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Abstract. The hydrographic properties of the Kongsfjorden- 
Krossfjorden system (79° N, Spitsbergen) are affected by At
lantic water incursions as well as glacier meltwater runoff. 
This results in strong physical gradients (temperature, salin
ity and irradiance) within the fjords. Here, we tested the 
hypothesis that glaciers affect phytoplankton dynamics as 
early as the productive spring bloom period. During two 
campaigns in 2007 (late spring) and 2008 (early spring) 
we studied hydrographic characteristics and phytoplankton 
variability along two transects in both fjords, using high- 
performance liquid chromatography (HPLC)-CHEMTAX 
pigment fingerprinting, molecular fingerprinting (denaturing 
gradient gel electrophoresis, or DGGE) and sequencing of 
18S rRNA genes. The sheltered inner fjord locations re
mained colder during spring as opposed to the outer loca
tions. Vertical light attenuation coefficients increased from 
early spring onwards, at all locations, but in particular at the 
inner locations. In late spring meltwater input caused strat
ification of surface waters in both fjords. The inner fjord 
locations were characterized by overall lower phytoplank
ton biomass. Furthermore HPLC-CHEMTAX data revealed 
that diatoms and Phaeocystis sp. were replaced by small 
nano- and picophytoplankton during late spring, coincid
ing with low nutrient availability. The innermost stations 
showed higher relative abundances of nano- and picophy
toplankton throughout, notably of cyanophytes and crypto- 
phytes. Molecular fingerprinting revealed a high similarity 
between inner fjord samples from early spring and late spring

samples from all locations, while outer samples from early 
spring clustered separately. We conclude that glacier influ
ence, mediated by early meltwater input, modifies phyto
plankton biomass and composition already during the spring 
bloom period, in favor of low biomass and small cell size 
communities. This may affect higher trophic levels especially 
when regional warming further increases the period and vol
ume of meltwater.

1 Introduction

The Kongsfjorden (79° N, West Spitsbergen) is influenced 
by a highly variable inflow of Atlantic water (AW) from 
the West Spitsbergen Current (WSC) (Cottier et al., 2005: 
Hegseth and Tverberg, 2013), which transports relatively 
warm saline water (T > 3 °C and S > 34.9 psu) northwards 
(Svendsen et al., 2002: Hop et al., 2006: Schlichtholz and 
Goszczko: 2006). As a result, the fjords located on the west
ern side of Spitsbergen are characterized by relatively mild 
temperatures, compared with other Arctic locations at simi
lar latitude. Disrupted wintertime cooling of Arctic waters is 
expected to facilitate the WSC inflow into Kongsfjorden as 
well as in the Arctic at large. (Buchholz et al., 2010). The 
Kongsfjorden and adjacent Krossfjorden are glacial fjords 
that are fed with freshwater by several large glaciers and 
streams (Svendsen et al., 2002: Cottier et al., 2005). Fresh
water influx is highest in summer and co-occurs with a strong
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increase in sediment load, which can strongly limit light pen
etration (Keck et al., 1999; Svendsen et al., 2002). The melt
water discharge affects a large area in the fjord, up to 45 km 
distance from the glacier front and up to 30 m depth (Keck 
et al., 1999; Hop et al., 2002; Svendsen et al., 2002; Hop 
et al., 2006), and leads to strong surface stratification during 
summer. Due to enhanced WSC influence, the concomitant 
warming is expected to increase the magnitude and time in
terval of meltwater influx into Kongsfj orden. The time win
dow of meltwater discharge in Kongsfjorden is not clearly 
described, in particular to what extent it affects water column 
characteristics during the spring months (April-June).

The observed hydrographic variability leads to a high 
level of unpredictability in interannual phytoplankton spring 
bloom timing, biomass and production. For example, en
hanced inflow of warm Atlantic water in Kongsfjorden is as
sociated with changes in phytoplankton abundance and com
position (Hodal et al., 2012; Hegseth and Tverberg, 2013): 
years with less inflow showed diatom dominance during the 
spring bloom, whereas high inflow years were characterized 
by Phaeocystis-pouchetii-dominated spring blooms. There
fore, the timing, composition, and biomass of the spring 
bloom show extensive year-to-year variability (Hegseth and 
Tverberg, 2013). During summer stratification, diatoms and 
P. pouchetii become nutrient limited, are grazed upon or sink 
out of the euphotic zone. As a result, a transition occurs to
wards less-productive, small-sized, but highly diverse plank
ton communities (Hegseth and Sundfjord, 2008: Piquet et al., 
2010). In addition to low nutrient availability, high sediment 
concentrations derived from glacial melt water input limit 
light availability for phytoplankton growth during summer. 
The euphotic zone can be restricted to the upper 0.3 m close 
to the glaciers (Keck et al., 1999), leading to highly unfavor
able conditions for phytoplankton growth (Hop et al., 2006). 
Thus, the expected increase in magnitude of land-derived 
meltwater influx may affect phytoplankton composition and 
production. In addition, if the onset of meltwater discharge 
were to start earlier in the spring period (April-June), phy
toplankton spring blooms may be affected, in particular at 
inner fjord locations. In the western Antarctic Peninsula re
gion, changes in phytoplankton composition and size were 
observed, related with regional warming (Moline et al., 2004: 
Montes-Hugo et al., 2009). A significant decrease in aver
age phytoplankton cell size was associated with enhanced 
meltwater input, favoring nanophytoplankton, notably cryp- 
tophytes. Similar observations were made in the Pacific Arc
tic (Canada Basin and Chukchi Sea) where smaller-sized 
phytoplankton species appeared to thrive under summertime 
surface freshening and impoverished sea ice conditions (Li 
et al., 2009: Coupei et al., 2012). Summertime freshening 
was associated with an increase in pico- and bacterioplank- 
ton abundance, while altered sea ice conditions caused a spa
tial shift in phytoplankton distribution as well as an increase 
in nanoplankton abundance.

Although extensive information exists on larger microal- 
gal species occurring in Kongsfj orden (Hasle and Heim- 
dal, 1998: Keck et al., 1999: Hop et al., 2002), only a 
few studies described the taxonomic composition in the 
nano- and picophytoplankton size ranges (Rokkan Iversen 
and Seuthe, 2011). Molecular techniques offer an efficient, 
high-resolution approach to complement classical micro- 
eukaryotic community analyses. In 2005 we performed a 
study to investigate summer phytoplankton diversity and 
composition in Kongsfjorden and Krossfjorden, using a com
bination of molecular approaches (Piquet et al., 2010). Dur
ing this study Kongsfjorden and Krossfjorden were found to 
harbor distinctive micro-eukaryotic communities during the 
stratified summer period. The results suggested that meltwa
ter input during summer structured marine microbial com
munities through decreased salinity, increased light attenua
tion, and strong salinity stratification. However, nothing was 
known about the possible impact of meltwater discharge dur
ing spring and how this would affect timing, extent and com
position of phytoplankton dynamics. With increasing global 
warming, an earlier discharge of fresh meltwater is a likely 
scenario, and therefore information is required to be able to 
understand the consequences of enhanced glacial melting on 
phytoplankton performance, in particular during the season 
of highest productivity, e.g., April-June.

The aim of the present study was to analyze the dynam
ics and composition of springtime phytoplankton communi
ties in response to prevailing water mass properties, glacier 
vicinity and meltwater release. We hypothesize that during 
the spring bloom period phytoplankton is already affected 
by glacial meltwater input, in particular at inshore locations. 
Phytoplankton variability was studied in two consecutive 
years, covering early spring (2008) and late spring (2007), 
along a 3-station mini-transects in Kongsfjorden and adja
cent Krossfjorden. High-performance liquid chromatography 
(HPLC)-derived pigment fingerprinting followed by CHEM- 
TAX calculation of taxon-specific contributions to total phy
toplankton biomass were related to physical and chemical 
environmental variables. In addition, molecular characteriza
tion of the eukaryotic community provided complementary 
information on community dynamics, diversity and compo
sition by denaturing gradient gel electrophoresis (DGGE) of 
partial 18S rRNA genes and direct gene sequencing.

2 Materials and methods

2.1 Field sampling

Samples were collected in Kongsfjorden (78°57/54"N, 
11°51'24"E) and Krossfjorden (79°10/00"N, 11°46'00"E), 
located on the west coast of Spitsbergen in the Atlantic sec
tor of the Arctic Ocean. The five sampling sites were repre
sentative for ocean- to glacier-influenced locations within the 
fjords. The stations consisted of an “Ocean” station (O) at the
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Ny-Âlesund O

Fig. 1. Bathymetric map of the Kongsfjorden-Krossfjorden system, 
and inlay map of Svalbard showing the location of the fjords. Sam
pling locations Ocean (0). Kongsfjorden Middle and Glacier (M 
and G). and Krossfjorden Middle and Glacier stations (KM and KG) 
are shown on the map.

intersection of both fjords, a station in the middle (M, KM) 
and a station near the main glacier (G, KG) of each fjord 
(Fig. 1). Water samples were collected twice a week, pro
vided weather conditions permitted boating activities, during 
two spring-summer field campaigns in 2007 and 2008. The
2007 campaign was conducted in late spring from 22 May to 
25 June 2007, and in early spring of 2008 from 9 April to 12 
May.

Standard sampling depths were 0 and 20 m. Surface sam
ples were collected directly using clean 12 L polyethy
lene carboys. Deeper samples were collected with a 12 L 
Niskin bottle (General Oceanics, Inc.; Miami, Florida, USA) 
mounted 2 m above a Sea-Bird CTD (SNE 19plus, Sea-Bird 
Electronics, Inc.; Bellevue, Washington, USA). The CTD 
was fitted with a biospherical Li-Cor PAR (photosyntheti- 
cally active radiation) sensor (Sea-Bird Electronics), and in
2008 supplemented with a Wetstar fluorometer (Wet labs, 
Inc.: Philomath, Oregon, USA). All samples were collected

in the morning, stored cold and dark during transportation 
and processed within 3 h at the Kingsbay Marine Laboratory, 
Ny-Âlesund. Samples for inorganic nutrient analysis were 
processed immediately on board. For each sample, 5 mL fil
trate was obtained by filtration over a sterile 0.2 pm pore 
size cellulose acetate syringe filter (Whatman GmbH, Das
sel, Germany). Vials destined for silica analysis were kept 
at 4 °C, while vials for nitrate, nitrite, and phosphate anal
ysis were stored at —80 °C until analysis on a an AxFlow 
Bran+Luebbe Traacs800 autoanalyzer at the Royal NIOZ 
laboratory (Texel, the Netherlands).

2.2 Sample processing

Upon return to the Kingsbay Marine Laboratory water sam
ples were immediately filtered by vacuum pressure (maxi
mum 0.05 MPa). For pigment analysis, 6 L of seawater were 
filtered onto 47 mm GF/F filters. The filters were snap-frozen 
in liquid nitrogen and stored at — 80 °C until analysis. For 
molecular analysis, we filtered 1.5 to 2 L of seawater onto 
47 mm 2 pm pore size polycarbonate filters (Merck Milli- 
pore: Massachusetts, USA). The use of 0.2 pm polycarbonate 
filters, which might have been more appropriate to cover the 
full phytoplankton size spectrum, was not successful. This 
pore size caused early clogging of filters due to the presence 
of inorganic particles, and as a result restricted the filter vol
ume but elongated filtration time beyond what was accept
able. Therefore we chose to use 2 pm filters, even though 
we were aware of (partly) losing <2 pm picophytoplankton 
cells. Filters were stored at — 80 °C, until further analysis 
in the home laboratory. For qualitative microscopy analy
sis, 1 L of seawater was fixed with Lugol’s iodine solution 
(1 % final concentration) supplemented with formaldehyde 
(2 % final concentration) and left to settle at 4 °C. After one 
week, samples were concentrated to 100-150 mL by careful 
siphoning of the supernatant. The concentrated samples were 
transferred to 150 mL brown glass bottles with a Teflon-lined 
screw cap and kept in the dark at 4 °C until processing.

2.3 Pigment analysis

Filters were freeze-dried for 48 h and immediately extracted 
in 5mL 90% acetone (y/v, 48 h, 4°C) in the dark. Pig
ments were quantified using HPLC. Pigment extracts were 
separated on a Waters 960 HPLC system using a Cis 5pm 
DeltaPak reversed phase column (Waters) as described in 
van Leeuwe et al. (2006). The different pigments were 
identified by retention time and diode array detection at 
436 nm. The HPLC was calibrated using pigment standards 
obtained from DHI LAB Products (Denmark), which in
cluded all pigments used in the CHEMTAX analysis. The 
CHEMTAX 1.95 program (Mackey et al., 1996) was used 
to determine the taxonomic contribution of different phyto
plankton groups. The program uses the steepest-descent al
gorithm to determine the best fit based on an estimate of
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pigment : Chi a ratios for different algal classes (Mackey 
et al., 1996). We used an initial pigment-ratio matrix de
rived from a Southern Ocean data set to compute our 
data. The pigments implemented in the CHEMTAX analysis 
were Chi c 3, lO'-butanoyloxyfucoxanthin, fucoxanthin, 19'- 
hexanoyloxyfucoxanthin, prasinoxanthin, peridinin, alloxan- 
thin, violaxanthin, lutein, zeaxanthin, Chi a and Chi b. The 
analysis provides estimates on the relative contribution of di- 
noflagellates, ciyptophytes, chlorophytes (chlorophytes and 
prasinophytes were not distinguished), diatoms, haptophytes 
(where haptophytes 6 and 8 were pooled) and cyanophytes. 
From the CHEMTAX results the pico-nanophytoplankton 
fraction was calculated, which was for this study based on 
cyanophytes+cryptophytes+chlorophytes only. We omitted 
the dinoflagellates and haptophytes in these calculations, be
cause dinoflagellate diversity was high, consisting of athe- 
cate and thecate cells in both < c2 0 pm and 5>20  pm size 
ranges (as revealed by microscopy). In addition, the colony 
form of Phaeocystis sp. (p> 20 pm) seemed to dominate the 
haptophyte community (based on microscopic inspection).

2.4 Microscopy analysis

A few samples (30) were selected for microscopy analysis, 
mainly for comparative purposes associated with the CHEM
TAX and molecular fingerprinting outcomes. Microscopy 
samples were processed following the Untermöhl technique. 
Ten to 25 mL of fixed samples was left to settle for 48 h in 
counting chambers. Phytoplankton species composition was 
qualitatively assessed, along one or two meridians at 40 x 
and 200 x magnifications on an Olympus IMT-2 inverted mi
croscope.

2.5 DNA extraction and amplification

For molecular fingerprinting and sequencing, genomic DNA 
was extracted under sterile conditions as described previ
ously (Piquet et al., 2010). DNA amplification of the 18S 
rRNA gene was carried out with the universal eukaryotic 
primer set EuklA and Euk516r (Diez et al., 2001). We also 
used EuklA in combination with the GC-clamp enriched re
verse primer (Euk516r-GC) for denaturing gradient gel elec
trophoresis (DGGE). Approximately 10 ng of DNA was used 
as a template in the polymerase chain reaction (PCR); 50 pL 
PCR contained each primer at a concentration of 300 nM, 
as well as 0.2 mM dNTPs, 2 mM MgCU, 1 % deionized for- 
mamide, 1 x PCR buffer, and 2.5 U Taq DNA polymerase 
(Eurogentec, Belgium). Amplification reactions were run on 
a thermal cycler (VWR Unicyler, Gene Technologies Ltd, 
UK, and Peltier Thermal Cycler, MJ Research INC, USA) 
using the cycling conditions as described previously (Diez 
et al., 2001). Amplicon fragment size and yield was deter
mined by comparison with DNA smart ladder (Eurogentec, 
Belgium) on a 1 % agarose gel.

2.6 Denaturing gradient gel electrophoresis

DGGE analysis of the PCR products was carried out on a 
PhorU system (Ingeny, Goes, NL). Optimal fragment sepa
ration was obtained with a 15-55 % formamide-urea gradi
ent (100% dénaturants defined as 7 M urea and 40% for- 
mamide (Muyzer et al., 1993). For all samples we loaded 
80 ng of PCR product with 1 % final concentration load
ing buffer (0.05 % w/v bromophenol blue, 40 % w/v su
crose, 0.1 M EDTA pH 8.0, 0.5% sodium lauryl sulfate). 
For each sampling location, all samples were run on a sin
gle full DGGE (maximum of 40 samples on a 48-wells gel). 
An additional gel was run with samples from different lo
cations, selected according to the temporal extremes of our 
data set, corresponding to early, mid- and late spring. The 
polyacrylamide gels were silver-stained (Heuer et al., 2001), 
dried (4 h, 60 °C), and scanned using a high-resolution Ep
son Perfection V700 photo scanner (Epson, USA). DGGE 
fingerprints were analyzed using the Bio-Numerics® version
3.5 (Applied Maths). DGGE band patterns were digitalized 
and normalized using flanking marker samples. All positive 
bands (minimum 4 % profiling and 0.5 % surface area) were 
assigned to band classes, and the relative abundance was set 
to band surface (area under the Gaussian curve representing 
the band). The Pearson correlation coefficient (r) for each 
pair of lanes within a gel was calculated as a measure of sim
ilarity between the community profiles, and the cluster anal
ysis was performed by applying the unweighted pair group 
method with mathematical averages (UPGMA). Furthermore 
relative abundance data were used for diversity and multi
variate analyses.

2.7 Sanger sequencing

We selected samples from our data set that represented early, 
mid-, and late spring samples from Ocean (O), Kongsfj or
den and Krossfjorden Glacier stations (G, KG). In total 
10 surface samples were selected (9 April 2008 Ocean; 14 
April 2008 Glacier; 16 April 2008 Krossfjorden Glacier; 
6 May 2008 Krossfjorden Glacier; 12 May 2008 Ocean 
& Kongsfjorden Glacier; 21 June 2007 Ocean & Kross- 
fjorden Glacier; 25 June 2007 Kongsfjorden Glacier) for 
generating clone libraries. All samples were amplified with 
the EuklA-Euk516R primer set as described above but us
ing the GoTaq®HotStart Polymerase (Promega; Leiden, the 
Netherlands). PCR products (520 bp fragments) were lig
ated into pGEM-t vector (Promega) and transformed into 
E. coli DH5a competent cells (Sylphium Life Sciences , 
Groningen, the Netherlands). For each sample, 150-170 
white colonies were selected and amplified from the vector’s 
T7-SP6 sites. In total 30 ng of PCR product was cleaned us
ing ExoSAP-IT (Affymetrix; Cleveland, USA) and used as a 
template in the sequencing reaction performed with BigDye®
3.1 Terminator buffers (Applied Biosystems) and 0.2 mM
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T7 primer. Sequences were run on an Applied Biosystems 
3730 x 1 Genetic Analyzer.

2.8 Sequence analysis

All sequences were manually checked and trimmed using 
Chromas software version 2.3 (Technelysium, Australia), 
and closest identity to other sequences was checked us
ing NCBI (National Center for Biotechnology Information) 
BLAST (Basic Local Alignment Search Tool). All suspected 
chimeric sequences were fragmented into smaller portions 
and run in BLAST. Chimeric sequences and fragments < 500 
bp were excluded from the data set. Molecular Evolution
ary Genetics Analysis (MEGA) version 4.0 (Tamura et al., 
2007) and its add-in ClustalW was used to align the DNA se
quences and to calculate pairwise DNA distance matrix us
ing the Kimura 2-parameter model (Harti et al., 1994; Zhu 
and Bustamante, 2005). All sequences were attributed to op
erational taxonomic units (OTUs) defined at the 97 % simi
larity level using mothur software (Schloss et al., 2009). All 
sequences were submitted to the NCBI database (accession 
number KF534518-KF534631).

2.9 Meteorological data

Wind speed and direction, air temperature and irradiance 
were obtained from the AWIPEV observatory.

2.10 Data processing and statistical analysis

The attenuation coefficient for PAR (K¡¡) was calculated 
from linear regression on In transformed irradiance data ver
sus depth, and the 1 % depth for PAR was calculated. Diver
sity data were calculated using PAST software version 2.16 
(Hammer et al., 2001). Statistical testing was run using Sta
tistica 8.0. Student’s t tests and linear regressions (Kd, nutri
ent removal) were performed in Excel.

3 Results

3.1 Environmental conditions

Slight yet significant sea surface salinity (SSS) differences 
were found in April-May (2008) within Kongsfjorden. Sta
tion G surface waters showed a significantly lower surface 
salinity (f test, p <  0.005) with an average of 34.76 psu 
(± 0.10), compared to O and M stations that had average sur
face salinities of 34.93 psu (±0.05) and 34.92 psu (±0.05), 
respectively. Station KG occasionally showed strongly re
duced surface salinities, most likely caused by melting of 
observed sea ice drifting within the inner Krossfjorden. 
The late spring season of 2007 (May-Jirne) showed signif
icant meltwater effects: by mid-June surface water salini
ties had decreased considerably. The lowest SSS 31.79 psu, 
was recorded on 25 June near the Kongsfjorden Glacier.

Salinity (psu) Temperature (°C)

100 120 140 100 180 , 100 120 140 160 180
Ju lian  day

Fig. 2. Water salinity and temperature profiles of the upper 60 m, 
and of the five sampling stations collected over time in Julian days 
(JD 100 is 9 April: JD 177 is 25 June). The 2008 (left panel) and 
2007 (right panel) sampling periods are separated by a white sec
tion.

The freshwater inflow led to significantly lower SSS at all 
inner locations between 14 and 25 June at the G, M and 
KG stations (33.41 psu (± 1.04) vs. 34.53 psu (± 0.3), t  test 
p  < 0.01). Decreased surface salinities generally coincided 
with increased sea surface temperatures (Fig. 2) at all loca
tions.
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Fig. 3. Change in light attenuation coefficients over time (Julian 
days) for the 5 stations. Kongs = Kongsfj orden; Kross = Krossfjor
den. Left panel: 2008 campaign; right panel: 2007 campaign.

On average, sea surface temperatures were significantly 
lower in 2008 (average /x =  0.63°C ±0.79) than in 2007 
(/x =  2.92 °C ±  1.07; t test, n =  68 , t =  12163, p  < 0.001) 
(Fig. 2). In spring 2008 (April-May) clear differences in 
water temperatures were observed between sampling sta
tions. Ocean and Kongsfjorden Middle (stations O and 
M) stations had significantly higher temperatures than the 
Krossfjorden (stations KM and KG) and Kongsfjorden in
ner Glacier (station G) station (/xTonM =  1-23 °C ±  0.35; 
M^krnG =  -0 .04  °C ±  0.58; t test p  < 0.0001).

3.2 Light attenuation

For all stations, vertical light attenuation (K¿) gradually in
creased over time, meaning that over time less light pene
trated within the water column and led to a shallower eu
photic layer (Fig. 3). Both glacier stations (G, KG) showed 
enhanced K¿ values already from the beginning of the sea
son (April 2008 campaign), in particular near the Kongs
fj orden Glacier. The K¿ coefficients for this station were 
significantly different from K¿ s observed at the other sta
tions (one-way ANOVA, p  <  0.01). Here, K¿ increased from 
0.15 m-1  in early April to 1.22m-1  at the end of spring 
in 2007. As a result 1 % light depths, which define the eu
photic layer boundary, decreased from 32 m in early April 
to 3.7 m at the end of the 2007 campaign (25 June) near the 
Kongsfj orden Glacier. Station KG also showed elevated K¿ 
values as compared with the outer stations, ranging between 
0.10m-1  (early April) and 0.22m -1  (21 June) (Fig. 3), lead
ing to 1% light depths decreasing from approximately 40 to 
25 m during the course of the season. The middle fjord sta
tions (M and KM) and station O had lowest K¿ values at 
the start of the season in 2008 (Kj  values of 0.063, 0.070, 
0.077m-1 for O, M, and KM, respectively), giving rise to 
1 % light depths > 70 m. However, also at these stations K¿ ’s 
increased right from the beginning of the season, up until 1 % 
light depths of 30, 12 and 18 m, for O, M and KM, respec
tively, at the end of the season.

10  -

O  O c ean  Om
•  O c ean  20m 
O KoM Om
•  KoM 20m
■ KoG Om
□ KoG 20m

KrMO
•  KrM20 

KrGO
■ KrG20m

100 120 140 160 180
J u l ia n  D a y s

Fig. 4. Nitrate, phosphate and silica concentrations from the five 
sampling locations collected over time in Julian days. The dotted 
line separates the 2008 (left panel) from the 2007 (right panel) sam
pling period.

3.3 Nutrients

During the early spring campaign of 2008 nutrients gen
erally showed a decreasing trend, while during late spring 
(2007) nutrient concentrations remained stable but at low 
levels (Fig. 4). The 2007 nutrient concentrations were sig
nificantly lower than in 2008 for all nutrients (t test, p  < 
0.001). Maximum starting values at the beginning of the 
season were 11.3pM for NOx (NOj^+NCfp, 0.83 pM for
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Fig. 5. Surface samples pigment data of all stations over time (Julian days). Left panel shows surface biomass (black line) and the relative 
contribution of nano-picoplankton to the total Chi a (grey surface). Right panel shows the relative pigment class composition (cyanophytes, 
dinoflagellates, cryptophytes, chlorophytes, haptophytes and diatoms) to the total Chi a.

PO4 , and 4.8 pM for Si. Although a decreasing trend was 
observed at all stations, differences between stations were 
found. The strongest decrease in N 0X was observed at both 
middle stations, M and KM. The rate of nutrient decrease 
over time was calculated and given as removal rates (Table 
1). In 2008, the highest N 0X removal rates were 0.177 and 
0.171 pmol I-1  d-1 for M and KM, respectively (0 and 20 m 
samples pooled). The other stations showed lower or no NOx 
removal. At the Kongsfjorden Glacier station no removal 
trend was found (R 2 =  0.01, Table 1), while samples from 
station KG showed a better fit (R 2 =  0.92) and much lower 
NOx removal rates as compared with the Middle and Ocean 
station. PO^_ removal was similar for all stations, ranging 
between 0.009 and 0.011 pmol L-1  d-1  (Table 1). In contrast,

silicate removal varied greatly between stations, with the KG 
station showing the lowest (0.027 pmolL-1  d-1 ) and station 
M the highest (0.072 pmol L_1 d-1 ) removal rate (Table 1).

3.4 Phytoplankton biomass

Chlorophyll a concentration (pgL-1 ) showed high variabil
ity in space and time. Chi a levels were relatively high 
in early spring (2008 campaign) at the Ocean and Mid
dle Kongsfjorden stations (Fig. 5 left panels). Neverthe
less, in surface waters, Chi a never exceeded 2.5 pgL-1 . 
A phytoplankton bloom seemed to develop during early 
spring at the Ocean and Middle Kongsfjorden stations; how
ever, surface Chi a concentrations dropped sharply in the 
third week of April (2008) (Fig. 5). On average, Chi a

130 140 150 160 170
Julian Day
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Table 1. Early spring nutrient removal rates.

Station NOx p o ij- S i03_
Ocean (O) (n = 18) -0.158 (0.44) —0.011 (0.57) —0.057 (0.27)
Kongs Middle (M) (n = 20) -0.177 (0.58) -0.011 (0.80) -0.072 (0.46)
Kongs Glacier (G) (n = 16) -0.057 (0.01) -0.010 (0.33) -0.060 (0.37)
Kross Middle (KM) (n =  8) -0.171 (0.91) -0.009 (0.89) -0.052 (0.50)
Kross Glacier (KG) (n = 8) -0.147 (0.92) -0.009 (0.87) -0.027 (0.51)

NOx, PO^ and SiO^ removal (/¿mol L over time for the 5 stations, based on linear regression

analysis of dissolved nutrients for 0 and 20 m samples (pooled) o f 2008 samples. (R regression 
coefficient).

concentrations were lower at stations G, KG and KM. For 
comparison, average Chi a concentrations during the 2008 
campaign were 1.25 (±0,74) pgL -1  for the Ocean station, 
and 0.35 (±0.26) pgL“ 1 and 0.19 (± 0.09) pgL“ 1 for G and 
KG, respectively. During the late spring campaign of 2007, 
Chi a levels were low everywhere, ranging between 0.37 
(±0.25) pgL -1  at station O and 0.31 (±0.33) pgL -1  Chi a 
at station C. No significant differences between 0 and 20 m 
Chi a levels were found (results not shown).

3.5 Phytoplankton pigment fingerprints -  CHEMTAX

The taxonomic composition of the phytoplankton as revealed 
by taxon-specific pigment markers showed a high variabil
ity in space and time (Fig. 5, right panels). Similar to the 
Chi a data, no significant differences were found between 
0 and 20 m samples from the same location; therefore only 
surface patterns are shown (Fig. 5). In four samples from the 
Krossfjorden stations, 2008 campaign, pigment levels were 
too low (<C 0.1 pg Chi a L-1 ) to detect the essential pigments 
required for a reliable CHEMTAX calculation. Pigment fin
gerprints showed that diatoms and haptophytes dominated 
in early spring (2008 campaign). These groups were re
placed by other taxonomic groups during the late spring cam
paign (2007). Here (nano-)flagellates dominated as well as 
cyanophytes, giving rise to a significantly enhanced fraction 
in the nano-pico size ranges (Fig. 5, left panels) (one-way 
ANOVA, p  < 0.0001). Moreover, differences were found on 
the spatial scale. The highest relative abundance of diatoms 
and haptophytes was measured in the Ocean and Kongs- 
fjorden Middle samples during early spring (2008) with the 
Ocean station showing the highest average diatom abundance 
during both campaigns (51 and 53% in 2008 and 2007, re
spectively). Remarkably, in 2008, the microphytoplankton 
composition at the glacier locations from both fjords and the 
Krossfj orden Middle station differed significantly from the 
Ocean and Kongsfjorden Middle stations, with lower relative 
amounts of diatoms and haptophytes (Tukey test, p  < 0.001; 
p  < 0.005), but enhanced fractions of chlorophytes, cryp- 
tophytes and cyanophytes leading to an enhanced contribu
tion of the nano-pico fractions (Fig. 5, left panels). Overall, 
at the end of the 2008 campaign (12 May) both outer sta

tions (O, M) showed nano-pico fractions well below 10%, 
while at the Kongs Glacier station in particular values above 
30 % were found. At the start of the late spring campaign 
of 2007 this trend was also visible: the relative dominance 
of diatoms at the Ocean station decreased towards the in
ner parts of the fjords. At these inner locations, cryptophytes 
as well as cyanophytes were highly abundant. At the end of 
this campaign the nano-pico fraction at the Ocean station 
had increased, which was mainly due to enhanced chloro- 
phyte abundance, whereas ciyptophyte abundance remained 
relatively low. Based on CHEMTAX, dinoflagellate abun
dance was never high, but a general increase in relative abun
dance was found during the late spring campaign, as com
pared with early spring. Qualitative microscopic analysis 
confirmed the CHEMTAX outcomes in particular with re
spect to cryptophyte presence at the glacier locations. Here 
small-sized phytoplankton (cryptophytes, small dinoflagel- 
lates, occasional pennate diatoms) were often accompanied 
by small ciliates showing an average cell length of approx
imately 15 pm. At the end of the late spring campaign (19 
and 21 June 2007, Julian day (JD) 170 and 172) both glacier 
stations showed high numbers of cryptophytes in various 
sizes < 20 pm, whereas Ocean samples had numerous frag
ments of Phaeocystis colonies. During early spring (9 and 
16 April 2008) the diatom community at this location con
sisted mainly of Thalassiosira spp., pennate chain forming 
diatoms, and Chaetoceros species in lower numbers. Dur
ing late spring tintinnids and other ciliates of various sizes 
(< 20 pm, > 20 pm) were highly abundant at all locations.

3.6 Eukaryotic community -  molecular fingerprints

DGGE was applied to all samples, keeping samples from one 
location on separate gels. Similarity analysis of band patterns 
from a given sampling station generally showed clustering 
according to time and depth (data not shown). Ordination 
analysis and individual environmental variable testing con
firmed that factors time, temperature, nutrients and depth sig
nificantly explained part of the variation observed for com
munities from a given sampling location.

Pearson’s similarity analysis of the band patterns of the 
additional gel containing samples from different locations

Biogeosciences, 11, 2263-2279, 2014 www.biogeosciences.net/11/2263/2014/

http://www.biogeosciences.net/11/2263/2014/


A. M.-T. Piquet et al.: Springtime phytoplankton dynamics 2271

- I  -4,

Fig. 6. Dendrogram of DGGE profiles of PCR-amplified 18S rRNA 
gene fragments from temporal selection of the five sampling loca
tions. The samples were selected according to the maximal temporal 
range covered by the two field campaigns (early April, early May 
and end of June). Cluster analysis was based on Pearson's correla
tion index and the unweighted pair-group method with arithmetic 
averages.

and sampling days revealed two main clusters as shown in 
Fig. 6 . The first cluster included samples with high band pat
tern diversity, and the second cluster sampling with lower 
band numbers. The high-diversity cluster consisted of late 
spring (2007) samples collected at the onset of glacier melt 
water influence. Several 2008 samples were included within 
the “2007 cluster”. Those 2008 samples were collected at sta
tions G, KM and KG. Noticeably, within the “2007” clus
ter all fjord surface samples formed a distinct cluster from 
20 m samples, indicative of stratification. This surface water 
cluster appeared to share strong similarity with 20 m samples 
collected on 25 June at the Kongsfj orden Glacier and Middle 
station. Overall, samples collected during early-mid-spring 
from inner fjord stations appeared to share more similarity 
with glacier-influenced late spring samples.

The cluster exhibiting lower diversity included exclusively 
2008 samples. Furthermore there was a temporal and spa

tial separation between early spring and mid-spring samples, 
representing a pre-bloom and a bloom community, respec
tively. The early spring (pre-bloom) samples included rela
tively more Krossfjorden samples, whereas the mid-spring 
cluster consisted mostly of O and M station samples. The 
clustering suggests that the pre-bloom community was sus
tained longer in Krossfjorden.

3.7 Molecular community composition -  clone library 
sequencing

For each clone library we sequenced between 134 and 
154 clones, yielding a total of 1457 sequences of a 
+ / —520 bp section of the 18S rRNA gene (position 1 to 
520). From the 1457 sequences we identified 65 OTUs 
at the 0.03 cut-off level and 49 singletons. In Table 2 
we list the environmental clone and the isolate shar
ing most identity with each OTU and the relative se
quence distribution of each OTU for each sample. Over
all we identified 760 Alveolata (Dinophyceae, Syndiniales 
and Ciliophora)-, 107 Haptophyceae (Prymnesiales)-, 66 
Viridiplantae (Chlorophyta)-, 83 stramenopiles (Bacillar
iophyta, Pelagophyceae, Chrysophyceae)-, 18 Cryptophyta 
(Pyrenomonadales)-, 12 Picozoas (formerly known as pi- 
cobiliphytes; Not et al., 2007; Seenivasan et al., 2013)-, 
78 Rhizaria (Cercozoa, Haplosporidia)-, 15 Telonema-, 15 
Choanoflagellida-, and 249 Metazoa (Maxillopoda, Annel
ida, Lophotrochozoa, Cnidaria)-related sequences. The se
quence diversity was highest in glacier samples from early 
April, with a Shannon diversity index (H') of 2.82 and 3.19 
for G and KG, respectively. Lowest diversity was found in 
Ocean samples from 12 May 2008 (H' =  0.59) and 30 April 
2008 (H' =  1.41), which were dominated by copepod se
quences.

The relative abundance of sequences identified as Dino
phyceae was evenly distributed over the three locations and 
between different sampling days. Most Haptophyceae se
quences were recovered in early spring samples from O and 
G samples, and then gradually decreased towards summer. 
Haptophyceae sequence distribution from clone libraries of 
the Krossfjorden Glacier samples was relatively evenly dis
tributed over time. Sequences identified as Stramenopiles 
were mostly recovered from G and KG locations in early- 
mid-spring. Chlorophyte sequences were mostly found in 
clone libraries from G ad KG locations in particular on 12 
May at location G.

Among sequences related to the grazer fraction of the 
community, copepod-related sequences (Calanus sp. and 
Oithona sp.) were nearly exclusively recovered from Ocean 
samples from mid-spring 2008 (> 75%). In contrast, se
quences related to Ciliophora were mostly recovered from 
G and KG locations, in particular from G samples from late 
spring. Clones identified as Rhizaria-related sequences were 
mostly recovered from KG samples. Furthermore Rhizaria 
were overall more abundant in June samples, in particular
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in KG and 0  samples. Choanoflagellates were mostly recov
ered from mid-late spring samples, and absent in most early 
spring samples.

4 Discussion

4.1 Comparison of phytoplankton community analysis 
methods: pigments, microscopy and 18SrRNA gene 
sequencing

In the present study we show that the combination of pigment 
and molecular fingerprinting, supported with occasional mi
croscopy inspections to assess phytoplankton community 
structure, are highly complementary. CHEMTAX analysis 
of taxon-specific pigments revealed semi-quantitative dif
ferences in phytoplankton community structure at the class 
level over time and space. Incidental microscopy confirmed 
the quantitative data generated by the CHEMTAX analysis. 
For example, the high relative contribution of cryptophytes 
to total phytoplankton biomass, as revealed by CHEMTAX 
was confirmed by the high numbers of cryptophyte cells as 
visually observed for the glacier and late spring samples. 
Overall, the stations in close proximity to both glaciers, pre
dominantly hosted a small cell community including cryp
tophytes, cyanophytes, chlorophyll b containing algae, and 
some pennate diatoms and small ciliates. The relatively high 
abundances of haptophyte and diatom specific pigments in 
early spring samples from the Ocean station were indeed 
confirmed by microscopy: samples were mainly composed of 
Phaeocystis sp. colonies and diatoms belonging to the gen
era Thalassiosira, Fragilariopsis and Chaetoceros. Further
more, specific pigment signatures suggested a high relative 
contribution of cyanophytes in some samples constituting up 
to 25 % of the total phytoplankton community. Confirmation 
of this finding was attempted by using specific cyanobacterial 
primers Cya27Fl and Cya809R (Jungblut et al., 2005; Jung
blut et al., 2010; Lionard et al., 2012) on DNA extracts of the 
0.2-2 pm size fraction. The amplification did not yield any 
specific cyanobacterial amplicons preventing the identifica
tion of cyanobacterial species present in the Kongsfjorden- 
Krossfj orden system. Further investigation is therefore re
quired to assess specific cyanobacterial presence and identity 
in both fjords.

Species composition inferred from partial 18S rRNA gene 
sequencing revealed a different community composition, as 
compared with CHEMTAX and microscopy. Most striking 
was a bias towards identification of Alveolate-related se
quences. Over half (760) of our 1454 environmental se
quences were identified as Alveolata, among which 591 were 
most related to the Dinophyceae. Alveolates are known to 
often dominate in 18S rRNA gene libraries (Massana and 
Pedros-Alió, 2008). Clone libraries of the 18S rRNA gene 
are mostly biased towards high 18S rRNA gene copy num
ber species (Zhu et al., 2005). Other Arctic studies on marine

protistan communities also observed a large dominance of 
Alveolata-related sequences (Eovejoy et al., 2006; Terrado 
et al., 2011). Analysis of protistan rRNA gene clone libraries 
from the Amundsen Gulf (Canadian Arctic) showed that 
rRNA gene clone libraries mostly consisted of OTUs iden
tified as Ciliophora, Dinophyceae, Marine Alveolata, which 
are all members of the Alveolate superphyla, and further
more Marine Stramenopile (MAST) and Prasinophyte OTUs.

In addition to the high contribution of Alveolate-related 
sequences, a striking difference with the CHEMTAX ap
proach was the underrepresentation of diatom (Stramenopile) 
and the near absence of cryptophyte sequences. This under
lines that when solely applying molecular methods, the phy
toplankton community is not realistically reflected by analy
sis of the 18S rRNA gene. On the other hand analysis of the 
18S rRNA gene also has an important added value since it 
provides information on non-pigmented species and on the 
identity of taxonomically unidentifiable smaller species be
longing to relevant marine taxonomic groups such as chloro
phytes, prasinophytes, Picozoa, haptophytes, chiysophytes 
and pelagophytes, as demonstrated for the two Arctic fjords 
under study (Table 2). Moreover, 18S rRNA gene sequenc
ing provided qualitative information on smaller heterotrophs 
belonging to the Ciliophora, Syndiniales, Choanoflagellates, 
Cercozoa, and Telonema. High throughput sequence analy
sis of RNA instead of the 18S rRNA gene might provide a 
more accurate reflection of the active/live part of the plank
ton community. In addition, it has been proposed that RNA 
based libraries are more representative of environmental con
ditions prevailing at the time of sampling (Stoeck et al., 
2007). For future protistan and phytoplankton community 
studies we recommend the sequencing of rRNA and RNA 
libraries through next generation sequencing methodologies 
and complementary taxon-specific pigment analysis.

4.2 Kongsfjorden springtime phytoplankton dynamics

Typically, Kongsfjorden spring blooms peak in May and 
consist of Phaeocystis pouchetii and diatoms (Thalassiosira 
spp., Chaetoceros spp. and Fragilariopsis spp.) (Seuthe et 
al., 2011; Hodal et al., 2012; Hegseth and Tverberg, 2013). 
However, in recent years, the bloom timing varied from 
April to the end of May. (Hegseth and Tverberg, 2013). 
Shifts in bloom timing have been attributed to the vari
able presences of sea ice and anomalous wintertime AW in
flow events into the fjord. The mooring site within Kongs
fj orden revealed important wintertime AW inflow events in 
three consecutive years (2006-2008). (Hegseth and Tver
berg, 2013). In our sampling years of 2007 and 2008 the 
winter cooling of the fjord was interrupted by several AW 
incursions in surface waters. Hegseth and Tverberg (2013) 
reported decreased spring bloom Chi a values and altered 
taxonomic composition during the bloom period. The com
position shift was most pronounced during the 2007 spring 
bloom with a Phaeocystis-pouchetii-dominated community
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(> 90 %) complemented by small flagellates and only a 
minor contribution of diatoms (1%). The bloom was de
layed to mid-May and strongly reduced in duration. By 
23 May only 10% of the bloom remained, and the suc
cession towards a flagellate community had started. These 
data enabled us to situate our 2007 late spring sampling 
period (22 May to 25 June) within the post-bloom period. 
Kongsfj orden phytoplankton succession has been reported 
to shift to a nano- and picoplankton- and dinoflagellate- 
dominated community during summer (Keck et al., 1999; 
Rokkan Iversen and Seuthe, 2011; Seuthe et al., 2011). Our 
2007 data showed that haptophyte and diatom pigments, 
which normally constitute the largest fraction of the spring 
community (Fig. 5), had mostly disappeared although frag
ments of senescent Phaeocystis colonies were still observed 
at the O and M stations. Moreover, the late spring 2007 
nutrient data showed largely nutrient-depleted surface wa
ters. Despite the relatively diatom-poor 2007 bloom reported 
by Hegseth and Tverberg (2013), our late spring nutrient 
data also showed silica concentrations below 2 pM, sug
gesting that diatoms might have peaked earlier than the 
Phaeocystis sp. bloom, in- or outside Kongsfjorden. The ob
served succession from haptophytes and diatoms to the nano- 
and picophytoplankton-sized classes (chlorophytes, crypto
phytes, dinoflagellates and cyanophyte) is in agreement with 
other studies conducted in Kongsfjorden during late spring 
and summer (Keck et al., 1999; Rokkan Iversen and Seuthe, 
2011; Seuthe et al., 2011).

In 2008, Hegseth and Tverberg (2013) measured an in
crease in Chi a (up to 1.6 1.9 pg L—1 ) between 18 and 21 
April (JD 109 to 112) at the central Kongsfjorden monitoring 
site. They speculated that this was the initiation of the spring 
bloom, composed of Phaeocystis sp. (90 %) and diatoms 
(7%), {Fragilariopsis sp., Thalassiosira spp., Chaetoceros 
sp. and pennate diatoms). Our early April CHEMTAX and 
microscopy data showed similar taxonomic composition and 
maximal Chi a values at the Ocean station of 1.7pgF -1  on 
16 April (JD 107). From mid-April 2008 onwards the spring 
bloom did not develop steadily at all fjord locations. Chi a 
values in Kongsfjorden Middle station showed a small in
crease around 19 April to 0.7 and 1 pgF -1  in surface waters 
and 20 m samples, respectively, whereas Chi a levels from 
all other stations stayed below 0.5pgF -1 . Between 19 and 
26 April we measured a sharp decrease in Chi a at the Ocean 
and Middle station, dropping down to <0.5pgF -1 . This co
incided with a high wind velocity period of 4 days (daily 
average wind speeds 6.95 and 8.2 m s-1 ) from the NWW di
rection, which freely blew into Kongsfjorden, which has a 
northwest-southeast orientation. The high winds combined 
with low air temperatures (wind chill — 37 °C) likely caused 
vertical mixing and cooling of the water column. This was 
confirmed by the CTD profiles (Fig. 2) showing a homoge
neous water column for the upper 60 m at the O and M sta
tions. The resultant vertical redistribution of phytoplankton 
biomass may have interrupted bloom formation, and could

cause changes in phytoplankton composition, as found be
fore (Piquet et al., 2011; Hegseth and Tverberg, 2013). Af
ter the wind event, a period characterized by relatively calm 
southerly winds permitted stabilization of the water column 
and therefore biomass buildup. Chi a values eventually in
creased after 28 April up to our last sampling day on 12 May, 
reaching up to 2.5 and 2.8pgF -1  at the Ocean station at 0 
and 2 0 m, respectively, and 2 and 2.5pgF -1  at 0 and 2 0 m 
depth, respectively, on 2 May at Kongsfjorden Middle sta
tion. Maximal Chi a values from our data were still well 
below maximal Chi a springtime values, which can reach 
up to ~  13pgF -1 as recorded in other years (Hop et al., 
2002; Hegseth and Tverberg, 2013). This indicates that the 
2008 spring bloom was disrupted and characterized by low 
biomass throughout.

4.3 Cyanobacteria as potential marker species

Our pigment data are the first showing the relative impor
tance of cyanophytes in the Kongsfjorden-Krossfjorden sys
tem. Cyanobacteria are ubiquitous and important contribu
tors to primary production in warmer marine waters, and 
are typically considered to be absent from high-latitude po
lar marine waters (Partensky et al., 1999). Just recently a 
few studies have observed cyanobacteria in Arctic waters. 
Cottrell and Kirchman (2009) found Synechococcus spp. in 
samples from the Chukchi and Beaufort Sea, while Diez et 
al. (2012) reported the presence of cyanobacterial nifH genes 
in samples collected in the Fram Strait, west from Spitsber
gen. We propose that the regular Atlantic water incursions 
might have contributed to transport of cyanobacterial species 
from the milder Atlantic currents into Kongsfjorden. A tem
perate origin for the Chukchi and Beaufort Sea Synechococ
cus spp. was also proposed by Cottrell and Kirchman (2009). 
In the past, Atlantic water inflow events have been associ
ated with observations of the haptophyte Emiliania huxleyi in 
Svalbard and Arctic waters (Hasle and Heimdal, 1998; Hop 
et al., 2002; Hegseth and Sundfjord, 2008). As a result, this 
species was proposed as a marker species for AW intrusion in 
the area. However in our 2007 and 2008 samples, two years 
with strong AW influence, no E. huxleyi cells were found. 
Instead, cyanobacterial presence might be a more promising 
AW marker as suggested earlier (Gradinger and Fenz, 1989).

4.4 Potential freshwater species intrusions

Alternatively, in polar freshwater systems, such as lakes, melt 
water ponds and streams, cyanophytes are major contributors 
to primary production (Jungblut et al., 2010; Harding et al., 
2011; Vincent and Quesada, 2012). As meltwater was affect
ing the Kongsfjorden-Krossfjorden system throughout our 
sampling period, one could speculate that cyanophyte pig
ments could have originated from freshwater sources. If the 
cyanophyte pigments originated from the freshwater runoff 
or processes related to glacial melting, one would expect
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clear differences in cyanophyte pigment abundance between 
the different layers as the high buoyancy of small freshwater 
cyanophytes would confine them within the surface melt wa
ter layer of the fjord. However, our analysis indicated that 
overall cyanophyte pigment abundance at 20 m depth was 
similar to the abundance at the surface, providing no evi
dence for a freshwater-related population. Cyanophyte pig
ment abundances were overall higher in late spring than early 
spring, when freshwater input was highest. This could pro
vide circumstantial evidence for a freshwater origin. How
ever, we did not find higher cyanophyte pigment abundances 
at the glacier station, which was most influenced by meltwa
ter input in late spring, weakening the likelihood for a fresh
water origin. Overall our data do not provide conclusive evi
dence for a freshwater origin.

Our samples also revealed relatively important chloro- 
phyte pigment abundances. A potential non-marine origin 
of the chlorophytes was examined by comparing depth and 
spatially related differences in pigment abundance. Chloro- 
phyte pigments were slightly more abundant in surface wa
ter samples than in 2 0 m-depth samples, in particular at in
ner fjord locations, while highest chlorophyte pigment abun
dances were found at the Ocean station, suggesting the pres
ence of marine chlorophytes. Therefore our findings mean ei
ther that chlorophytes have a slight physiological advantage 
in surface waters (more light, less salinity) or that marine 
as well as freshwater chlorophytes were present in the study 
area. The latter is a plausible explanation, as the chlorophyte 
group was inferred from Chi b : a pigment present in chloro
phytes and prasinophytes. HPLC does not enable the distinc
tion between both classes, and thus the relative pigment dis
tribution of chlorophytes might very well have consisted of 
freshwater chlorophytes at the inner locations and in surface 
waters, while at the Ocean station marine prasinophytes may 
have been relatively more abundant. In both cases, identifi
cation of cyanophytes and chlorophytes in polar marine sys
tems influenced by meltwater incursions requires further in
vestigation in order to determine their origin: marine or from 
freshwater sources.

4.5 Influence of environmental conditions on
springtime phytoplankton biomass and composition

Differences in both phytoplankton biomass (Chi a) and com
position between stations Ocean and Kongsfjorden Middle 
versus Krossfjorden Middle and both glacier stations were 
striking. The inner locations had significantly lower Chi a 
values, and showed a higher relative abundance of nano- 
picoplankton groups throughout the early spring sampling 
period. At the Ocean site, 2008 Chi a values and diatom pig
ments were positively correlated (In transformed Chi a; y = 
32.407x + 56.815, R 2 =  0.736). Other locations showed rel
atively low diatom pigment concentrations. Diatoms are con
sidered primary biomass contributors in polar waters (Varela 
et al., 2002), and their relatively lower contribution at Kongs

fj orden Glacier and Krossfjorden stations probably was an 
important determinant for lower Chi a values. In support of 
this, Rokkan Iversen and Seuthe (2011) showed a low con
tribution of < 10 pm-sized cells (expressed as % Chi a) dur
ing the spring bloom at their monitoring location in central 
Kongsfjorden, while comprising the largest fraction of the 
phytoplankton (75-95 %) during the rest of the year.

The Kongsfjorden and Krossfjorden Glacier locations 
showed lower water temperatures with subzero values. We 
speculate that the prevailing lower water temperatures pre
vented the development of a spring bloom at those locations. 
On the other hand, the nutrient data demonstrated uptake and 
hence phytoplankton growth at these locations although the 
observed lower silica uptake rates indicated decreased quan
titative importance of diatoms. The Kongsfjorden Glacier 
data showed a highest Chi a value of 0.8pgL -1  on 5 May, 
corresponding with an intrusion event of saltier and warmer 
water (Fig. 2, JD 124) and thus probably reflecting transport 
of phytoplankton from the Middle station.

In addition to the relatively colder conditions, inner fjord 
locations were also characterized by lower salinities. The sur
face waters at the Krossfjorden Glacier station were signifi
cantly fresher due to sea ice melting leading to surface strati
fication (Fig. 2) during early spring (2008 campaign). Salin
ities near the Kongsfjorden Glacier also showed slightly re
duced values during the 2008 campaign. Sea ice was largely 
absent from Kongsfjorden, and reduced salinities were prob
ably caused by early springtime glacier melting. The over
all significantly higher Kd values measured near the glacier 
support an early onset of glacier meltwater, enriched in sedi
ment particles, during early spring. Several other polar stud
ies have reported shifts in phytoplankton communities to
wards smaller-sized phytoplankton species, as a result of 
meltwater input. Along the western Antarctic Peninsula re
duced water salinities were correlated with increased crypto
phytes abundance (Moline et al., 2004), whereas diatom and 
prymnesiophytes were associated with saltier water masses. 
The relatively higher proportion of nano-picoplankton at the 
inner fjord locations during springtime could have been par
tially mediated by glacier influence expressed in lower salin
ities and temperatures. Also, it cannot be ruled out that melt
water induced surface stabilization that caused rapid sink
ing of diatoms out of the euphotic zone, the latter becoming 
highly shallow towards the end of spring. In addition, the 
suboptimal irradiance conditions resulting from strong light 
attenuation near the glaciers could also have limited phyto
plankton growth. Our molecular fingerprinting data further 
support the hypothesis that early glacier influence was at 
hand, as spring phytoplankton community fingerprints from 
inner fjord stations shared more similarity to late spring com
munities than the outer fjord spring community. The tran
sect data from Hegseth and Tverberg (2013) from spring 
2006 show an early spring bloom with high Chi a concen
trations (13pgL-1 ) measured in Kongsfjorden in particular 
at stations Kb0-Kb2 corresponding to our Ocean and Middle
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station, whereas the inner Kongsfjorden (Kb5) correspond
ing to our Glacier station had much lower Chi a concentra
tions (< 5 pg L_1). In other words, even during a high phyto
plankton biomass season, glacier proximity appears to limit 
biomass.

5 Conclusions

In the present study we generated a data set enabling a com
parison in phytoplankton springtime dynamics and compo
sition between the two adjacent ijords. Our results show 
that, despite their shared Ocean connection and their ap
parent proximity, springtime phytoplankton dynamics differ 
significantly between the fjords, as was proposed before for 
summertime communities (Piquet et al., 2010). Our spring
time mini-transect survey show that Kongs- and Krossfjor- 
den springtime phytoplankton conditions are strongly gov
erned by oceanic as well as glacier influence. Both are fed 
by numerous glaciers, but the sediment discharge is more 
important in the inner Kongsfjorden. Furthermore, Kongs- 
fjorden appeared to be more influenced by AW inflow, me
diating higher water temperatures, whereas Krossfjorden 
stayed much colder throughout early spring, and shared 
much resemblance to the inner Kongsfjorden conditions. 
These physical differences appeared to affect the develop
ment of phytoplankton biomass. Near-glacier-vicinity con
ditions influenced phytoplankton community composition as 
early as spring, with a limited biomass buildup and a rela
tively smaller sized phytoplankton community, resembling 
late spring communities sampled within glacier meltwater 
plumes. Our microscopy and sequence analysis suggests that 
the grazer community composition is also affected. Cope- 
pods were dominating in outer station locations, where di
atoms and Phaeocystis sp. dominated, whereas ciliates were 
the dominant grazer fraction at inner fjord locations. From 
this we can speculate that an earlier onset of glacier melting 
in spring will limit biomass buildup and facilitate a smaller- 
sized phytoplankton community, mostly grazed by ciliates 
which may channel organic carbon towards the microbial 
loop, rather than to higher trophic levels. We therefore con
clude that ongoing climate change, leading to more Atlantic 
water intrusions in Kongsfjorden and an early glacier melt
water onset, will affect phytoplankton biomass composition 
and thus may have a cascading effect on the fate of organic 
carbon and, hence, on biogeochemical carbon cycling.
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