsen 2001).

The oceanography and bathymetry on the shelf west
of Spitsbergen acts in favour of cross-front exchange
towards the coast (i.e., the transport of Atlantic water
onto the shelf), but reversed exchange (the transport of
Arctic or shelf water offshore) is also possible (Saloranta
& Svendsen 2001), thereby creating mechanisms for
advection of zooplankton from fjords and coastal waters
offshore. The high abundance of C. glacialis at station V10
resulted from a high number of younger copepodid
stages, particularly stage 1. In Arctic waters, C. glacialis
typically has a two-year life cycle (Tande et al. 1985; Scott
etal. 2000): it is usually represented in a particular
location and time by two generations (Kosobokova et al.
1998; Arashkievich et al. 2002; Kwasniewski et al. 2003;
Thor et al. 2005). However, a mixed one-/two-year cycle
(Slagstad & Tande 1990; Arnkvaern et al. 2005), or even
a yearly cycle (Smith 1990; Scott et al. 2000), have been
reported. Earlier observations from Spitsbergen in July
showed that the generation of that year had already
developed to CII and CII (Kwasniewski etal. 2003).
Arashkievich et al. (2002) reported the presence of CI of
C. glacialis in the northern Barents Sea in July, and this
stage also peaked in western Greenland (Disko Bay) in
July (Madsen et al. 2001). Late reproduction has also
been reported from eastern Canadian waters (Grainger
1963). The likely explanation for the observed situation is
that reproduction was delayed in the year of our study,
and that the CI specimens, which were predominant at
station V10, as well as at some stations in Kongsfjorden,
were the offspring of late-spawning females.

The distribution of C. glacialis inside Kongsfjorden was
more typical, and can be understood in the context of the
species biology and interaction with the oceanographic
conditions. As an Arctic shelf species, C. glacialis tends to
avoid warmer waters, and does not usually tolerate the
temperatures found near the surface in late summer
and autumn (Kosobokova 1999), especially at the older
copepodid stages IV-VI. Younger stages might be more
resistant to higher temperatures (and lower salinities),
and may also benefit from better feeding conditions in the
surface waters (Madsen et al. 2001; Kwasniewski et al.
2003). This might explain their presence in the surface
layers, and the positive correlation between the abun-
dance of C. glacialis and temperature revealed by RDA.
Young stages are also less likely to be vulnerable to visual
predators because of their smaller size and lesser pig-
mentation (Hays et al. 2001). The concentration of older
stages in deeper waters during summer and autumn may
be explained by their preference for lower temperatures,
and their life cycle, which includes a descent to bottom
layers for overwintering.
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Some of the zooplankton taxa collected in this study
had not been recorded previously in the Svalbard fjords
(Stott 1936; Digby 1961; Koszteyn & Kwasniewski 1989;
Kwasniewski 1990; Hop et al. 2002; Kwasniewski et al.
2003; Walkusz et al. 2003; Walkusz et al. 2004; Hop et al.
2006). Our study included sampling outside of the fjord,
where the zooplankton community over the shelf is
supplemented with deepwater species such as Aetideopsis
rostrata, or species of the genus Spinocalanus (@stvedt
1955; Richter 1994; Hop et al. 2006). Anomalocera pater-
soni and P. parvus prefer warm water, and have been
recorded at station M in the Norwegian Sea (@stvedt
1955). Aetideus armatus and S. lamellatus belong to hyper-
benthic copepods (Boxshall & Halsey 2004), and are
known from bottom layers in Norwegian fjords (Sars
1902). The presence of new taxa in our samples could
also be the result of more intensive Atlantic influx,
which greatly influenced the waters of Svalbard in 2002
(Berge et al. 2005).

Conclusions

Seasonal observations of ecosystem dynamics in
Kongsfjorden revealed that a strong front was observed in
spring between the open sea and the fjord waters: it
effectively prevented water mass exchange. This front
dissolved before the summer, and advection of Atlantic
water became a dominating factor in the shaping of
the zooplankton community. Zooplankton, in general,
followed water mass dynamics, with distinct differences
from spring to autumn. The total zooplankton abundance
during spring was much lower than in summer and
autumn. In spring, the higher densities of zooplankton
were observed in the outer part of the fjord, whereas later
in the course of the year the total zooplankton abundance
was highest in the glacial bay. Abundances of particular
zooplankton taxa were also much higher in summer
and autumn compared with spring. Small zooplankters
(0. similis, Pseudocalanus spp., T. borealis) displayed the
most pronounced density increase from spring to
autumn, particularly at the inner part of the fjord, most
likely as a result of the local circulation pattern within
the fjord.

A few taxa (S. lamellatus, A. rostrata, A. armatus, A.
patersoni, S. abyssalis and P. parvus) were recorded in
Svalbard waters for the first time, but we think this
was because of either more extensive sampling conducted
throughout 2002 or more extensive Atlantic influx in
that particular year.

We found that the following factors played an impor-
tant role in shaping the zooplankton community: the
presence of a local front, advection, the circulation
pattern observed in the fjord and bottom topography.
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