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Large versus small zooplankton in relation to temperature in the Arctic shelf
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ABSTRACT

Climate change results in the alteration of the size structure of plankton, which consequently
may affect higher trophic levels, such as planktivorous seabirds. In this study Laser Optical
Plankton Counter measurements were performed over seven summer seasons (2010-2016) to
test the ratio of large versus small zooplankton in relation to environmental conditions.
Investigated transects were repeated during the same time of the year (July/August) in
different zones of the West Spitsbergen Shelf crossing the Arctic front. The plankton particles
were grouped into two size fractions: “Calanus”, potentially consisting of a majority of the
high-energetic, older life stages of the preferred prey for little auk (Alle alle) and the “small”
fraction including less preferred items. The vertical availability of the Calanus fraction was
tested on the background of usually abundant smaller zooplankton, which may hinder the
detection of larger zooplankters by little auk. Larger zooplankton were found closer to the
coast, in the upper 20-m depth layer in years characterized by significantly lower mean
temperatures. Potential availability of prey for the little auk thus could be higher in colder
years than in warmer years. Additionally, our study indicated the tendency of the small
plankton fraction to concentrate near the locations of the highest chlorophyll fluorescence,
in the 20-30-m water layer. The high spatial and temporal resolution of the data indicated a
variation in the proportion of large versus small zooplankton, and thus in the availability of
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SD: standard deviation;
WSS: West Spitsbergen Shelf

Calanus to little auk with respect to temperature.

Plankton are free-floating in the water column and
respond rapidly to changes in temperature and ocean
circulation by expanding or contracting their geogra-
phical ranges (Taylor et al. 2002). As a result, plank-
ton represent an excellent indicator of climate change
in the marine environment. In recent years, systema-
tic changes in abundance, community structure and
ranges of plankton distribution in many of the
world’s oceans have been ascribed to large-scale cli-
mate fluctuations and processes, particularly the
reduction in phytoplankton and ice algae blooms
(Hallegraeff 2010; Ji et al. 2013; Post et al. 2013;
Post 2017). A northward expansion of zooplankton
communities associated with warm waters, resulting
in decreasing numbers of colder-water species, has
been observed recently (Buchholz et al. 2012;
Dalpadado et al. 2012; Woodworth-Jefcoats et al.
2016; Haug et al. 2017). A biogeographical shift in
the increasing dominance of warm-temperate-boreal
copepod species has been witnessed over the last
decade in the Arctic (e.g, Weydmann et al. 2014).
In addition to changes in the distribution, abundance
and biomass of zooplankton, the body size of an
organism provides an important source of informa-
tion about changes in ecosystems and their properties
(Heckmann et al. 2012; Trudnowska et al. 2014).

Although the total secondary production has been
modelled to increase with higher temperatures
(Slagstad et al. 2011), the longer open-water season
in the warmer Arctic could potentially drive the zoo-
plankton community towards smaller body sizes and
shorter life cycles (Daufresne et al. 2009; Garzke et al.
2016), resulting in a decrease in the overall zooplank-
ton biomass in the future. As these processes occur
gradually, long-term monitoring and multiyear
observations are crucial to estimate and predict pos-
sibly negative effects of the changes (Kwasniewski
et al. 2012).

The distribution of zooplankton is highly variable
in both horizontal and vertical space (Trudnowska
et al. 2015; Trudnowska et al. 2016; Gluchowska et al.
2017). This is mainly due to seasonality, feeding and
ontogenic migrations (Vinogradov 1997). The cope-
pod vertical distribution is strongly correlated with
temperature gradients and food concentrations
(Leising & Franks 2000; Daase et al. 2008;
Trudnowska et al. 2016). To survive copepods need
to find food levels that are sufficient for growth, and
their vertical distribution tends to correlate strongly
with temperature gradients and food concentrations
(Leising & Franks 2000). For example, Calanus fin-
marchicus CV and Pseudocalanus minutus females
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are able to remain within, respond to and track the
movements of microscale vertical phytoplankton
patches (Bohrer 1980). The vertical variability of zoo-
plankton is high, making knowledge of spatial hetero-
geneity crucial for studying the feeding ecology of the
little auk (Alle alle), the most abundant seabird in the
Arctic, which needs to locate prey patches of appro-
priate size to maintain sufficiently high feeding rates
(Vogedes et al. 2014).

The temperature and volume of Atlantic-origin
waters flowing into the Arctic have increased in
recent years, causing shifts in hydrographical fronts
and water masses (Blindheim et al. 2000; Schauer
et al. 2004; Walczowski & Piechura 2007;
Walczowski et al. 2012, 2017). The large frontal sys-
tem situated along the WSS (Sakshaug et al. 2009) is
formed by two currents separated by a density gradi-
ent between the warm Atlantic Water of the West
Spitsbergen Current and the cold Arctic water of the
coastal Serkapp Current (Saloranta & Svendsen 2001;
Nilsen et al. 2008; Kwasniewski et al. 2010). While the
total abundance of zooplankton is much higher in
Atlantic waters, Arctic waters carry organisms of
larger body size and with a higher lipid content,
which results in their higher biomass and calorific
value (Weslawski et al. 1999; Kwasniewski et al. 2010,
2012). Copepods of the genus Calanus have extre-
mely high calorific values (50-70% lipids of dry mass;
Lee et al. 2006; Falk-Petersen et al. 2009) and are key
species in the Arctic ecosystems (Stempniewicz 2001;
Falk-Petersen et al. 2002; Frandsen et al. 2014), where
they represent significant food items for planktivor-
ous predators from the higher trophic levels, such as
birds, fish and mammals (Falk-Petersen et al. 1990).
Calanus glacialis, especially CV, is the main diet
component for little auk during the breeding season
(Mehlum & Gabrielsen 1993; Karnovsky et al. 2003;
Jakubas et al. 2007; Karnovsky et al. 2010;
Kwasniewski et al. 2010; Hovinen et al. 2014). The
little auk itself plays a key role in the Arctic ecosys-
tem, transporting a large amount of organic matter
from the sea to the nutrient-poor Arctic tundra
(Stempniewicz 2001; Gonzilez-Bergonzoni et al.
2017).

To estimate the relative attractiveness of a foraging
ground for little auk, it is important to consider the
proportion of preferred species abundance in relation
to total zooplankton abundance (Kwasniewski et al.
2010; Stempniewicz et al. 2013). Visual planktivores
such as little auk need their prey to be abundant and
also easily available, i.e., to occur in a high proportion
compared to other zooplankton species. Although the
total abundance of C. glacialis might be similar in
Atlantic and Arctic waters, the ratio of C. glacialis to
other species may provide a more suitable indicator
to assess the quality of a feeding ground for little auks
(Kwasniewski et al. 2010). Cold Arctic type waters

provide particularly favourable conditions for feed-
ing, where rather low total zooplankton abundance is
compensated for by very high proportions of C. gla-
cialis. On the other hand, Atlantic type water masses,
which usually contain high total zooplankton abun-
dance but a relatively low proportion of preferred
copepods, are typically avoided by little auk
(Kwasniewski et al. 2010; Stempniewicz et al. 2013).

Historically, the accurate estimation of zooplank-
ton distributions was limited until the development
of automatic instruments with high spatial resolution,
e.g., video plankton recorders, moored stations, satel-
lites, acoustic sounders and optical counters (Wiebe
& Benfield 2003). The LOPC used in our study
expanded the potential for studying zooplankton dis-
tributions over large spatial and temporal scales and
has also enabled biological data to be collected con-
currently with physical parameters (Pinca & Huntley
2000; Trudnowska et al. 2012). This method is espe-
cially valuable in areas where the abundance of zoo-
plankton is relatively large and dominated by few
species, because it allows taxonomic species distribu-
tions to be determined in the different size groups
recorded by the LOPC. This is especially true in north
Atlantic and Arctic waters, where studies based on
optical plankton counters were able to distinguish
Calanus species (Basedow et al. 2014; Gaardsted
et al. 2010; Trudnowska et al. 2014).

The aim of this study was to analyse the fluctua-
tions in the summer distribution and abundance of
zooplankton in vulnerable WSS region. We hypothe-
sized that the spatial availability of large zooplankton
for the planktivorous predator little auk differs
among three selected zones (Arctic, Atlantic and
Frontal) under higher
temperature.

lower versus seawater

Materials and methods

This study was conducted in the south-western part
of the WSS near the Hornsund fjord during seven
summer seasons (2010-16). Sampling was performed
during 3-4 days at the turn of July and August each
year (26 - 29 July 2010, 27-29 July 2011, 27-29 July
2012, 31 July - 2 August 2013, 1-3 August 2014, 31
July - 1 August 2015, 27-28 July 2016), on board the
Oceania, the research vessel of the Institute of
Oceanology, Polish Academy of Sciences (Fig. 1).
Sections were arranged to be spread across the hydro-
graphical front, the position of which is well-corre-
lated with bathymetry and the shelf edge, and is
known to be situated above the 200 m isobath
(Saloranta & Svendsen 2001; Kwasniewski et al.
2010). The data set was divided into three consecutive
zones of the Hornsund area on the basis of the front
position: the Frontal Zone - the data points lying
above the 200 m isobath and within a distance of
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Figure 1. The Hornsund region study area. Sections of an
LOPC-CTD-F platform towed across the West Spitsbergen
Shelf over seven summer seasons (July-August 2010-2016)
are indicated by measuring points assigned to three zones.
The shelf break (200 m isobath) is marked by a solid blue line.
The bird icon indicates the location of the little auk colony in
Hornsund.

5 km from it; the Arctic Zone - extending over 5 km
east of the 200 m isobath towards the Spitsbergen
coast; and the Atlantic Zone - extending over 5 km
west of the 200 m isobath (Fig. 1).

The measurements were performed by using an
instrument platform equipped with a LOPC (Brooke
Ocean Technology Ltd.), a CTD (SBE 911plus, Seabird
Electronics Inc.) and a fluorometer (F; Seapoint Sensors
Inc.). The LOPC is an in situ sensor that autonomously
and reliably measures the abundance and size structure
of plankton and particles passing the beam path in the
sampling tunnel (7 x 7 cm wide; 49 cm? cross-section).
As a particle passes the sensor, the portion of blocked
light is measured and recorded as a digital size and
converted to an ESD. This value represents the diameter
of a sphere that would have the same cross-sectional
area as the particle being measured, using a semi-
empirical formula based on calibration with black
spheres of known diameters (Herman 1992; Herman
et al. 2004). Processing the raw LOPC data requires
extensive post-processing filtering and interpretation
in several steps. Software provided by Rolls-Royce
Naval Marine Canada (formerly ODIM Brooke
Ocean), was used for field measurements control, data
acquisition and pre-processing. Post-processing tools
written in Matlab were developed to count higher-
level parameters. The recorded count data and flow
data were used to calculate the abundance of plankton,
which is expressed as the number of individuals per
cubic metre (ind. m™). The LOPC-CTD-F platform
was towed horizontally at a fixed water depth (20-
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30 m, hereafter “mid-surface depth layer”), chosen arbi-
trarily as the most representative and productive zone
of the upper water column in a region (Trudnowska
etal. 2014) during the first two summer seasons (2010-
11), and in an undulating mode (oscillating between
surface and 50-m depth) during the next five years
(2012-16). It was necessary to restrict the horizontal
long-term (seven years: 2010-16) analysis to a depth of
approximately 20-30 m (data averaged over 5-m dis-
tance intervals), to determine the inter-annual variabil-
ity in hydrographic conditions and distribution of small
zooplankton (which according to weighted mean depth
analysis concentrates mainly in this water layer). The
measurements performed in the undulating sampling
mode provided data with high vertical resolution (data
averaged vertically over 1-m depth intervals) of the
hydrography, chlorophyll and zooplankton distribution
patterns during five years (2012-16). The mean depth
of small and large zooplankton concentrations and
chlorophyll fluorescence were analysed. Additionally,
the proportion of large versus small zooplankton in
relation to environmental conditions were presented
in a vertical (50-0 m) and horizontal (different zones:
Arctic, Frontal and Atlantic) perspectives.

This study provides only high-resolution LOPC
measurements - information about zooplankton spe-
cies composition is based on numerous previous studies
conducted in the same study area (e.g., Kwasniewski
et al. 2010; Kwasniewski et al. 2012; Jakubas et al. 2013;
Stempniewicz et al. 2013; Trudnowska et al. 2014;
Trudnowska et al. 2015; Trudnowska et al. 2016).
Using the abundance estimates and size structure data
derived from the LOPC, we grouped plankton into two
size fractions: a small size fraction (0.25-1.0 mm ESD),
consisting of, e.g., Calanus nauplii, Oithona spp.,
Microcalanus spp., Pseudocalanus spp., and a large size
fraction (1.0-2.5 mm ESD) - hereafter Calanus - repre-
sented predominantly by the older life stages (CIV, CV,
adult) of Calanus spp. (Basedow et al. 2010). In accor-
dance with Basedow et al. (2010), particles <0.25 mm
ESD were considered to be noise (e.g., Zhou et al. 2009).
We decided to broaden the size range for Calanus spp.
suggested by Basedow et al. (2010) to the upper limit
applied by Jakubas et al. (2013), who combined net
sampling together with LOPC measurements taken
together at the same time in the research area. The
Calanus size fraction classified as the size range of
1-2.5 mm according to Jakubas et al. (2013) and
Trudnowska et al. (2014) was composed of Calanus
spp. CIV, CV and adults. We are aware that this size
fraction includes the older life stages of both co-occur-
ring and morphologically similar Calanus species, the
Atlantic C. finmarchicus and the Arctic C. glacialis
(Kwasniewski et al. 2012; Daase et al. 2013). However,
based on our experience gained from long-term
Hornsund plankton monitoring and from multiyear
observations (Kwasniewski et al. 2012) that showed
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the substantial domination of C. glacialis older copepo-
dite stages over C. finmarchicus in the Arctic shelf
community at this time of the year, we assumed that
the preferred zooplankton prey of the little auk, C.
glacialis (CV), constituted a substantial part of the
large size fraction in this particular zone.

For comparison of temperature, salinity, chloro-
phyll fluorescence, abundance and percentage of both
zooplankton size fractions among years and zones, the
nonparametric Kruskal-Wallis test and computation of
the 95% CI were used. The differences were regarded
as not significant at p < 0.05 if the 95% CI overlapped
(Colwell et al. 2004). For multiple comparisons non-
parametric post hoc Dunn’s test was used. All tests
were performed in Statistica 12.0. The Ocean Data
View software programme (Schlitzer 2015) and
ArcGIS 10.0. were used to prepare map figures.

In accordance with Daase et al. (2008), using the
method of Manly (1977), we characterized the vertical
distributions of small zooplankton, large zooplankton
and chlorophyll fluorescence by the weighted mean
depth of the frequency distribution among the depth axis.

Results

Mean depth of small and large zooplankton
concentrations in relation to chlorophyll
fluorescence in the upper 50 m

The small zooplankton were concentrated predomi-
nantly at 20-30-m depth in all three zones: Arctic,
Frontal and Atlantic during all five years 2012-16
(Fig. 2a). The highest concentrations of large zoo-
plankton were observed in a wider range of depths
in the three studied zones, especially in the Frontal
Zone (Fig. 2b). The mean depth of the highest
chlorophyll fluorescence, which was located mainly
in the 20-30 m water layer largely coincided with
the mean depth of the small zooplankton, particu-
larly in the Arctic Zone (Fig. 2a, c).

Multiyear observations: hydrographic conditions
and distribution of small zooplankton in the
20-30-m depth layer

Since the mean depths of the highest concentrations
of both chlorophyll and the small zooplankton frac-
tions were distributed within the depth ranges of
horizontal tows (20-30-m depth layer), all these
data together with seawater temperature were used
for multiyear comparisons (2010-16).

The seawater temperature differed significantly
over the seven years of study, from 2010 to 2016
(Kruskal-Wallis test H = 15,834.43, p < 0.001) and
between zones (Kruskal-Wallis test H = 35,941.14
p < 0.05). The highest differences were noted between
2013 and 2011, 2010, 2015 (Dunn test z = 109.46,
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Figure 2. Mean depths of concentration of (a) small zoo-
plankton, (b) large zooplankton and (c) chlorophyll fluores-
cence in the upper 50 m water layer over five summer
seasons (2012-16) in three different zones of the West
Spitsbergen Shelf area.

p < 0.001; z = 107.37, p < 0.001; z = 89.57, p < 0.001,
respectively) and between Arctic and Atlantic zones
(Dunn test z = 186.95, p < 0.05). The lowest tem-
perature was detected in 2011 and the highest in 2013
(Fig. 3a). However, there were no statistically signifi-
cant differences in seawater temperature between the
years 2010 and 2012 (Dunn test z = 2.02, p > 0.05) or
in 2011 and 2016 (Dunn test z = 3.02, p > 0.05).
Chlorophyll fluorescence also differed significantly
over the years of study (Kruskal-Wallis test H = 5589.95
p < 0.001) and between zones (Kruskal-Wallis test
H = 444597, p < 0.001). The greatest differences were
noted between 2012 and 2013 (Dunn test z = 59.24,
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Figure 3. Distribution of the (a) seawater temperature, (b) chlorophyll fluorescence and (c) small zooplankton (ind. m™) over
seven summer seasons (2010-16) at 20-30-m depth layer along transect on the West Spitsbergen Shelf. Note the scale
difference.

p <0.05) and between Arctic and Atlantic zones (Dunn Statistically significant differences were found in
test z = 64.70, p < 0.05). The lowest chlorophyll fluor-  small zooplankton abundance over years (Kruskal-
escence was found in 2012, and the highest in 2013 and ~ Wallis test H = 23,843.95, p < 0.001) and zones
2014 (Fig. 3b). (Kruskal-Wallis test H = 8143.1, p < 0.001). The greatest
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differences were noted between 2013 and 2014 (Dunn
test z = 149.76, p < 0.05), 2010 and 2014 (Dunn test
z = 106.52, p < 0.05) and between Arctic and Atlantic
zones (Dunn test z = 86.77, p < 0.05). In general, the
small zooplankton was the most abundant in 2013 in
the Arctic Zone and the lowest abundances were noted
in 2014 in all three zones, and in 2012 in the Arctic and
Frontal zones (Fig. 3c, Table 1).

Large versus small zooplankton in relation to
environmental conditions: vertical perspective in
the upper 50 m

In 2012 the largest percentage of large zooplankton,
reaching on average 25-30% was observed in the
lower temperature Arctic and Frontal zones, in con-
trast to the Atlantic Zone, which contained the low-
est share of large zooplankton (not exceeding on
average 5 %) in the total zooplankton abundance
(Fig. 4a, c). The observed values of chlorophyll
fluorescence in all three zones were similar and
very low (<0.1; Fig. 4b).

The observed seawater temperatures in all three
zones in 2013 were significantly higher than in the
previous year, while the average percentage of large
zooplankton in total plankton abundance was signifi-
cantly lower, being less than 10% (Fig. 4a, c). The
highest percentage of large zooplankton was found in
the warmest Atlantic Zone, mainly in the upper 30 m,
while in the Arctic and Frontal zones the percentage
of large organisms in total plankton abundance
remained relatively low and constant throughout the
50 m water column (Fig. 4a, c). The peak of

chlorophyll fluorescence was recorded at about 20-
m depth layer in all three zones (Fig. 4b).

In 2014 (and similarly in 2013), the sea tempera-
ture in all three zones was relatively high, but the
temperature values in the Frontal Zone were closer to
those recorded in the Arctic Zone (Fig. 4a). The
percentage of large zooplankton was relatively low
in all three zones, not exceeding 12% on average
(Fig. 4c). The highest share of large organisms was
observed in the Atlantic Zone with a distinct peak at
depths of 10-15 m (Fig. 4c). A similar distribution,
but with slightly lower shares was noted in the Arctic
and Frontal zones (Fig. 4c). The chlorophyll fluores-
cence values were relatively high in our survey and
their peaks coincided with the highest share of large
zooplankton in the Arctic Zone at a depth of about
10-25 m. In the Frontal Zone lower concentrations of
chlorophyll fluorescence coincided with a decrease in
the percentage representing the large zooplankton
fraction (Fig. 4b).

The seawater temperatures observed in all three zones
in 2015 were lower than in the two preceding years, and
closer to the values recorded in 2012 (Fig. 4a).
Differences between zones were relatively small (Fig.
4a). In all three zones, the peak of chlorophyll fluores-
cence was observed at a depth of 20-30 m (Fig. 4b). The
average share of large fraction in all zones was relatively
high, up to about 30% through almost the whole of the
investigated water column (50-0 m) in the Frontal Zone
(Fig. 4¢). The smallest percentage of large fraction was
found in the Atlantic Zone (Fig. 4c). In the Arctic and
Atlantic zones, the highest share of large organisms was
detected twice at a depth of the upper 20 m and within

Table 1. Average abundance (ind. m™3) of the small size fraction over seven summer seasons (2010-16) in three zones (Arctic,

Frontal and Atlantic) of the WSS at 20-30-m depth.

Zone Arctic Frontal Atlantic

Year mean SD n mean SD n mean SD n
2010 10,680 5736 9137 13,706 5131 5888 17,486 8148 21,114
2011 6196 5392 3063 13,757 9854 2174 50,886 53,835 3927
2012 2597 1611 380 4827 3566 167 34,137 23,257 436
2013 236,486 116,881 1691 85,951 77,781 3344 31,734 42,461 4026
2014 5361 5109 3539 6424 3379 1255 2899 2609 3075
2015 12,778 8157 3697 11,254 4861 937 11,589 3526 1262
2016 7439 4061 1115 37,897 15,208 160 no data

Table 2. Average abundance (ind. m™) of the small size fraction (small) and the Calanus size fraction (large) over five summer
seasons (2012-16) in three zones (Arctic, Frontal and Atlantic) of the WSS in the upper 50 m layer.

Arctic Zone Frontal Zone Atlantic Zone

Year Fraction mean SD n mean SD n mean SD n

2012 Small 2609 1772 1500 6041 6337 718 23,878 22,968 1904
Large 695 1369 1004 2250 1025 3051

2013 Small 211,347 115,040 7392 98,542 95,687 14,405 30,967 47,683 18,057
Large 5615 4195 1494 3369 862 2269

2014 Small 4925 5254 9717 4738 3456 4469 2736 2367 11,104
Large 84 233 99 261 206 449

2015 Small 12,323 10,090 4965 9905 4724 1880 11,483 3734 1825
Large 1940 4227 4758 5414 3062 4659

2016 Small 7704 5157 4357 27,574 14,561 748 no data
Large 1481 2432 1061 3660




(a) Temperature (°C) (b)

Chlorophyll (©)

POLAR RESEARCH (&) 7

Large zooplankton (%)

10
20
30
40
50

2012
Depth (m)

10
20
30
40

ey

2013
Depth (m)

——

10
20
30
40
50

2014
Depth (m)

10
20
30
40
50

m)

2015
Depth (

10
20
30
40

2016
Depth (m)

1.2 345 67 8 900 0.4

0.8 1.2 0 10 20 30 40 50

Figure 4. Vertical profiles of the mean and 95% Cl of the (a) water temperature, (b) chlorophyll fluorescence and (c) percentage
of large zooplankton in total plankton abundance the upper 50 m water layer over five summer seasons (2012-16) in three
different zones (Arctic Zone marked in blue, Frontal Zone marked in green and Atlantic Zone marked in orange).

25-30-m depth range in the Atlantic Zone (Fig. 4c). The
highest percentage of the large fraction was detected in
the Frontal Zone within the 20-40-m depth range
(Fig. 40).

In 2016, the temperature recorded in the Arctic
and at the Frontal Zone was relatively high (Fig.
4a). The highest percentage of large organisms was
on average 25% in the colder Arctic Zone and
around 15% in the Frontal Zone (Fig. 4c). In both
the Arctic and Frontal zones, the highest percen-
tage of large plankton was observed at the depths of
the upper 5-20 m, which coincided with high
values of chlorophyll fluorescence within this
depth layer (Fig. 4b, c).

Discussion

Plankton measurements performed over seven years
in a very dynamic and productive region of the

south-west Spitsbergen provided the opportunity to
assess the summer temporal variability in spatial dis-
tribution of zooplankton in relation to various envir-
onmental conditions. Differences in zooplankton
distribution and size structure were related to differ-
ences in seawater temperature and chlorophyll fluor-
escence. Our results indicated that with the lower
water temperature, the availability of the large frac-
tion - a potential food for predators such as plankti-
vorous seabirds — increased, whereas higher water
temperatures favoured the small zooplankton
fractions.

Oceanographic conditions strongly influence the
species composition and distribution of zooplankton
(Scott et al. 2000; Beaugrand et al. 2002), especially
temperature (Mackas et al. 2007; Blachowiak-
Samolyk et al. 2008; Alcaraz et al. 2014), which in
our study was analysed within different oceano-
graphic domains (Arctic, Atlantic, Frontal). The tem-
perature differed substantially (on average 3-5°C)
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between Arctic and Atlantic zones. The values
obtained within the Frontal Zone were intermediate,
but either closer to the Arctic or Atlantic domains,
implying a dynamic nature of the position and sea-
water properties within this sector. As the abundance
and size proportions of the zooplankton also differed
significantly among various investigated zones, it can
be concluded that our classification reflected a nat-
ural ecological gradient, since Atlantic and Arctic
zones represent separate foraging areas for plankti-
vores (Dale et al. 2001; Kwasniewski et al. 2010). A
2-4°C temperature increase is predicted by 2100 in
the North Atlantic, with an even greater rise in its
northern parts (Houghton et al. 2001). Temperature
has already been reported as the most important
environmental driver affecting distribution and abun-
dance of C. glacialis (Broms et al. 2009; Matsuno et al.
2016); moreover, it influences also the growth and
thus the timing and rates of development of calanoids
(Huntley & Lopez 1992; Moller et al. 2012). In addi-
tion to the phenology, the abundance, zoogeographic
ranges and the size structure of zooplankton are likely
to be substantially shifted in a warmer Arctic (Mackas
et al. 2012).

Since Arctic C. glacialis generally prefers low sea-
water temperatures (< 3°C), the values of 5.1°C
(Kwasniewski et al. 2012) and/or 6°C (Carstensen
et al. 2012) were found to be the upper limit for the
distribution of the typically Arctic zooplankton repre-
sentative in the area of our study. This was also the
basis for our assumption that in examining the larger
Calanus fraction obtained from LOPC measurements
we were mainly determining the older life stages of C.
glacialis in the Arctic Zone and of C. finmarchicus in
the Atlantic Zone. The net zooplankton -catches
described by Jakubas et al. (2013) in the same area
(Arctic-type waters, the Hornsund area) and at the
same period as our study (the end of July) showed
that C. glacialis represented 70% of the older life
stages (CIV, CV and adults) of both mentioned
Calanus species and that the fifth copepodite of C.
glacialis constituted half of this amount. Moreover,
multiyear observations conducted by Kwasniewski
et al. (2012) showed the substantial domination of
C. glacialis older copepodite stages over C. finmarch-
icus in the Arctic shelf community at this time of the
year.

The smaller the size of the planktonic organisms,
the more their distribution depends on the structure
of the environment (Trudnowska et al. 2016); thus,
studying this size fraction provides beneficial infor-
mation about the relationship between hydrography
and zooplankton dynamics. Indeed, the abundance of
the small size fraction in the overall zooplankton
community was highest in 2013 (Table 2), character-
ized by the maximum water temperature within the
Arctic Zone, supporting the prediction that the

gradual Atlantification of Arctic waters will result in
much higher total zooplankton abundances (Daase &
Eiane 2007). What is more, relatively high water
temperature recorded during this year in the Arctic
Zone was similar to that observed in the Atlantic
Zone in 2012, which was also related to higher abun-
dance of small zooplankton size fraction. Different
size fractions have been shown to exhibit different
associations with the environment (Trudnowska et al.
2016), and this was also demonstrated in our study,
as the highest share of small fraction coincided with
higher sea temperatures. A similar association, repre-
sented by a decline in Calanus abundance, observed
together with the elevated importance of small-sized
copepods in the upper 60 m in September 2006/2007
has already been documented in the Fram Strait
region (Svensen et al. 2011).

The small size plankton fraction was concentrated
within 20-30 m (Trudnowska et al. 2015) in each of
the examined zones over five years of our study,
corresponding well with the highest measured chlor-
ophyll fluorescence. However, this clear relation
between distribution of small zooplankton and chlor-
ophyll fluorescence may indicate that LOPC data
included also phytoplankton colonies or various
aggregates (Jackson et al. 1997), since the LOPC is
not able to distinguish between suspended particulate
matter and organisms (Schultes & Lopes 2009;
Espinasse et al. 2014). To minimize this problem,
the smallest particles (<0.25 mm ESD), which may
include phytoplankton aggregations, suspended mat-
ter or marine snow have been excluded from the
analysis (Basedow et al. 2010; Trudnowska et al.
2014; Trudnowska et al. 2016). It was assumed that
this fraction consisted mainly of smaller mesozoo-
plankton such as Oithona and Pseudocalanus
(Trudnowska et al. 2014; Trudnowska et al. 2015).
Similarly, Trudnowska et al. (2016) found the peak of
chlorophyll fluorescence at 10-30-m depth in the
similar West Spitsbergen Current region. As found
in our survey, the greatest patches of the dominant
copepod species in the North Sea such as C. fin-
marchicus, Oithona similis or Acartia spp. were
restricted to the 20-30-m depth layer - the zone
where the food concentrations were high enough to
meet their daily feeding requirements in the summer
(Daro 1988).

Variation in vertical distribution of the large zoo-
plankton fraction may be explained by habitat selection
(Falkenhaug et al. 1997; Pearre 2003); Calanus species
are known to concentrate in the upper water layer
during summer to build up lipid reserves for the winter
(e.g., Conover & Huntley 1991; Kosobokova 1999;
Falk-Petersen et al. 2009). It is known that the surface
waters of WSS offer different micro-habitats character-
ized by various water characteristics (Trudnowska et al.
2015). In our study the highest proportion between



large versus small size fraction was correlated with low
temperature, <4-4.5°C. High-resolution LOPC mea-
surements within the upper 0-50-m depth layer
showed that the percentage of large fraction in terms
of the total plankton abundance was generally greatest
in the upper 20 m. Since the large size fraction con-
sisted of both C. glacialis and C. finmarchicus our
results correspond with previous observations showing
that C. finmarchicus and C. glacialis predominated in
the top surface and subsurface water layer
(Trudnowska et al. 2015). Patches with the highest
proportions of the large fraction were located mainly
in the Arctic and Frontal zones during years character-
ized by lower seawater temperature (2012, 2015 and
2016) and could consist predominately of C. glacialis
CV, which is closely related to cold Arctic-origin water
masses on the WSS (Weydmann & Kwasniewski 2008).
This is in agreement with Kwasniewski et al. (2012)
who used traditional zooplankton net sampling over
years 2001-08 and recognized this part of the
Hornsund area as a rich prey source (98% C. glacialis)
for foraging planktivorous seabirds. In our investiga-
tion in 2013 and 2014 the percentage of large zooplank-
ton was relatively low, not exceeding 10-12% on
average, with the highest share of large fraction
observed in the Atlantic Zone. However, because the
temperature in all three zones, including the Arctic
Zone, was relatively high, reaching the upper limit for
C. glacialis (Carstensen et al. 2012; Kwasniewski et al.
2012), it may suggest that in those two years C. fin-
marchicus could dominate the large size fraction in all
three zones, which explains the slightly higher values
observed in the Atlantic Zone. In addition, since the
differences in the percentage of large zooplankton in
the three tested zones in 2013 and 2014 were very
small, up to a maximum of 4%, it is very difficult to
demonstrate a clear relationship, in contrast to the
three colder years, when the maximum difference was
up to 30%. The availability of preferred prey, expressed
as its percentage in the total zooplankton abundance,
seems to be a reliable proxy for assessing the quality of
little auk foraging grounds (Kwasniewski et al. 2010;
Stempniewicz et al. 2013). In this context, our study
may suggest that the concentration of potential high-
quality food in the Arctic and Frontal Zone over colder
years and close to the surface in the upper 20 m water
layer may be related to potentially more favourable
foraging conditions for little auks (Karnovsky et al.
2003; Karnovsky et al. 2010; Brown et al. 2012)

Conclusions

Whilst long-term monitoring is needed to survey gen-
eral trends in the relationship between temperature and
the distribution of the various size fractions of zoo-
plankton, shorter, but reliable time series analyses
enable us to follow more subtle climatic fluctuations.
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Our multi-year study demonstrated existing patterns
between environmental conditions and distribution of
different zooplankton size fractions in the dynamic and
sensitive region of the WSS. Our seven years of
research clearly confirmed that plankton size is
among the best traits to follow the changes occurring
nowadays in marine ecosystems. The relationship
between small and large zooplankton fractions varied
clearly in response to changes in the oceanographic
conditions (e.g., small fraction abundance peaks versus
the highest chlorophyll fluorescence values). The
obtained trends are in line with previous studies
reporting the possible reorganization of the zooplank-
ton size structure towards smaller fractions along with
the progressing climate warming in the Arctic.
Comprehensive monitoring of this phenomenon will
help scientists to elucidate the structure and function-
ing of the short food webs that drive nutrient and
energy flows in the Arctic ecosystems. Observed in
our survey trends (e.g., higher availability of food pre-
ferred by the little auks in the years when seawater
temperature was lower) can be extremely important
from the point of view of planktivorous predators in
the scenario of further changes in the Arctic environ-
ment facing global warming.
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