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a b s t r a c t

Land-terminating glaciers and submarine melting of marine-terminating glaciers are significant fea-
tures in Arctic regions and are foreseen to become more frequent as marine-terminating glaciers
ultimately develop into a land-terminated state. A transition driven by the continuous rise in Arctic
air temperatures, and emphasizes the importance of studies of land-terminating glaciers their bio-
optical properties and biogeochemistry. Kangerlussuaq in west Greenland with a land-terminating
glaciers and was selected for this study. During a research cruise we measured spectral and PAR
attenuation, particulate matter concentrations, salinity, nutrient concentrations, Chla, and phytoplank-
ton species composition, along a transect from river outlet to open marine waters. Results showed
that surface waters in Kangerlussuaq were strongly influenced by meltwater with low salinities, high
particulate matter concentrations, high PAR and spectral light attenuation coefficients, and low nutrient
concentrations. Spectral composition was also affected by the particulate matter. PAR photic depths
varied between 4 and 9 m dependent on particulate matter concentrations. There was a decrease
with distance from outlet in silicate concentrations, and opposite for phosphate, which increased
significantly from river outlet to the marine. Phytoplankton species number (42) and diversity were
high at the marine station but low (3) in turbid waters dominated by the diatom Skeletonema costatum
in high numbers. A meltwater plume covered about 50 % of the Kangerlussuaq at average discharges
in early August. Primary production was quantified with a simple model based on light attenuation
coefficients, and showed a near exponential decrease in production with increase in attenuation.

© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Rising air temperatures in the Arctic (Box et al., 2019) are
nhancing the melting of the Greenland Ice Sheet (GrIS) (Young
t al., 2022), which also enhances the submarine melting of
arine-terminating glaciers (Straneo and Heimbach, 2013). This
elting increases the freshwater discharges from the glaciers

nto the receiving fjords both for marine-terminating (Cook et al.,
019) and land-terminating glaciers (Stuart-Lee et al., 2021).
here has been some focus on marine-terminating glaciers and
heir related biogeochemistry (Halbach et al., 2019), and also in a
rophic context (Hopwood et al., 2020; Vonnahme et al., 2021)
s some are hot spots of increased primary production (Meire
t al., 2017). Marine-terminating glaciers alter and change the
irculation pattern in the receiving fjord (Gillard et al., 2016).

∗ Corresponding author.
E-mail address: lund-hansen@bio.au.dk (L.C. Lund-Hansen).
ttps://doi.org/10.1016/j.rsma.2023.103054
352-4855/© 2023 The Author(s). Published by Elsevier B.V. This is an open access a
However, a significant number of marine-terminating glaciers ae
likely to develop into land-terminating glaciers, with the continu-
ous retreat of glaciers related to the greatly amplified increase in
air temperatures in the Arctic (Huang et al., 2017). Advection of
warmer waters into the fjords with marine-terminating glaciers
also drives ice melting (Wood et al., 2021). Land-terminating
glaciers and fjords that receive meltwater with high particulate
matter are significant features in the Canadian Arctic (Kienholz
et al., 2015), Svalbard (Möller et al., 2016), Patagonia (Davies and
Glasser, 2017), New Zealand (Eaves et al., 2017), Antarctica (Rosa
et al., 2020), and Greenland, with more than 35 land-terminating
glaciers on Greenland’s west coast (Meire et al., 2017).

Meltwater discharge from a glacier is strongly variable over
time within a year, but high discharges are generally linked to
increased melting of the glacier (Straneo and Cenedese, 2015).
With increased discharges, more sediment particles will be trans-
ported in suspension with the meltwater (Cantoni et al., 2020).
Sudden glacial peak flows induced by increased subglacial dis-
charges (Straneo and Heimbach, 2013) and glacial lake breaching
rticle under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Mayer and Schuler, 2005; Mernild and Hasholt, 2009) also imply
igh discharges and increased sediment transport in glacial rivers
Crumley et al., 2017). Not only the receiving fjords, but also
oastal waters and shelf areas, are influenced by the meltwater.
or example, there is a significant glacier-derived meltwater-
ediated transport of particulate matter to the shelf areas of
reenland (Overeem et al., 2017). Apparently, this meltwater
ith nutrients and iron specifically has sustained and added to
he primary production on the Greenland shelf (Arrigo et al.,
017). Conversely, in a west Greenland study most of the iron
as assimilated inside the fjord, rather than being exported to the
helf (Hopwood et al., 2016). Some fjord and estuary studies have
ound increased particulate matter and strong light attenuation in
he water can effectively reduce the primary production (Cloern,
987; Retamal et al., 2007; Gameiro et al., 2011), with light and
utrients as the main factors limiting photosynthesis (Falkowski
nd Raven, 2007). Here, secondary production and zooplankton
eproduction was negatively affected by increased particulate
atter (Arndt et al., 2011), which will also pose difficulties for
ision-based foraging organisms such as fish (Aksnes et al., 2004)
nd birds (Nishizawa et al., 2020).
In this study we present data on salinity, light attenuation

oth for PAR (Photosynthetically Active Radiation) and spectrally
esolved irradiance, particulate matter, nutrients, chlorophyll-a
Chla) and phytoplankton species composition along a transect in
angerlussuaq Fjord, which is strongly influenced by meltwater
ischarges from land-terminating glaciers, during August 2007.
he main questions addressed here are: (1) How does meltwater
ith particulate matter at various concentrations affect optical
roperties in terms of the attenuation coefficients for Kd(PAR)

and spectrally resolved Kd(λ)? (2) How do photic depths in the
water column vary at various particulate matter concentrations?
(3) Particulate matter is known to inhibit primary production, but
can this relation be quantified? (4) What are the nutrient concen-
trations at this stage in late summer, and are there any gradients
between the river outlet and the open ocean? (5) Are there
any differences in phytoplankton species composition, number of
cells, and diversity in relations to meltwater particulate matter
concentrations? (6) What is the thickness of the meltwater plume
and approximately how large is the area of the fjord covered by
the plume?

2. Materials and methods

2.1. Study area and data collection

Kangerlussuaq Fjord on the west coast of Greenland is about
180 km long and varies in width from 5 to 6 km in its inner
part to 1 to 2 km in its outer part with a total surface area of
about 490 km2 (Fig. 1). A shallow (30–40 m) sill extends about
90 km from the entrance of the fjord and inwards, after which
water depths increase and reach up to 280 m in the central part.
It has a diurnal tide and a spring tidal range of about 3 m (Nielsen
et al., 2010). Kangerlussuaq Fjord receives meltwater from the
Greenland Ice Sheet (GrIS) via the Watson and Umivit Rivers, with
a contribution from the Sarfartoq River (Fig. 1).

Total annual average discharge volumes between 2007–2010
reached 3.5 km3, and total suspended particulate matter (SPM)
transport was 7.3 × 106 tons in the Watson River as an average
summer melt season comprising the years 2007–2010 (Hasholt
et al., 2012). The freshwater discharge to the fjord takes place
only from early May to early September, with sea ice develop-
ment in late November or early December (Lund-Hansen et al.,
2014). Discharges and SPM transport in the Umivit and Sarfartoq
Rivers are unknown (Hudson et al., 2014).
2

2.2. CTD, optical sensors, and optical data processing

Parameters were measured and data obtained during a
4-day cruise from 6 to 9 August 2007, during a period of average
to low discharges (150 m3 s−1) in the Watson River (Mernild
and Hasholt, 2009). A Seabird SBE 19 Plus CTD (Conductivity,
Temperature, and Depth) equipped with a Niskin bottle (5 L)
for water sampling at 1 m depth was used for conductivity,
temperature and depth profiles. The mounted optical sensors
recorded photosynthetically active radiation (PAR) with a LI-COR
underwater quantum sensor (Li-192). Light transmittance in the
water column was measured with a Wetlabs C-Star transmis-
someter, mounted on the CTD with an operating wavelength
of 660 nm across a path length of 25 cm. The particle beam
attenuation coefficient related to particles (cp) was derived as:

cp − cw = ln(Tr)/r (1)

where Tr is the transmittance, r the path length, and cw the
ight attenuation coefficient in pure water (Smith and Baker,
981). Downwelling irradiance in the interval 320–950 nm was
easured with a RAMSES ACC VIS TriOS radiometer with a cable
onnection to a PC running the data collecting software onboard.
he radiometer has a resolution of 3.3 nm, and integration time
f the sensor was set to automatic and ranged from 4 to 4096 ms
elative to irradiances at depths. The CTD was lowered through
he water column with a descent velocity of about 0.1 m s−1, and
arameters were measured to a depth of about 30–35 m. Optical
asts were carried out on the sunny side of the ship to avoid any
hadow effects, and the CTD was lowered into the water column
rom a crane with a distance to the ship of about 3 m. A LI-
or 190 PAR sensor mounted above the steering house recorded
ownwelling PAR with 1 min intervals during the cruise for
rimary production calculations. Spectral attenuation coefficients
d(λ) for each of the wavelengths 380, 413, 443, 489, 509, 555,
24, and 664 nm were calculated following the procedure by
Devlin et al., 2008):

d(λ) = − ln((Ii(λ))/(Ii−1(λ)))/(zi − zi−1) (2)

nd similar for Kd(PAR):

d(PAR) = − ln((Ii(PAR))/(Ii−1(PAR)))/(zi − zi−1) (3)

here indices i–1 and i indicate neighboring vertical observa-
ions with z as distance. The statistically significant (p < 0.001)
nd strong correlation (r2 = 0.92) between SPM and beam
ttenuation coefficient (cp) obtained during the present cruise
Lund-Hansen et al., 2010) was applied to derive SPM concen-
rations at depths of Kd(PAR) and Kd(λ). A regression line was
erived based on the linear correlation analyses between SPM
nd Kd(λ) for each of the eight wavelengths and for Kd(PAR) as:

d(λ) = K∗
d,SPM(λ)·SPM + Kd,SPM(0)(λ) (4)

d(PAR) = K ∗
d,SPM(PAR)·SPM + Kd,SPM(0)PAR (5)

here K*d,SPM (λ) and K*d,SPM(PAR) are the derived SPM specific
ttenuation coefficients from the linear regressions at wavelength
λ) and PAR. The Kd,SPM(0)(λ) and Kd,SPM(0)(PAR) are the attenua-
ion coefficients for the λ or PAR where attenuation in the water
olumn by SPM is theoretically zero. Both Kd(λ) and Kd(PAR) were
alculated for SPM concentrations between 0.0 and 10.0 mg m−3

n increments of 0.5 mg m−3 for the 8 wavelengths and PAR. The
hotic depth, defined as the depth in the water column with 1% of
urface light where there is a potential for photosynthesis (Kirk,
994), was derived as 4.6/K (λ) and 4.6/K (PAR).
d d
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Fig. 1. MODIS image of Kangerlussuaq Fjord with sampling stations in August 2007. Greenland Ice Sheet (GrIS), Watson River (W. River), Umivit River (U. River),
and Sarfartoq River (S. River).
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2.3. Nutrients, Chla, and SPM

Analyses of ammonia (NH3), nitrate (NO3), nitrite (NO2), sili-
ate (Si(OH)4), and phosphorus (PO4) were conducted on filtered
Millipore Millex-GP hydrophilic PES 0.22 µm) seawater samples
hich were frozen and kept at −18 ◦C, transported to a lab-
ratory and analyzed within 3 weeks using a SANPLUS System
calar auto-analyzer following Grasshoff et al. (1999). Detection
imits were 0.04 µM (NO2), 0.1 µM (NO3), 0.1 µM (NO2), 0.2 µM
Si(OH)4), and 0.2 µM for (PO4). For Chla an exact volume (0.5–1
) of water was filtered through GF75 Advantec glass fiber filters
0.3 µm pore size), which were frozen and kept at −18 ◦C. Filters
ere transported to a laboratory, extracted in 5 mL 96% ethanol,
nd analyzed on a spectrophotometer (Thermo Spectronic HELIOS
), also within 3 weeks. For SPM concentrations an exact volume
0.5–1 L) of sampled water was filtered through pre-combusted
nd weighed Whatman GF/F glass fiber filters (0.7 µm pore size),
nd filters were dried and re-weighed. Samples for nutrients, Chla
nd nutrients were collected from 1 m depth at stations 1, 2b, 2,
, 3, and 8 with CTD, optical measurements and SPM sampling at
ll 10 stations (Fig. 1). SPM concentrations at depths in the water
olumn were obtained through the beam attenuation coefficients,
s described above. See Lund-Hansen et al. (2010, 2018) for more
etails of analyses and laboratory procedures.
3

.4. Phytoplankton species

Water samples for identification of phytoplankton species
ere collected from 1 m depth at stations 1, 2, and 3 with a
iskin sampler, preserved with droplets of Lugol, and sent for
dentification by Lars Edler at WEAQ AB, Ängelholm, Sweden.
pecies diversity at each station was calculated as Shannon’s
iversity index (H), and evenness as Shannon’s equitability index
H (Magurran, 1988).

.5. Primary production

Carbon incorporation was determined using a modified 14C
ncubation method (Steeman-Nielsen, 1952). Water samples in
NUNC incubation bottles (80 mL) were enriched with 14C,

laced in a row in a water bath at in situ temperature in a
ight gradient, where light intensity was reduced by 50% between
ach bottle. For more details see Lund-Hansen et al. (2018). The
hotosynthetic parameters Pmax and α were derived for sampling
tations 1, 2, and 3 (Fig. 1) following Jassby and Platt (1976).
rimary production was calculated from the equation of (Platt
t al., 1980):

(z) = P (1 − exp(−α(I · exp(−K (PAR) · z)/P ))) (6)
max o d max
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Fig. 2. A. Regression between SPM and PAR attenuation coefficients Kd(PAR) with regression equation, and B. attenuation coefficient derived from intercept with
y-axis for the eight wavelengths in water without SPM (blue line •), compared to attenuation coefficients in pure water following Smith and Baker (1981) (green
line •). . (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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to quantify the relations between light attenuation, here ex-
pressed as Kd(PAR), and primary production at depths P(z), where
z as depth parameter. The description of light - Io· exp(−Kd(PAR)
· z) - was based on measured surface PAR during the cruise
and derived Kd(PAR) (3). Production per day was derived by
integration down to the photic depth and summed for every hour
of daylight for a day in early August.

3. Results

3.1. PAR and spectral attenuation governed by PAR

There was a strong (r2 = 0.80) and statistically significant (p
0.001) correlation between SPM and Kd(PAR) (Fig. 2a). The

alue 0.12 m−2 g−1 is the PAR SPM specific attenuation coefficient
nd 0.08 m−1 intercept, with y-axis as the PAR attenuation coef-
icient related to other optical constituents than SPM. The eight
avelengths (380, 413, 443, 489, 509, 555, 624, and 664 nm)
ll showed similar strong (r2 = 0.85 − 0.75) and statistically
ignificant (p < 0.001) correlations between SPM and Kd(λ) (Sup-
lementary material Tab. S1). Intercepts of the eight wavelengths
nd attenuation in pure water showed a difference of about 0.1
−1 in the UV band at 380 nm, which gradually decreased with

ncreasing wavelengths (Fig. 2b).

.2. Spectral and PAR attenuation at variable SPM

Spectrally resolved photic depths (Z0) relative to SPM concen-
trations showed that the 509 nm wavelength reached a maxi-
mum depth of 24 m at 1.0 g SPM m−3 (Fig. 3a). For concen-
trations >1.0 g SPM m−3 wavelength depth maximum changed
to 555 nm. The proportions between blue and red light at 443
and 624 in the water column changed with SPM concentrations.
This was demonstrated by photic depths of 11.0 m (443 nm) and
7.0 m (660 nm) at 2.0 g SPM m−3, which changed to a depth of
5.0 m for both wavelengths at 5.0 g SPM m−3. PAR photic depths
(Z0) decreased similarly with an increase in SPM, which showed
a PAR photic depth of about 9 m for an average of 4.0 g SPM
m−3 in August 2007 (Fig. 3b). The reduction in photic depth with
increased Kd(PAR) was close to exponential, as was the case for

the spectrally resolved attenuation coefficients Kd(λ) (Fig. 3b).

4

3.3. Primary production and SPM

The relations between Kd(PAR) and primary production Eq. (4)
were explored based on measured irradiances during hours of
daylight in August and measured photosynthetic parameters:
Pmax (mg C m−3 h−1) and α mg C m−3 h−1(µM m−2 s−1)−1

rom marine st. 1. Results showed that primary production de-
reased nearly exponentially with the increase in Kd(PAR) and
PM, with a maximum primary production of 276.8 mg C m−2 d−1

t minimum Kd(PAR) of 0.1 m−1 (Fig. 4). SPM concentrations are
hown as derived from the SPM and Kd(PAR) correlation (Fig. 2a).
roduction decreased significantly with an increase in Kd(PAR)

at lower SPM concentrations whereas the rate of change was
relatively lower at higher SPM levels.

3.4. Surface salinity, Chla, and nutrients

The transect of stations 8, 3, G, 2, 2B, and 1 with surface sam-
ples (1 m) between the inner and outer parts of the fjord (Fig. 1)
showed salinities around 5 at inner stations which increased to
near 30 at outer st. 1 (Fig. 5a). There was a gradual increase
in Chla along the transect, where lowest salinities (4.2) on the
transect related to the freshwater from the Sarfartoq River at st. 2.
The (NO2 + NO3) concentrations were highest near river outlets
at st. 8 and 2, but with no clear distribution of NH3 (Fig. 5b), as
compared to PO4 where concentrations showed a strong (r2 =

.82) and significant (p < 0.01) correlation with distance from
iver outlet (Fig. 5c). SiO2 concentrations were opposite and high
around 10.0 µM at inner stations (st. 8, 3, G) and at Sarfartoq
river outlet (st. 2), but with low values around 2.0 µM at to outer
marine stations (st. 1, 2b) (Fig. 5c).

3.5. Phytoplankton species

Only three species of phytoplankton occurred at st. 2 near the
Sarfartoq river outlet though in a very high (1.37 × 106 cells L−1)
numbers, and dominated by Skeletonema costatum (Supplemen-
tary material Tab. S2). Further, Shannon’s diversity index was low
(0.013) at st. 2 as was Evenness (0.012), as compared to marine
st. 1 with 42 species with both high (2.41) Shannon’s diversity
and Evenness (0.64) numbers (Fig. 6). Diversity similarity was low
(14%) between st. 1 and 2 though higher (43%) between st. 2 and
3.
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Fig. 3. A. Spectral distribution of photic depths (Z0) relative to SPM concentrations between 1.0 and 10.0 g m−3 where the red hatched line is spectral photic depths
or an average SPM of 4.0 g m−3 in August 2007, and B. PAR photic depths (Z0) as a function of SPM concentrations where the red hatched line is PAR photic depth
for an average SPM of 4.0 g m−3 in August 2007. . (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)
Fig. 4. Primary production at st. 1 relative to Kd(PAR) and SPM.
.6. Plume extension and thickness

Selected profiles of SPM with depth at stations B, D, F, M, and
B on a fjord transect (Fig. 1) showed a surface concentration of
23.3 g SPM m−3 at the river outlet (st. B), 4.0 g SPM m−3 at st. D
bout 50 km from river outlet, and 1.5 g SPM m−3at st. 2B at 140
m from outlet (Fig. 2a). Thickness of the plume, here given as
he distance between surface and a depth in the water column of
elatively lower and near constant SPM concentrations, was about

0 m at river outlet st. B and about 5 m at st. D and F. At outer

5

st. 2b SPM gradually decreased from the surface concentration
of 1.5 g SPM m−3 to a background SPM concentration of 0.7 g
SPM m−3 and with no clear plume. Profiles of salinity along the
transect showed reduced surface salinities (2–6) at st. B, D, and F
and higher (20–22) at the outer st. 2B and M (Fig. 2b). The water
column down to about 30 m was affected by the discharge of
meltwater given by the reduced salinities st. B, D, and F compared
to st. M and 2B (Fig. 2b).

A previous study in Kangerlussuaq (McGrath et al., 2010)

showed a positive correlation between Watson River discharge
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Fig. 5. A. Surface (1 m) Chl-a, SPM, and salinity at stations from outer marine st. 1 to near river outlet st. 8, and B. NO2 + NO3 and NH3 concentrations at stations,
and C. SiO2 and PO4 concentrations. Nutrient concentrations at st. 1, 2, 3 from Lund-Hansen et al. (2018). Note that present st. 2 corresponds to st. 5 and st. 3 to
st. 7 in Lund-Hansen et al. (2010).
Fig. 6. Number of phytoplankton species, Shannon’s diversity index, Evenness, and cells L−1 at st. 1, 2, and 3 at 1 m depth. Note that diversity index was multiplied
by 10, and Evenness by 30.
and plume length, which gave a 20% coverage of the fjord at an
early August discharge of 250 m3 s−1 (Hasholt et al., 2012). Dis-
charges and sediment load from the Sarfartoq River are unknown,
6

but concentrations reached 10 g SPM m−3 at the st. 2 Sarfartoq
River outlet, and decreased gradually towards st. 2b (Figs. 1 and
7). This establishes a second plume in Kangerlussuaq, which was
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Fig. 7. Selected profiles of SPM concentrations (a), and salinity (b) at st. 2B, M, F, D, and B where the number of 123.3 is the SPM concentration in the surface layer
t 1 m depth. Vertical resolution of SPM signal is 0.1 m.
bout 50 km long and covered about 160 km2 equal to 33% of
he total area. This indicates that the meltwater plume influenced
bout 50% of the surface area in Kangerlussuaq in August 2007.

. Discussion

.1. PAR and spectral attenuation

The strong (r2 = 0.80) and significant (p < 0.001) linear
orrelation between SPM and Kd(PAR) demonstrated that PAR
ttenuation in Kangerlussuaq was closely governed by the SPM.
his was further emphasized by the low (0.08 m−1) PAR at-
enuation coefficient in the water column with no attenuation
aused by SPM, but supposedly CDOM in the blue and UV part
f the spectrum (Kirk, 1994). This is supported by the obser-
ation that the difference between attenuation in pure water
Smith and Baker, 1981) and attenuation observed was 0.1 m−1

t 360 nm, and that the difference decreased with increasing
avelengths. Photic depth (Z0), defined as the depth in the water
olumn to which primary production can occur and taken as the
epth where there is 1% left of the surface 100% irradiance (Kirk,
994), was also negatively correlated with SPM concentrations.
or instance, Z0 for PAR was about 9 m at current average SPM
oncentrations of 4.0 g SPM m−3 but was more than halved to
bout 4 m of depth at SPM of 10.0 g SPM m−3. The spectral
omposition of light in the water column was strongly influenced
y the SPM concentrations where the photic depth of blue light
440 nm) was 18 m and that for red light (624 nm) 10 m
t 1.0 g SPM m−3. The photic depth was about 5 m for both

wavelengths at the average SPM concentration of 4.0 g SPM
7

m−3. This demonstrates that the attenuation of blue light in the
water column increased with increased SPM concentrations. The
significant reduction in the depth of blue light with increased
SPM might affect photosynthesis in the water column, as Chla,
the main light-absorbing pigment, has two absorption peaks at
440 and 660 nm with an optimal absorption ratio of 1.3 (Johnsen,
2014). The observed increase in light attenuation in the UV-A and
violet–blue parts of the spectrum at increasing SPM concentra-
tions indicates that high turbid waters has a potential to protect
the phytoplankton from the damaging effects of UV radiation, as
also noted by Retamal et al. (2007) and Fritz et al. (2008). The
major effects of increased SPM concentrations were the strong
increase in Kd(PAR) and Kd(λ), significant reductions in photic
depths, and changes in spectral composition of the light in the
water column.

4.2. Primary production and light limitation

Models or relations describing primary production in time and
space are complex based on photosynthetic parameters, light,
grazing by copepods, nutrient concentrations, self-shadowing,
sinking of particles, and Chla among other factors (Mattei et al.,
2021). Here we applied a very simple approach and calculated
primary production as a function of only light in the water col-
umn expressed through Kd(PAR), and based on the measured
photosynthetic parameters at marine st. 1. The two approaches
are not directly comparable, as the present is a description at
one point in space for a daily cycle where only particulate matter
concentrations, and thus Kd(PAR) varied. Cloern (1987) showed,
in support of the simple approach, that a basic equation for
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rimary production based on Chla, light and photic depths, could
xplain a very high percentage of the observed spatial variation
n primary production in San Francisco Bay. Our results showed
ere that primary production relative to Kd(PAR) exposed a near
xponential decrease in primary production with the gradual
ncrease in Kd(PAR). With light as the major limiting factor in
hotosynthesis it is, however, strongly assumed that obtained
esults aligns with actual primary production being based on both
ased on measured Kd(PAR) and photosynthetic parameters. Our
esults imply, however, that once light conditions in a fjord or es-
uary are already turbid and limited with related reduced primary
roduction, as in many estuaries and fjords (Gameiro et al., 2011),
roduction will not be lowered significantly at increased SPM
nd higher Kd(PAR) attenuations. This calls for further research to
erify the findings, where we applied a very simple, but generally
ccepted equation for calculating primary production.

.3. Nutrients and Chla

Nutrients were all low (<0.5 µM), except for SiO2 with con-
entrations of 10 µM at inner st. 8, 3, and 2, but down to 2.0 µM
t the outer marine st. 1. The differences in SiO2 concentrations
nd the clear gradient reflects the meltwater as a significant
ource of SiO2 supplied to the fjord, related to weathering and
enudation processes in the catchment area. The statement is
upported by the fact that the SiO2 transport to Kangerlussuaq
mounts to an annual average load of 3659 tons of SiO2 via the
atson River (Yde et al., 2014). The solute transport of SiO2 also

xplains the increased SiO2 levels around 10.0 µM at st. 2, which
s dominated by meltwater from the Sarfartoq River. Annual
verage (2007–2010) solute transport of NO3 with the meltwater
o Kangerlussuaq reached 531 tons y−1 with an average NO3 con-
entration of 2–3 µM, measured in the meltwater at the Watson
iver gauging station (Yde et al., 2014). The PO4 concentrations
ere not measured in the Watson River (Yde et al., 2014), but low
oncentrations at river outlets at st. 2 and 8, strongly indicate that
olute transport of PO4 with the meltwater is low. The statement
s supported by other observations in Greenland (Hawkings et al.,
015), as PO4 and other forms of phosphate are adsorbed to sed-
ment particles in the meltwater and not measured in the solute
Bagshaw et al., 2016). The positive correlation between distance
nd PO4 concentrations indicated that marine waters have higher
O4 concentrations compared to the meltwater influenced part of
he fjord. Surplus of meltwater with nutrients is discharged out
f Kangerlussuaq, but the ratio between how much of the NO3
s taken up primary production in the fjord and how much is
ransported out of the fjord unknown. This might also depend on
eason of the year and the volume of meltwater discharged into
angerlussuaq. It has been pointed out that nutrients in glacial
eltwater can be significant nutrient sources regarding primary
roduction in the related shelf areas (Oliver et al., 2018).

.4. Phytoplankton

The significant differences in the number of phytoplankton
pecies, with the highest (42) at the marine st. 1 and the low-
st (3) at st. 2, were paralleled in the Evenness and Diversity
ndexes, whereas the number of cells L−1 were very similar at
t. 1 (13.8 × 105) and st. 2 (13.7 × 105). The diatom Skeletonema
ostatum accounted for >99% of the community at st. 2, 65% at
t. 3, and 12% at st. 1. In both limnic (Laird et al., 2021) and
arine (Muylaert et al., 1999; Liu et al., 2018) communities, the
umber of diatom species often decreases with increased turbid-
ty, which is in line with our observations of the 99% dominance
f Skeletonema costatum at st. 2 in the meltwater plume from

arfartog River. Skeletonema costatum is a euryhaline species that i
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hrives, in terms of growths rates, in a wide range of salinities
own to 2–3 (Balzano et al., 2011). The number of Skeletonema
ostatum cells appeared, on the other hand, not to be affected by
ifferences in surface water PAR, shown by a comparison of an
stuarine section with dredging and increased turbidity around
00 µM m−2 s−1 and an un-dredged section with 800 µM m−2

s−1 (Nayar et al., 2005). The SiO2 was in surplus at both st. 2 and
3, being an important component in the frustules of the diatom
(Bondoc et al., 2016), but it remains unclear why only Skeletonema
costatum and not any other diatom species occurred in such high
numbers there (Supplementary material Tab. S2).

4.5. Discharges, particulate matter, and meltwater plume

The positive correlation between increased air temperatures
and increased meltwater discharges from GrIS has been demon-
strated in several studies (Hanna et al., 2008; Broeke et al., 2017;
Young et al., 2022). The meltwater discharges in the Watson River
at Kangerlussuaq are likewise related to air temperatures, but
also snow and albedo conditions in the Watson River catchment
area on the GrIS (As et al., 2012), and which differ between
years (Hasholt et al., 2012). McGrath et al. (2010) showed that
the length of meltwater plume in Kangerlussuaq was positively
correlated with an average of 4 days discharge, and that plume
coverage was strongly correlated with plume length. Our esti-
mates based on SPM profiles indicated that about 50% of the
surface area in Kangerlussuaq was influenced by the meltwater
plume in August 2007, at even average discharges. Plume thick-
ness was about 10 m in August 2007 where SPM concentrations
gradually decreased with depth, and clearly with distance. The
tidal range is up to 3 m, which generates a flow of water that can
affect position and location of the plume, but there are currently
no data available on current speeds from the fjord. The climate at
Kangerlussuaq is inland climate, with low wind speeds, whereby
the effects of wind driven currents and displacements of the
plume are presumably minimal.

4.6. Kangerlussuaq in comparison

The Kd(PAR) reached an average of 0.56 m−1 in Kangerlus-
uaq as compared to an average Kd(PAR) of 0.4 m−1 in Young
ound, a land-terminating glacial fjord in north-east Greenland,
nd 0.3 m−1 in the Godthåbs Fjord in south-west Greenland,
ith both land- and water-terminating glaciers (Murray et al.,
013). With low CDOM absorptions coefficients and Chla con-
entrations, this study concluded that SPM was the governing
arameter regarding light attenuation in these two fjords (op.
it.). Light attenuation in Kangerlussuaq was similarly governed
y SPM, with comparable low CDOM and Chla concentrations as
n Young sound and Godthåbs Fjord (Lund-Hansen et al., 2010;
urray et al., 2013). The relatively higher Kd(PAR) in Kangerlus-
uaq might be related to fine grain sizes here as discussed by
und-Hansen et al. (2010), as finer grain sizes attenuate the light
elatively more efficiently (Bright et al., 2020). In comparison,
he present nutrient concentrations were very similar to those
easured in Young Sound with NO3 + NO2 < 0.5 µM, PO4 of
.2–0.3 µM, and where SiO2 was about 10 times lower in Young
ound (<1.0 µM) (Rysgaard et al., 1999). Average Kangerlussuaq
jord Chla reached 1.2 mg Chla m−3, about two times higher
ompared to surface values of <0.5 mg Chl a m−3 in Young Sound
n August (Rysgaard et al., 1999). The primary production rate of
47 mg C m−2 d−1 at st. 1 in Kangerlussuaq (Lund-Hansen et al.,

2018) compares to the August production of 200 mg C m−2 d−1 in
Disko Bay north of Kangerlussuaq (Levinsen and Nielsen, 2002).
Rates are also comparable to the 50–200 mg C m−2 d−1 measured

n Young Sound (Holding et al., 2019). The similarity between
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d(PAR) levels, nutrient and Chl-a concentrations, and primary
roduction rates in Kangerlussuaq and Young Sound, emphasizes
he importance of being a land-terminated glacial fjord rather
han variations related to latitudes, spatial scales, hydrodynamics,
r morphology.

. Conclusions

. Light attenuation in Kangerlussuaq, both PAR and spectrally,
ere strongly governed by SPM concentrations, as demonstrated
y a significant and positive correlations between SPM and
d(PAR) as for the wavelengths 380, 413, 443, 489, 509, 555, 624,
nd 664 nm. Spectral composition of light in the water column
hanged with SPM concentrations.
. Photic depths in the water column were strongly governed by
PM concentrations, and both for PAR and the wavelengths 380,
13, 443, 489, 509, 555, 624, and 664 nm.
. The relation between SPM in terms of Kd(PAR) and primary
roduction showed a strong dependency, where primary produc-
ion decreased nearly exponentially with the increase in Kd(PAR).
The variation in primary production is accordingly most pro-
nounced at low Kd(PAR). Once Kd(PAR) or SPM reach above a
certain level of about Kd(PAR) = 0.5 m−1 or of 3.1 g SPM m−3

hanges in primary production were less pronounced.
. The low concentrations of (NO3 + NO2) and NH3 and variations
n concentrations were not related to any meltwater character-
stics as distances or particulate matter concentrations, whereas
iO2 concentrations clearly decreased with distance from melt-
ater source, whereas PO4 concentrations in contrast increased.
. The number of phytoplankton species was clearly much lower
n the meltwater-influenced water column and accordingly also
he diversity. The number of phytoplankton cells was similar at
ll stations and was strongly dominated by Skeletonema costatum
n the meltwater plume.
. We estimate that about 50% of the surface area of Kanger-
ussuaq was influenced by the meltwater plume of varying con-
entrations with a varying thickness between 5 and 10 m and
eepest near meltwater outlet.
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