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ABSTRACT: This study describes seasonal patterns and proposes likely drivers of an unusual
phytoplankton primary production pattern in the outer-sill region of a tidewater outlet glacier-
influenced fjord (Godthabsfjord) in SW Greenland. It is based on monthly measurements of
pelagic primary production and hydrographic conditions during a 7 yr period. Total annual
primary production during 2005 to 2012 was between 84.6 and 139.1 g C m~2 yr~!. Two phyto-
plankton blooms of similar magnitude reoccur in the fjord every year. A ‘classical’ spring bloom of
up to 1743 mg C m~2d ! occurred in late April/early May in a water column almost fully mixed due
to tidal forces at the fjord sill. After the spring bloom, primary production decreased in June, after
which a summer bloom of up to 1383 mg C m~2 d~! built up. This bloom coincided with the devel-
opment of a pycnocline caused by substantial runoff from the Greenland Ice Sheet every year
during midsummer. This observation supports a hypothesis that fjord circulation modes and
subglacial freshwater discharge, leading to upwelling of nutrient rich water, stimulate primary
production in the fjord. Future changes in the timing or magnitude of meltwater runoff from the
Greenland Ice Sheet are thus likely to affect phytoplankton dynamics in the fjord.
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INTRODUCTION

The marine ecosystems along the west coast of
Greenland are considered highly productive, sus-
taining large pelagic and benthic communities across
trophic levels. Primary production estimates from
West Greenland coastal waters (26 to 500 g C m™
yr‘1; Steeman-Nielsen 1975, Smidt 1979, Andersen
1981, Jensen et al. 1999, Levinsen & Nielsen 2002)
are in the high end of values recorded in Arctic seas
(ranging from 5 to 900 g C m~2 yr'}; Stein & Mac-
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donald 2004), particularly on the Arctic shelf regions
(average estimates of 32, 97 and >230 g C m™2 yr~!
for Arctic Shelves, Atlantic Sector and Bering Shelf,
respectively). Primary production in high-latitude
waters is mainly driven by phytoplankton, while sea-
ice algae may be of seasonal importance in areas
experiencing seasonal sea ice (<1 — 66 % of total mar-
ine primary production; Legendre et al. 1992, Rys-
gaard & Glud 2007) and benthic algae and macro-
algae may contribute significantly or even dominate
primary production in shallow areas within the pho-
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tic zone (Glud et al. 2002, 2010, Krause-Jensen et al.
2007, Attard et al. 2014).

High-latitude coastal ecosystems display a pro-
nounced seasonal succession in community struc-
ture, function and productivity (Carmack & Wass-
mann 2006) due to the prominent seasonality in
environmental conditions (e.g. sea ice, light, temper-
ature and salinity; Sakshaug 2004). Still, the majority
of studies on pelagic primary production have foc-
used on the peak productive periods in spring and/or
summer, while only few studies cover the entire
annual cycle including the less productive winter
and autumn months (Smidt 1979, Andersen 1981,
Levinsen & Nielsen 2002). Timing and duration of the
primary productive season in Arctic regions is ulti-
mately determined by light availability, i.e. the sea-
sonal incoming solar radiation (insolation) in relation
to the latitude of observation (Sakshaug 2004, Leu et
al. 2011) combined with snow and sea-ice cover
reducing light penetration into the water column
(Rysgaard & Glud 2007, Segaard et al. 2010). Factors
controlling the magnitude of primary production are
more complex due to variable bathymetry, hydro-
graphic conditions and nutrient availability (Stein &
Macdonald 2004, Tremblay et al. 2006, 2008), species
composition (Gregntved & Seidenfaden 1938, Poulsen
& Reuss 2002, Coello-Camba et al. 2014) and grazing
pressure during the productive season (Levinsen et
al. 2000, Madsen et al. 2008, Arendt et al. 2010, Cal-
bet et al. 2011, Tang et al. 2011).

This study investigated the complete annual cycle
of phytoplankton production in a sub-Arctic fjord in
the course of a 7 yr period with the aim of identifying
reoccurring patterns and discussing possible drivers
of seasonal production. The study was conducted in
the outer-sill region of a tidewater outlet glacier-
influenced fjord (Godthabsfjord, SW Greenland) con-
nected to the Greenland Ice Sheet (see Fig. 1). Fresh-
water originating from melting sea ice and glacial ice
along with terrestrial meltwater runoff has been
shown to induce a seasonal stratification of the upper
part of the water column, which is further strength-
ened by solar heating and air-sea heat exchange
during summer (Mortensen et al. 2013). Stratification
of the water column may impose counteracting
effects on the phytoplankton community by favour-
ing their suspension within the photic zone while at
the same time may limit the input of new nutrients
across the pycnocline (Tremblay et al. 2006, 2008).
Freshwater input therefore has an important influ-
ence on phytoplankton productivity in fjords and
coastal systems. Mortensen et al. (2011, 2014) identi-
fied interannual variation in circulation modes of a

tidewater outlet glacier fjord, with implications for
water mass distribution and water exchange be-
tween fjord and the coastal region, a factor which
may influence phytoplankton distribution and pro-
ductivity. In general, little is known about how ter-
restrial and glacial runoff affects phytoplankton pro-
duction within Greenland fjords. In this study we
report on seasonal and interannual variation in
phytoplankton primary production, chlorophyll a
(chl a) concentrations, nutrient concentrations and
hydrographic conditions at the entrance of the sub-
Arctic Godthabsfjord, SW Greenland. Our study is
based on monthly phytoplankton production and bio-
mass data, along with hydrographic and chemical
data, from 2005 to 2012.

MATERIALS AND METHODS
Study area

The Godthdébsfjord system, SW Greenland, is a
fjord system made up of a number of fjord branches.
The fjord system covers 2013 km? with an average
depth of ca. 250 m (max. depth >600 m; Mortensen et
al. 2011). The main fjord branch is approximately
190 km long and several sills characterize the outer
part of the fjord. Incoming solar radiation at this sub-
Arctic latitude varies greatly during the year with
day length (i.e. sun above the horizon) ranging from
ca. 4 to 20 h during an annual cycle. The fjord system
is connected to the Greenland Ice Sheet via 3 tide-
water outlet glaciers and several rivers. The Godt-
hébsfjord system is affected by significant tides (tidal
range ca. 1 to 5 m; Richter et al. 2011); during the
spring tide 20 km® of water passes the outer-sill
region during a tidal cycle. This volume is of the
same order of magnitude as the annual freshwater
discharge to the fjord, including both the liquid and
solid components (van As et al. 2014). Three princi-
pal water masses, atmospheric heat exchange and
melt/freeze processes contribute to the water masses
found in the fjord (Mortensen et al. 2011, 2013). Two
of the 3 principal water masses are found outside the
fjord; subpolar mode water and coastal water, where-
as the third, freshwater, comes from meltwater runoff
from the Greenland Ice Sheet, terrestrial runoff,
meltwater from sea ice and calved glacial ice. The
freshwater input induces a seasonal stratification of
the upper part of the water column, which is further
strengthened by solar heating and air-sea heat ex-
change during summer (e.g. Mortensen et al. 2013).
Seasonal sea-ice cover is limited to secondary fjord
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J Particulate phytoplankton primary pro-
| duction was determined using the "“C
< incubation technique (Steeman-Nielsen
{; 1952). Samples from 5, 10, 20, 30 and

40 m depth were incubated at in situ
depths in glass bottles (2 light and 1 dark

52°W 50°

Fig. 1. Godthabsfjord area, Greenland (inset). The station (GF3)
sampled by MarineBasis-Nuuk (2005-2012) is marked by an %

branches and the innermost fjord section contribut-
ing to an early freshwater input to the fjord along
with terrestrial snow melt. The sampling/monitoring
station (GF3) is located at the outer-sill region
(64°0"7N 51°53'W, bottom depth at c. 350 m; Fig. 1),
which is characterized by strong and deep-reaching
tidal diapycnal mixing.

Seasonal study

Pelagic sampling at the monitoring station was
conducted monthly within the marine monitoring
program MarineBasis-Nuuk, part of the Greenland
Ecosystem Monitoring program (GEM; www.g-e-m.
dk). Vertical profiles of salinity, temperature, irra-
diance (photosynthetically active radiation, PAR),
fluorescence and turbidity were obtained using a
CTD profiler (SBE19+) equipped with a Biospherical
QSP-2300L PAR sensor, Seapoint chl a fluorometer
and a Seapoint turbidity sensor.

Water samples were collected using a Niskin water
sampler at 1, 5, 10, 15, 20, 30, 50, 100, 150, 250 and
300 m depth. Water samples for nutrient analyses
were pre-filtered through a GF/C f{ilter, and kept
frozen (-18°C) prior to analysis. Phosphate (PO,%)
and silicate (SiO,) concentrations were determined
by spectrophotometric approach (Strickland & Par-
sons 1972, Grasshoff et al. 1983), while nitrate and
nitrite (NO3;™ + NO,") concentrations were measured
by vanadium chloride reduction (Braman & Hendrix
1989).

bottles at each depth) for ca. 2 h around
noon. Samples were kept completely
dark after recovery until GF/C filtration.
Then 100 pl 1M HCI was added and the
samples fumed for a minimum of 12 h
to remove remaining !C, after which
PerkinElmer Ultima Gold scintillation li-
quid was added and mixed well. The
samples were analyzed after a minimum
of 22 h using a TriCarb 2800 TR liquid
scintillation analyzer (PerkinElmer). Pro-
duction values were dark-corrected using
the dark bottle from each depth. Samples
for in situ total inorganic carbon (TCO,)
concentration, used for calculation of
primary production, was collected at corresponding
depths in 100 ml glass bottles with a gas-tight tube
and preserved with HgCl, (final concentration of
0.02%). TCO, concentrations were measured coulo-
metrically (Johnson et al. 1987). Asiaq (Greenland
Survey) supplied irradiance data (W m™2), which was
converted to PAR after calibration (R? = 0.99, p <
0.001, n = 133) with a LiCor 1400. Daily primary pro-
duction was calculated by multiplying the production
value from the ca. 2 h incubation with the ratio
between the incoming PAR during the deployment
period (ca. 2 h) and the entire day of sampling (24 h).
Annual primary production estimates were adjusted
for differences in daily PAR between each measure-
ment. Primary production was integrated vertically
from 0 to 45 m covering the average depth strata of
21% of surface PAR throughout the study (38.8 m;
data not shown).

r64.5°N

F 64°N

RESULTS
Seasonal succession

A distinct seasonal structure in both hydrographic
condition and activity of the primary producers were
observed in the 7 yr time series at the outer-sill
region (Stn GF3, Fig.1). During winter (November to
March), the upper 50 m of the water column at
Stn GF3 was well mixed, due to deep tidal-induced
diapycnal mixing in the outer-sill region and low
freshwater runoff from the fjord (Fig. 2A). Across all
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Fig. 2. Time series (2006-2012) of (A) density anomaly (kg m~ from 0-50 m), (B) mean + SE nutrient concentrations (from
0-50 m), (C) fluorescence (approximately mg chl a m™ from 0-300 m) and (D) integrated primary production (mg C m™2 d~!

from 0-45 m) at the outer-sill region of Godthabsfjord (see Fig. 1)
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years, conditions from November to March were
characterized by a low phytoplankton biomass
(<0.3 mg chl a m~® from 0-50 m; Figs. 2C & 3C) and
production (<100 mg C m~2 d7%; Figs. 2D & 3A). Bio-
mass and production levels were evenly distributed
within the upper 50 m (Fig. 3B,C). Nutrient con-
centrations in the upper 50 m were at their highest
during winter, ranging from 6.0-14.6, 2.4-9.6,
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Chl a concentration (mg chl a m™)
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Fig. 3. Mean (+SE) monthly (A) integrated primary produc-

tion (from 0-45 m) in 2005 to 2012, (B) primary production at

5,10, 20, 30 and 40 m (2005-2012) and (C) chl a concentra-
tion at 5, 10, 20, 30 and 50 m (2005-2012)

0.4-1.0 pM for nitrate+nitrite (subsequently referred
to as nitrate), silicate and phosphate, respectively
(Figs. 2B & 4).

In spring (April/May), an abrupt increase in bio-
mass and production was recorded every year. The
upper 50 m of the water column showed a weak strat-
ification (average density difference of 0.1 kg m™
between 0 and 50 m in April/May) and annual maxi-
mum densities occurred due to annual intermittent
dense coastal inflows from the West Greenland shelf
(potential density anomalies up to 27 kg m~3 at 50 m
during April/May; Fig. 2A). Temperature and salinity
ranged from -1.0 to 2.1°C and 32.7 to 34.1, respec-
tively, in the upper 50 m (data not shown). Fluores-
cence profiles show that the spring bloom was dis-
persed over the 350 m water column (Fig. 2C) and on
average 72% of chl a biomass was situated below
50 m. Therefore, no general trend of biomass be-
tween depths within the upper 50 m was observed
during the spring bloom (averages of 1.2-3.3 and
3.1-3.6 mg chl a m~3 in April and May, respectively;
Fig. 3C). In contrast, primary production was on aver-
age more than twice as high at 5-10 m compared to
at 20—-40 m and 45.1 % of the total integrated primary
production (0-45 m) was found in the upper 10 m
(Fig. 3B). Primary production during spring signifi-
cantly reduced nutrient concentrations within the
upper 50 m (down to 0.8, 0.8 and 0.03 pM for nitrate,
silicate and phosphate, respectively; Figs. 2B & 4).

The spring bloom was followed by a distinct de-
crease in phytoplankton biomass and production
every year in June (<1.5 mg chl am™ and <615 mg C
m~2 d}; Table 1, Figs. 2C,D & 3). The water column
still only showed a weak stratification (Fig. 2A) and
nutrients levels remained low in the upper 50 m
(Figs. 2B & 4).

A second annual peak in phytoplankton biomass
and production was observed in the upper 50 m dur-
ing July or August (note: no sampling in July in 2007
and 2011). In some years, this summer peak in
production even exceeded the spring bloom (up to
3.5mg chl am™ and 1383 mg C m~2 d!, respectively;
Table 1, Figs. 2C,D & 3A). The summer blooms co-
incided with the development of a pycnocline within
the upper 20 m of the water column (average density
difference of 5.0 kg m™ between 0 and 50 m in
August), which is strong enough to withstand the
intense tidal mixing (Fig. 2A). This pycnocline is a
result of the seasonal increase in the glacial melt-
water runoff to the fjord (van As et al. 2014). The
strength of the pycnocline usually peaked in August
with temperatures up to 8.3°C and salinities down to
18.5 in surface waters (potential density anomalies
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Fig. 4. Silicate (Si) vs. nitrate + nitrite (1M) and phosphate (PO,) vs. nitrate + nitrite (1M) concentrations at 0-10 m and 15-50 m
during 2005-2012. Lines represent the Redfield-Brzezinski ratio (C:Si:N:P = 106:15:16:1; from Redfield 1934, 1958 and
Brzezinski 1985)

down to 15 kg m~ at 1 m). A depth gradient in pri-
mary production at 5-10 m compared to 20-40 m
persisted during June—August and 55.4 % of the total
integrated primary production (i.e. 0-45 m) took
place within the upper 10 m (Fig. 3B). Similarly, bio-
mass levels started to depict a general depth succes-
sion from 5 to 40 m during summer. Nutrient levels
remained low and relatively stable within the upper
50 m during summer, but in some years decreased
even further (down to 0.3, 0.3 and 0.05 uM for nitrate,
silicate and phosphate, respectively; Figs. 2B & 4).
From September onwards freshwater runoff de-
creased gradually, as reflected in increasing densities
and weakening of the stratification (Fig. 2A). While
the phytoplankton biomass remained rather stable
within depths, primary production steadily decreased
during September and October. Biomass and produc-
tion had both returned to winter levels by November
(Figs. 2C,D & 3). Nutrient levels increased during
autumn towards winter levels, though timing and
level of increase varied between years (Figs. 2B & 4).

A comparison of in situ nutrient ratios with the Red-
field-Brzezinski ratios (C:Si:N:P = 106:15:16:1; from
Redfield 1934, 1958 and Brzezinski 1985) is depicted
in Fig. 4. In the ratio of phosphate to nitrate, the
majority of data points are above but lying parallel to
the Redfield-Brzezinski ratio. The ratio of silicate to
nitrate showed the majority of data points below the
Redfield-Brzezinski ratio. Comparison of the major
nutrients suggests nitrate limitation of the primary
producers prior to phosphate, while silicate may
become limited prior to nitrate for silicate dependent
species, given their nutrient uptake follows the Red-
field-Brzezinski ratio.

Interannual variation

Integrated primary production values and average
nutrient concentrations from each month during
2005-2012 are summarized in Table 1. Interannual
variation in biomass, production and hydrographic
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Table 1. Integrated primary production (PP; mg C m~2d~! from 0-45 m) and average nutrient concentrations (uM from 0-50 m; sil-
icate, Si; phosphate, POy; nitrate + nitrite, NOy) for each month during 2005-2012. Integrated annual primary production (Ann.
PP; g C m2 yr! from 0-45 m in 2006-2012) is presented in the right column. Blank cells represent either no or missing data

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec  Ann. PP
2005
PP 82.2 23.8
PO, 0.37
NO 4.1 4.78 7.29
Si 2.63 3.6
2006
PP 10.4 10.5 42.6  303.3 1402  312.1  739.9 270 2024 158.8 11.5 84.6
PO, 0.62 0.77 0.63 0.65 0.29 0.42 0.24 0.29 0.25 0.37 0.42
NO 12.5 10.11 9.14 8.73 2.13 3.63 1.38 2.63 6.3 3.97 6.86
Si 4.44 4.54 4.68 4.98 1.76 3.59 0.82 1.96 1.24 1.21 1.75
2007
PP 6.8 504 1789 703.7 6152 2762 3199 78.4 78.1 4.5 5.1 94.4
PO, 0.53 0.57 0.59 0.44 0.32 0.37 0.4 0.5 0.64 0.7
NOy 8.19 8.23 8.39 7.18 1.41 6.56
Si 2.55 2.93 2.93 1.83 1.02 1.06 1.91 2.15 4.12 4.33
2008
PP 7 16.1  216.6 824  319.7 390.2 11525 326 107.6 15.1 7.6 92.1
PO, 0.81 0.68 0.62 0.41 0.29 0.39 0.31 0.46 0.65 0.67
NOy4 8.27 9.01 14.55 8.2 5.27 1.93 3.35 2.6 5.7 6.57 7.65
Si 5.48 6.08 7.4 4.38 2.08 2.35 2.46 2.22 1.28 1.81 4.25 4.25
2009
PP 1.2 254 56.2 1341 1552 4319 503.7 5969 2114 25.7 6.3 2.3 99.8
PO, 0.57 0.6 0.63 0.58 0.21 0.23 0.28 0.51 0.51 0.43 0.55 0.6
NOy 10.4 9.91 9.47 9.05 2.04 2.17 2.42 3.07 4.06 4.32 6.87 8.88
Si 4.87 4.97 5.19 5.42 1.08 1.34 1.92 1.49 2.09 2.48 2.93 4.53
2010
PP 1.3 11.8 68.6 158.4 460.5 310.2 13825 4155 189.7 160.7 10.9 1.9 107.9
PO, 0.49 0.7 0.54 0.55 0.25 0.34 0.34 0.41 0.56 0.63
NO, 9.93 10.27 9.56 7.5 5.16 5.11 2.63 2.32 2.84 4.87 7.96 7.97
Si 4.97 6.11 5.51 4.22 3.59 3.09 1.57 1.9 2.43 2.65 3.13 3.01
2011
PP 44 25.3 96.7 1743.3 909.8 360.8 414.5 259.8 1775 2.6 139.1
PO, 0.64 0.67 0.74 0.37 0.44 0.47 0.3 0.38 0.38 0.35 0.64
NO4 9.02 9.21 10.34 4.16 5.06 4.24 1.63 3.97 3.6 4.48 9.97
Si 4.3 4.57 4.97 1.11 1.36 2.1 0.89 2.95 1.44 1.41 4.6
2012
PP 14.8 573.2  953.8 243 873 3274 73.8 7 108.2
PO, 0.61 0.64 0.42 0.47 0.37 0.36 0.86 4.31 0.55 1.6
NOy 7.9 8.07 7.04 4.68 1.82 1.05 0.3 0.3 2.61 6.32
Si 4.83 5.68 4.03 3.46 3.23 3.45 4.47 2.87 3.43 4.74

conditions of the area was observed. Modest varia-
tion was observed during winter when biomass and
production was low. In contrast, significant interan-
nual variation in intensity of the spring bloom
occurred, ranging from 0.06 to 11.8 mg chl a m™
and a productivity of 134 to 1743 mg C m~2 d~! dur-
ing 2006-2012 (Figs. 2C,D & 3). Surprisingly low
interannual variation was observed during June,
whereas the intensity of the summer bloom also

varied significantly (Table 1, Fig. 3). We did not ob-
serve a sub-surface chlorophyll maximum in any
season (Fig. 3C).

Estimates of total annual primary production
showed relatively low interannual variation (mean +
SE) 104 + 7g C m~2 yr~! (ranging from 84.6 to 139 g C
m~2 yr’'; Table 1), with 46.7 + 1.7% of total primary
production (i.e. 0-45 m) occurring within the upper
10 m of the water column (Fig. 3).
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DISCUSSION
General patterns in primary production

This paper represents one of the few long-term
studies (7 yr) on seasonality in pelagic primary pro-
ductivity, algal biomass, inorganic nutrients and
hydrographic conditions in the Arctic. Over the 7 yr
that we sampled (2006-2012, Table 1) the productive
season lasted from April to October and was charac-
terized by 3 main phases, shown in Fig. 5. Phase I
represents the yearly reoccurring spring bloom in
April/May. The spring bloom was always followed by
a transition period in June (Phase II) of reduced
phytoplankton biomass and production. Phase III is
characterized by a second primary production peak
in July or August, and continues to the end of the
productive season in October. Hereafter, a low-pro-
ductive winter situation (November—March) sets in.

In the present study, seasonal patterns of phyto-
plankton productivity and biomass differ from the
classical Arctic pelagic pattern, which often describe
a high spring peak followed by depressed levels in
summer due to nutrient limitation, and a smaller sec-
ondary peak in fall at the weakening of surface strat-
ification (e.g. Andersen 1981, Falk-Petersen et al.
2007, Leu et al. 2011). Our observations are similar to
a time series on pelagic primary production by Smidt

Jan Feb Mar Apr May‘Jun‘ Jul Aug‘Sep Oct Nov Dec

= Primary production0-10m  — Silicate0-10m

—— Chlorophylla0-10 m Incoming PAR

—— Nitrate+Nitrite 0-10 m = = Density difference 0-50 m

Fig. 5. A conceptual illustration of primary production

(0-10 m), incoming PAR, nitrate+nitrite and silicate concen-

trations (0—10 m), chl a concentration (0—10 m), and density

difference between 0 and 50 m. Illustrations are based on
data presented in the previous figures

(1979) from 1955 to 1967 at the same sampling station
and also to a recent study in a glacier influenced fjord
in Alaska (Etherington et al. 2007), which also
revealed a high peak in primary production in spring
followed by a secondary high peak in summer. We
hypothesise that the timing, duration and magnitude
of the glacial freshwater runoff are likely to be impor-
tant for primary production dynamics in such Arctic
systems. These potential relations are discussed
below.

Phase I: Increasing day length triggers the
spring bloom

The renewal of nutrients by winter mixing followed
by increasing incoming solar radiation and establish-
ment of a weak surface stratification trigger the
phytoplankton spring bloom (Fig. 5; Smith & Saks-
haug 1990, Nielsen & Hansen 1995, Jensen et al.
1999, Rysgaard & Glud 2007).

The weak surface stratification observed during
spring is driven by insolation, air-sea heat exchange
and early ice melt in the inner-fjord and modest ter-
restrial runoff, forming a fresher out-fjord surface
current reinforced by deeper dense coastal inflows
pushing fjord waters outwards (Mortensen et al.
2011, 2014).

Favourable conditions during April and May,
therefore, appear to lead to an intense biomass build-
up and a strong peak in primary production at the
sampling station, often revealing the highest annual
production levels of the seasonal productivity
(Table 1, Fig. 5). However the dispersal of algae cells
throughout the entire water column (Fig. 2C), due to
tidal diapycnal mixing at the sampling station, indi-
cates short retention time in the photic zone, suggest-
ing that the biomass is, at least partly, building up
elsewhere and is advected to the station by the out-
fjord currents. It therefore also stands to reason that
the decrease in nutrient levels during spring is likely
the result of both local production and production
during transit in the out-fjord surface current. In a
recent study by Calbet et al. (2011) it was suggested
that little of the primary production generated near
the glacier is exported out of the fjord. It seems un-
likely, however, that the observed high levels of pro-
duction in April/May in the outer-fjord region could
be sustained without the import of phytoplankton
biomass from areas further inside the fjord where a
more stable water column prevails.

The observed decrease in nitrate and silicate in the
upper water column is thought to be a result of the
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stratification combined with primary production
(Figs. 4 & 5), which is typical for the Arctic post-
bloom period (Platt et al. 1987, Smith & Sakshaug
1990, Nielsen & Hansen 1995, Calbet et al. 2011).

Phase II: Transition period between the spring and
summer bloom with low primary production

The transition period in June signals the termina-
tion of the spring bloom at the outer-sill region. We
observed a strong decrease in nutrient levels
(Fig. 2B) and a change in nutrient ratios during the
spring bloom (Figs. 4 & 5). Nutrient depletion is com-
monly recognized as the principal factor in terminat-
ing spring phytoplankton blooms, often leading to a
subsequent change in phytoplankton species compo-
sition (e.g. Carmack & Wassmann 2006). The transi-
tion period in June did actually depict a shift in
phytoplankton species composition (in terms of num-
ber) from a dominance of the haptophyte Phaeocystis
sp. and diatoms towards a community mainly com-
prised of diatoms (e.g. Chaetoceros spp. and Thalas-
siosira spp.; D. Krawczyk unpubl.).

However, biomass specific productivity (mg C mg
chl a! d™') of the phytoplankton at the fjord entrance
continued at a high level during this phase (data not
shown), suggesting an explanation other than nutri-
ent limitation as a reason for the low primary produc-
tion during Phase II.

Zooplankton grazing could potentially account for
the decrease in phytoplankton biomass observed
during the transition period (Calbet et al. 2011,
Arendt et al. 2013, Agersted & Nielsen 2014). A
recent study has shown that the grazing by the her-
bivorous Calanus spp. peaks in June (Arendt 2011)
and high abundances of krill are found in Godthabs-
fjord during midsummer (Agersted & Nielsen 2014).
In addition, a study on microzooplankton revealed a
strong grazing on phytoplankton during June, partic-
ularly in the middle part of Godthabsfjord (Calbet et
al. 2011). Thus, a continued out-fjord transport of sur-
face waters and intensive zooplankton grazing could
be responsible for the observed reduction in phyto-
plankton biomass during June.

Alternatively, this recurring event in June is hypo-
thesised to be an effect of post-bloom nutrient deple-
tion further inside the fjord where a more stable
water column is present, preventing renewal of nutri-
ents from below (Mortensen et al. 2011). An out-fjord
surface current would then bring water masses with
low levels of phytoplankton (and nutrients) to the
outer-sill region, where tidal diapycnal mixing ob-

literates nutrient depletion in surface waters (Mor-
tensen et al. 2014). The mechanisms behind the re-
curring decrease in phytoplankton biomass and pro-
duction in June are not clear at this point, but
nutrient depletion and zooplankton grazing further
inside the fjord may play a significant role. Changes
in the ratios between nutrients and a shift in species
composition are also likely to be involved.

Phase III: Glacial ireshwater discharge triggers
the summer bloom

The second annual primary production peak ob-
served in July is defined as the summer bloom. The
peak corresponds to an increase in phytoplankton
biomass and high productivity (Table 1, Figs. 3 & 5).
The start of the summer bloom is consistent with
strengthening of the pycnocline that builds up due to
the onset of increased meltwater runoff from the
Greenland Ice Sheet. The mechanism behind this ob-
servation is difficult to determine with only one sam-
pling station, but the consistency in this event
between sampling years suggests it to be related to
hydrographic conditions (Fig. 5). Therefore we sug-
gest that the runoff from the Greenland Ice Sheet
could be equivalent to other processes initiating or
contributing to blooming in other marine systems,
such as winter mixing and seasonal insolation (e.g.
Behrenfeld et al. 2013, Carmack & Wassmann 2006).
One hypothesis could simply be that reduced vertical
mixing, and increased retention time of algal cells in
the photic zone, allows a build-up of phytoplankton
biomass at the sampling station, resulting in an
increase in total primary production (e.g. Nielsen &
Hansen 1995, Jensen et al. 1999). However, nutrient
levels remained relatively constant during summer.
Moreover, the algal biomass remained relatively
high during July-October (Table 1, Figs. 3 & 5)
despite a drop in productivity during the same period
(Table 1). These observations, together with the fact
that the timing of the increase in phytoplankton bio-
mass (chl a) and production in July—-August seemed
to closely reflect the onset of freshwater runoff, again
call for a closer look at fjord-scale oceanography.

A description of how glacial freshwater discharge
from the Greenland Ice Sheet drives a specific sum-
mer fjord circulation mode in Godthabsfjord was
recently provided by Mortensen et al. (2014). The cir-
culation mode could be responsible for renewal of
nutrients by 2 processes. (1) Discharge from the ice
sheet occurs as subglacial freshwater being released
to the inner section of the fjord below the marine ter-
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minating tidewater outlet glacier (down to 250 m;
Motyka et al. 2003, Mortensen et al. 2013, 2014,
Kjeldsen et al. 2014) and meltwater is hereby mixed
with ambient fjord water at depth and lifted towards
the surface due to buoyancy, inducing a stratification
of the upper water column. This process brings nutri-
ents from deeper fjord waters into the photic zone
and thereby sustains a high phytoplankton produc-
tivity and biomass at the glacier front (Arendt et al.
2011, Calbet et al. 2011, Lydersen et al. 2014). (2) Due
to a combination of strong tidal mixing in the outer
part of the fjord and the subglacial freshwater dis-
charge, a strong out-fjord surface current related to
the onset of freshwater runoff would continue to
bring water with a high phytoplankton biomass to
the outer parts of the fjord throughout the summer
thaw. The relative high chl a levels from July until
October support this explanation. The production
peak in July-August compares to or even exceeds
the spring bloom, indicating that nutrients are not the
primary limiting factor at this station (Table 1, Figs. 5
& 2B). Caution should be taken when comparing the
magnitude of the 2 annual primary production peaks,
since variation in seasonal peak values may be due
to the monthly sampling frequency not coinciding
with the actual maximum production. Phytoplankton
blooms in high latitude coastal areas have been
shown to often last for only a few weeks (Ziemann et
al. 1991, Stein & Macdonald 2004, Madsen et al.
2008). Instead, the later reduction in primary produc-
tion from August onwards seems to reflect the sea-
sonal decline in light levels (Fig. 5).

This proposed link between primary producers and
fjord hydrography is further supported by seasonal
changes in phytoplankton species (D. Krawczyk un-
publ.). Likewise, a shift in mesozooplankton from
Calanus sp. and Cirripedia nauplii towards domi-
nance of the harpacticoid copepod Microsetella
norvegica coincide with the pulse of meltwater
runoff in midsummer (Arendt et al. 2013). This sug-
gests that the seasonal melting of the ice sheet is
affecting not only phytoplankton dynamics, but the
function and trophic energy transfer in this sub-
Arctic fjord ecosystem as such.

The question is to what extent an earlier onset of
the glacial melt season, as a response to a future
warming, will change the seasonality and magnitude
of primary production. Relatively high pelagic pro-
ductivity and biomass throughout the summer was
reported for the warm period during the 1950-60s at
the same sampling site in Godthdbsfjord (Smidt
1979). Similarly, high production and biomass values
have also been reported from May to August in

Alaska (Larrance & Chester 1979, Parsons 1986,
Etherington et al. 2007) and in warm periods in the
Disko Bay in West Greenland (Andersen 1981). In
contrast, late-summer peaks were absent in the Disko
Bay area in a relative cold period in the mid-1990s
(Levinsen & Nielsen 2002). The present observations
and other Arctic studies suggest that the duration and
magnitude of the summer bloom might be controlled
by glacial melting events during warm periods.

The present study shows a high annual primary
production (84.6 to 139.1 g C m~2 yr’}; Table 1) in
Godthabsfjord, similar to other West Greenland
waters (average estimates of 67 to 500 g C m™2 yr};
Steeman-Nielsen 1975, Smidt 1979, Jensen et al.
1999) and other Arctic and Atlantic shelves (average
estimates of 32 and 97 g C m™2 yr}, respectively;
Stein & Macdonald 2004). The annually reoccurring
spring and summer blooms challenge the classical
Arctic pattern, being of equal size and the second
bloom occurring in summer rather than in fall, thus
adding support to findings from a glacial-influenced
fjord in Alaska (Etherington et al. 2007).

Mounting evidence suggests that the Greenland
Ice Sheet could represent a significant and dynamic
source of nutrients (Bhatia et al. 2013, Death et al.
2013, Wadham et al. 2013) and bioavailable dissolved
organic matter (Hood et al. 2009). Mortensen et al.
(2011, 2014) showed that fjord and coastal waters act
as a heat source, affecting melting of the tidewater
outlet glaciers within Godthabsfjord, which in turn
drives different circulation modes within the fjord.
An earlier onset and increased ablation of the
Greenland Ice Sheet, due to future warming, could
therefore potentially result in increased primary pro-
duction and a sustained phytoplankton bloom
throughout the season from spring to late-summer
without a decrease in production during the ob-
served transition period (i.e. June). Such an increase
would likely propagate to the higher levels in the
food web and could also result in increased CO,
drawdown from the atmosphere (Rysgaard et al.
2012).

Further work is needed to separate how physical
processes (i.e. glacier runoff and fjord circulation)
and biological processes (i.e. species shifts and zoo-
plankton grazing) influence the phytoplankton pro-
ductivity and biomass. The work presented here will
hopefully inspire carefully designed studies on rele-
vant spatial and temporal scales to specifically iden-
tify and test which are the drivers of the observed
seasonal patterns, as well as show how these patterns
change spatially throughout Godthabsfjord and how
they may change in the future.
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