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ABSTRACT

Along Greenland’s coastline, the magnitude and timing of primary production in fjords is influenced by meltwater release from marine-terminating glaciers. How
local ecosystems will adapt as these glaciers retreat onto land, forcing fundamental changes in hydrography, remains an open question. To further our understanding
of this transition, we examine how marine- and land-terminating glaciers respectively influence fjord bloom phenology. Between spring and autumn 2019, we
conducted along-fjord transects of hydrographic variables, biogeochemical properties and pico- and nanophytoplankton counts to illustrate the contrasting seasonal
bloom dynamics in the fjords Nuup Kangerlua and Ameralik. These fjords are in the same climatic region of west Greenland but influenced by different glacial
structures. Nuup Kangerlua, a predominantly marine-terminating system, was differentiated by its sustained second summer bloom and high Chl a fluorescence in
summer and autumn. In Ameralik, influenced by a land-terminating glacier, we found higher abundances of pico- and nanophytoplankton, and high cyanobacteria
growth in autumn. The summer bloom in Nuup Kangerlua is known to be coincident with subglacial freshwater discharge sustaining renewed nutrient supply to the
fjord. We observe here that the intermediate baroclinic circulation, which creates an inflow at subsurface depths, also plays an important role in increasing nutrient
availability at shallower depths and potentially explains the distribution of primary producers. Our observations suggest that the retreat of marine-terminating
glaciers onto land, with consequent increases in surface water temperature and stratification, and reduced light availability, may alter the magnitude, composi-
tion, and distribution of summer productivity.

1. Introduction

The Greenland Ice Sheet is melting at a greater rate than it has for at
least the last 350 years (Trusel et al., 2018). Along the coast of
Greenland, this translates to an increasing quantity of freshwater runoff
entering the surrounding fjords and rapid retreat of the glaciers at the
ocean interface (King et al., 2020; Mankoff et al., 2020). Based on a
46-year mass balance reconstruction of the Greenland Ice Sheet, the
more than 200 glaciers that are marine-terminating are estimated to be
responsible for approximately two thirds of the ice sheet mass loss in
recent decades (Howat and Eddy, 2011; Mouginot et al., 2019).

(Sub-)Arctic fjords influenced by marine-terminating (tidewater)
glaciers are observed to support productive marine ecosystems, closely
bound to their unique hydrodynamics. Subglacial discharge plumes
cause upwelling of nutrient-rich seawater, indirectly fertilising the sur-
face waters. This has been observed to stimulate primary production
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during the meltwater season in tidewater glacier fjords across the Arctic
(Calleja et al., 2017; Meire et al., 2017; Kanna et al., 2018; Cape et al.,
2019; Halbach et al., 2019; Bhatia et al., 2021). Other mechanisms
associated with glacial runoff from both land- and marine-terminating
glaciers may also contribute to this effect. Increased nutrient availabil-
ity in the photic zone is one such factor, and it occurs through the
enhancement of the estuarine circulation characteristic of glacial fjords
(Rysgaard et al., 2003; Dunse et al., 2022). Close to glacier termini,
however, the delivery of glacial particles limits light availability for
phytoplankton, restricting the potential for production in these systems
(Murray et al., 2015). This counter-effect has been well documented in
Kongsfjorden, Svalbard, through along-fjord gradients of phytoplankton
productivity and abundance (Halbach et al., 2019; Szeligowska et al.,
2021). The observed spatial gradients in Kongsfjorden also translate to
the composition of both primary and secondary producers (Piwosz et al.,
2009; Halbach et al., 2019; Trudnowska et al., 2020). Lower diversity in
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phytoplankton species at the glacier fronts than in the central and outer
fjord regions has been observed in summer, with increasing contribu-
tions of dinoflagellates and diatoms to the community with distance
from the glaciers (Halbach et al., 2019).

Across Greenland, the largest increases in freshwater runoff in recent
decades have been recorded in the west (Mernild and Liston, 2012). A
well-studied fjord in this region is Nuup Kangerlua (Godthabsfjord),
where seasonal productivity is characterised by annual blooms occur-
ring in spring and summer/autumn (Juul-Pedersen et al., 2015;
Krawczyk et al., 2015). These productive blooms have been partially
attributed to the influence of marine-terminating glaciers. This is due to
both the upwelling effect of subglacial discharge as well as the high
silicate:nitrate ratio of glacial meltwater that stimulates diatom growth,
an important component of both spring and summer/autumn blooms
(Juul-Pedersen et al., 2015; Krawczyk et al., 2015; Meire et al., 2016,
2017).

Few land-terminating glacier fjords have been subject to multi-
season investigation, with Young Sound in northeast Greenland being
a notable exception. Seasonal bloom development in Young Sound has
been contrasted with that of Nuup Kangerlua. Key differences have been
attributed to different modes of freshwater supply (land-vs marine-
terminating glaciers), leading to divergences in patterns of summer-
time primary production (Meire et al.,, 2017). While the shorter
open-water period and higher latitude location are key reasons for low
annual productivity in Young Sound, this is also compounded by the
increased stratification and reduced light availability resulting from
high particle load carried by meltwater from land-terminating glaciers
(Meire et al., 2017; Holding et al., 2019; Randelhoff et al., 2020). Glacial
influence has also been associated with a gradient in phytoplankton cell
size. Small cells (<10 pm) have been observed dominating close to the
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source of runoff where the surface water is turbid and brackish, followed
by an increase in cell size towards the fjord mouth (Middelbo et al.,
2017).

Conclusively disentangling the underlying processes and mecha-
nisms that explain these inter-fjord differences remains challenging
because of the few detailed field surveys available. Attempts to scale to a
pan-Greenlandic perspective are limited by the scarcity of well-studied
field sites and the vastly heterogeneous nature of fjords (Straneo et al.,
2019). There is a general bias in the oceanographic literature towards
studies of a few large systems (e.g., Bowdoin, Jacobshaven Isbare,
Nioghalvfjerdsbree, Nuup Kangerlua, Sermilik) that account for a
disproportionately large fraction of annual liquid and solid freshwater
discharge but are not representative of the hundreds of small glacier
fjords (such as Young Sound) that surround Greenland (Straneo et al.,
2019).

In the context of climate change, it is important to understand how
marine ecosystems will respond to the combined effects of glacier retreat
and increasing freshwater discharge, what feedbacks this will induce on
marine producers and the carbon cycle, and how this will affect other
ecosystem services such as fisheries. Whilst the physical and chemical
dynamics of multiple glacier fjord systems in Greenland have been
explored, and primary production data are available for a few systems,
ecosystem dynamics are less well described with moderately extensive
work only available at Nuup Kangerlua and Young Sound (e.g. Arendt
et al., 2010; Bridier et al., 2021). In this study we present a seasonal
comparison of biogeochemical properties (nutrients and suspended
particulate matter), pico- and nanophytoplankton cell counts and bloom
dynamics in Nuup Kangerlua and Ameralik, the neighbouring fjord to
the south which is influenced by a land-terminating glacier (Fig. 1). We
compare these two fjords from the same climate-vulnerable region of
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Fig. 1. Study site. Positions of the sampling stations (circles) in Nuup Kangerlua (GF) and Ameralik (AM). Key stations are annotated GFy for Nuup Kangerlua and
AM for Ameralik, as per prior work. Acronyms represent the Greenland Ice Sheet (GrIS), marine-terminating glaciers (Akullersuup Sermia, AS, Kangiata Nunaata
Sermia, KNS, Narsap Sermia, NS), land-terminating glaciers (Kangilinnguata Sermia, KS, Qamanaarsuup Sermia, QS), and other freshwater sources (Lake Tasersuaq,
LT, and Naajat Kuuat, NK) (Adapted from Stuart-Lee et al., 2021.). Solid circles indicate sites at which samples were taken for flow cytometry analysis.



A.E. Stuart-Lee et al.

west Greenland, which largely removes factors related to regional dif-
ferences in climate conditions, the latitude-dependent length of the
growth season, and coastal water masses. We hypothesise that large
inputs of glacial meltwater from land-terminating glaciers (Ameralik)
result in higher abundances of small cells compared to fjords influenced
predominantly by marine-terminating glaciers (Nuup Kangerlua). In
developing our understanding of the relationship between glaciers and
the activity of phytoplankton in connected fjords, we aim to provide
insight into how present-day Greenland fjord ecosystems may change
with ongoing glacial retreat and increasing freshwater discharge.

2. Materials and methods
2.1. Study site

Nuup Kangerlua (Godthabsfjord) and Ameralik are neighbouring sill
fjords on the west coast of Greenland, close to Nuuk (Fig. 1). Nuup
Kangerlua consists of several branches covering an area of ~2013 km?.
Its main branch, where the sampling stations are located, is ~190 km
long and the basin reaches a maximum depth of ~620 m. Freshwater
and solid ice are delivered to the fjord via three marine-terminating
glaciers (Kangiata Nunaata Sermia (KNS), Akullersuup Sermia (AS),
and Narsap Sermia (NS), Fig. 1). In terms of annual solid and liquid
discharge KNS is the largest; it has a grounding line depth of ~250 m
(Mortensen et al., 2013). Glacial rivers deliver freshwater from 3
land-terminating glaciers (Qamanaarsuup Sermia (QS), Kangilinnguata
Sermia (KS) and Saqqap Sermersua via Lake Tasersuaq (LT), Fig. 1) into
the fjord. Sea ice covers the innermost part of the fjord on a seasonal
basis, typically extending from the innermost fjord to station GF13 in
winter, and an ice mélange commonly occupies this part of the inner
fjord (close to the three marine-terminating glaciers) in summer.

Ameralik shares its mouth region with Nuup Kangerlua, and its
entrance is found south of Nuuk. Ameralik is ~75 km long, with an area
of ~400 km? and a maximum basin depth of ~700 m. Freshwater is
delivered from one land-terminating glacier (Kangaasarsuup Sermia) by
the glacial river Naajat Kuuat (NK, Fig. 1). No glaciers terminate directly
in the fjord, and sea ice is generally not observed except in small
quantities near the river in the innermost part of the fjord in winter.

This western region of Greenland experiences strong tides. A tidal
range of ~1-5 m is observed in Kobbefjord, a small fjord located be-
tween Nuup Kangerlua and Ameralik (Richter et al., 2011). Coastal
water masses outside the fjords are described by Rysgaard et al. (2020).
In brief, there is an upper layer of relatively cool and fresh southwest
Greenland coastal water (CW), and a lower layer of warmer and more
saline subpolar mode water (SPMW), further distinguished by an upper
layer (uSPMW) and a cooler and less saline deep layer (dASPMW). Oc-
casionally the upper layer of the coastal waters at 64°N is occupied by a
cold and relatively saline Baffin Bay Polar Water (BBPW), a winter mode
water mass originating in the eastern part of Baffin Bay (Mortensen
et al., 2022). Seasonal hydrography and circulation modes have been
described extensively for Nuup Kangerlua (Mortensen et al., 2011, 2013,
2014) and for Ameralik in the same year as this study (Stuart-Lee et al.,
2021).

2.2. Methods

Along-fjord transects covering 13 stations in Nuup Kangerlua (GF1-
GF13) and 12 stations in Ameralik (AM1-AM12; Fig. 1) were sampled in
May, July and September 2019 for physical (temperature, salinity,
turbidity and PAR), chemical (nutrients, suspended particulate matter)
and biological (fluorescence, Chl a, phytoplankton) parameters.
Favourable ice conditions in September allowed 4 further stations to be
sampled in Nuup Kangerlua (GF14-17). Sampling was conducted from
the Greenlandic RV Sanna in May, and from the commercial Greenlandic
vessels Polar Dive in July and Tulu in September.

At every station, temperature and salinity depth profiles were

Estuarine, Coastal and Shelf Science 284 (2023) 108271

collected using a SeaBird SBE19plus CTD equipped with additional
sensors for fluorescence (Seapoint), turbidity (Seapoint), and PAR
(Biospherical QSP- 2350L Scalar). Sensors were calibrated annually by
the manufacturer and precision for salinity was typically within the
range of 0.005-0.010. Resulting depth profiles from the downward casts
were averaged over 1 m vertical depth intervals. Practical salinity scale
(PSU) is used throughout the text.

Water sampling was conducted using 5 L Niskin bottles. At every
station, water samples for Chl a analysis were collected at 1, 5, 10, 15,
20, 30, 40, and 50 m depths. 500 ml was filtered through 25 mm
Whatman GF/F filters (0.7 pm pore size, 1 per depth) and frozen at
—80 °C (May) or —20 °C (July and September). The filters were
extracted in 10 ml 96% ethanol for ~24 h. The Chl a concentration was
measured with a TD-700 Turner Designs fluorometer before and after
the addition of 200 pL 1 M HCI solution and results were calibrated
against a Chl a standard. Fluorescence measurements from the CTD were
calibrated using the Chl a concentrations as per Lyngsgaard et al. (2014).
In brief, we calculated the ratio of fluorescence to Chl a concentration at
each sampling depth (using a rolling 3 m mean value of fluorescence),
interpolated this ratio across the full depth profile (at 1 m resolution),
and used this to estimate the fluorescence.

Water for nutrient analysis (nitrite, nitrate, ammonium, phosphate
and silicate) was sampled from 1, 5, 10, 15, 20, 30, 40, 50, 100, and 200
m depth. Two samples for each depth were filtered through 0.45 pm
Millipore filters (Q-Max GPF syringe) and stored frozen at —20 °C until
analysis using standard colorimetric methods on a Seal QuAAtro auto-
analyzer (Grasshoff et al., 1999).

At 16 stations (marked with a solid circle in Fig. 1), water was
sampled for flow cytometry analysis. Water was collected at 1, 5, 10, 20,
30, 40, 100, and 200 m, directly from the Niskin bottle into 5 ml cryo-
genic vials (1 per depth). These were preserved with glutaraldehyde
(Sigma-Aldrich) at 1% final concentration, left for ~1 h in a refrigerator
at 4 °C and then frozen at —80 °C. Phytoplankton cells were later filtered
through a 50 pm net, counted using a flow cytometer (Becton Dickinson
FACSCalibur, flow rate 40-42 pL min~!) and grouped by their pigment
autofluorescence and forward scattering properties. Pico- and nano-
phytoplankton communities were partitioned into small, medium and
large Chl a rich cells and small and large Phycoerythrin rich cells.
Phycoerythrin is considered a proxy for Synechococcus contributions.
Small cells were allocated to picophytoplankton and intermediate and
large cells to nanophytoplankton.

At 7 stations (those marked with station labels in Fig. 1) suspended
particulate matter was collected by filtering ~2 L water from 1, 10, 20,
30, 40, 100, and 200 m and the deepest sampled depth, onto pre-
combusted (4 h at 450 °C) and pre-weighed 25 mm GF/F filters (0.7
pm pore size, 1 per depth). Filtration continued until the filters were
clogged (0.75-2 L). For all samples, visible zooplankton were removed
with tweezers and filters were then stored at —80 °C (May) or —20 °C
(July and September). Samples were analysed as per Grosse et al.
(2015). They were decarbonated in a desiccator with fuming hydro-
chloric acid (37%) and analysed on a Thermo Flash EA1112 elemental
analyser coupled to a Thermo Finnigan Delta V isotope ratio mass
spectrometer.

All statistical analysis was done using the open-source programming
language R (R Core Team, 2013). Tests for correlations between pa-
rameters were carried out with the ‘stats’ package v4.1.0, using the
Pearson’s product moment correlation coefficient (significance level =
0.05).

3. Results
3.1. Hydrography
Local freshwater runoff is generally low in May (Langen et al., 2015).

This is reflected in the highest surface salinities of the studied months
and weak stratification in both fjords (Figs. 2 and 3), consistent with
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Fig. 2. Nuup Kangerlua upper 50 m potential temperature (a, c, e) and salinity (b, d, f) sections in May, July and September 2019, respectively. Station
locations are indicated in Fig. 1. Distances refer to displacement along the transect from the outermost (fjord mouth) station.

prior observations at this time of year (Mortensen et al., 2011, 2013,
2014). The mean T-S properties of the upper 50 m layer were 1.1 °C and
33.0 in Nuup Kangerlua, and 0.5 °C and 33.1 in Ameralik. By July,
increased glacial meltwater input (Langen et al., 2015) led to significant
surface freshening and accompanying stratification in both fjords,
starting in the innermost parts (close to the glacial sources). The upper
50 m layer in Nuup Kangerlua fjord freshened more than that of
Ameralik, with a mean salinity of 31.4 compared to 32.1 in Ameralik.
While this layer warmed in both fjords as solar insolation increased, this
was partially countered in Nuup Kangerlua by the greater influence of
meltwater and glacial ice, leaving the upper 50 m layer 1.6 °C cooler
than that of Ameralik in July. A stronger thermocline developed in Nuup
Kangerlua at 5-10 m depth and the underlying water had low temper-
atures of 0-1 °C due to subglacial discharge (Fig. 2c). Meanwhile in
Ameralik, water in the upper 50 m layer was no cooler than 3 °C
(Fig. 3c). Upper water temperatures continued to be higher in Ameralik
in the autumn, with the mean temperature of the upper 50 m of Nuup
Kangerlua remaining at 2.4 °C, and that of Ameralik rising to 4.9 °C by
September. During this transition between July and September the
salinity of the upper 50 m layer increased in both fjords, resulting in
denser surface waters with some remaining stratification in the inner
and central fjords.

3.2. Turbidity, suspended particulate matter and PAR

Throughout the observation period, the inner regions of Nuup Kan-
gerlua and Ameralik were more turbid than the outer regions. This
inner-outer fjord gradient was strongest in July when glacial meltwater
input was high (Fig. 4a and b, Fig. 5b). At this time of year, turbidity
plumes are visible in the surface waters of the inner-Ameralik stations

AM10-12 (Fig. 4b) and correspond to the highest recorded concentration
of suspended particulate matter (SPM) in this study of 16 mg/L at the
innermost sampled station, AM10 (1 m depth, Fig. 5a). This reflects the
input of suspended sediment in glacial meltwater from the proglacial
river in the inner fjord. Note that, while high, the SPM loads may still
underestimate the peak concentration in near-surface waters as the
visible particle plume is present in a thin (<1 m) layer. This layer is
easily disturbed, for example by boat passage, and is unlikely to be well
resolved in CTD data or bottle samples.

North of Nuup Kangerlua, runoff from the land-terminating glacier
Saqqap Sermia enters lake Tasersuaq and is then transported into the
main fjord branch between stations GF11 and GF12. Surface freshwater
runoff originating from Saqqap Sermia is visible in the high turbidity
peak (32 FTU) in the upper 10 m layer at station GF12 (Fig. 4a). A plume
of elevated turbidity is visible at this location throughout the year in
satellite imagery. Further in-fjord, at station GF13, the highest turbidity
in July was recorded at ~20 m depth (13 FTU, Fig. 5a), which corre-
sponded to a peak in SPM of 10.5 mg/L and likely relates to the influence
of subsurface meltwater discharge from the marine-terminating glacier
Narsap Sermia. In the central part of Nuup Kangerlua, at station GF7,
there is a subsurface peak in SPM concentration at the same depth (20
m) and similar in magnitude (10.8 mg/L) to that at GF13 (Fig. 5a), but
with different properties. The SPM sample from GF7 at 20 m has a lower
C:N ratio (7.8 vs 9.7) and more than 10 times the carbon content (1.1 vs
0.1 mg/L) of the SPM sample from GF13 at 20 m. This difference is
mirrored in the average properties of the SPM samples from the upper
40 m (Fig. 5c and d). In July there is an in-fjord gradient of increasing
SPM concentrations and increasing C:N ratios along both fjords.

In both fjords the increase in SPM during the melt season has an
impact on the light conditions, with light generally penetrating to a
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are indicated in Fig. 1. Distances refer to displacement along the transect from the outermost (fjord mouth) station.
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lesser depth at the inner than the outer stations (Fig. 4).

3.3. Nutrients

In both Nuup Kangerlua and Ameralik, we observed along-fjord
gradients in nitrate concentrations in May (Fig. 6). In the upper 50 m
layer of Nuup Kangerlua, nitrate was lower in the outer fjord than the
inner fjord, with mean concentrations ranging from 1.06 pM/L at station
GF5 to 5.17 pM/L at the innermost station GF13. The highest nitrate
concentration in Nuup Kangerlua in May was 11.3 pM/L, measured at
the deepest sampled depth at GF13 of 400 m. In Ameralik, nitrate was
more depleted than in Nuup Kangerlua and nutriclines were located
deeper in the water column. The fjord gradient was reversed, with
higher concentrations in the outer fjord than the inner fjord. Mean upper

50 m nitrate concentrations in May (i.e., mean of the individual data
points per cast in Fig. 6) ranged from 0.46 pM/L at station AM12 to 2.64
pM/L at station AM1. Spatial patterns in phosphate concentrations
(Fig. S2) generally followed those of nitrate and are largely consistent
with prior work in Nuup Kangerlua (e.g., Meire et al., 2017).

By July, surface nutrients were depleted in the upper 20 m of both
fjords, with the exception of silicate, which was enriched at the inner-
most stations due to glacial meltwater runoff (Fig. 6, S1-3). A larger
depletion in upper 20 m nitrate occurred in Nuup Kangerlua than in
Ameralik. Glacier-related nutrient delivery in Nuup Kangerlua is visible
from the subsurface macronutrient peaks at the innermost station GF13.
The peaks in nitrate (10.7 pM/L) and phosphate (0.74 pM/L) were at 40
m depth (Fig. 6, S2), and peaks in silicate were at the surface (22.4 pM/
L) and at 50 m depth (21.3 pM/L, Fig. S1). At station AM10, there was a
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Fig. 5. (a) Upper 40 m depth profiles of suspended particulate matter (SPM, mg/L). (b) Mean SPM concentration (mg/L), (c) mean OrgC:N ratio (mol:mol), and (d)

mean organic carbon content (mg/L) of SPM samples from the upper 40 m layer.

silicate peak of 15.9 uM/L at the surface, but no clear enrichment in
nitrate or phosphate (Figs. S1-2). This is consistent with the expected
concentrations of macronutrients in runoff in the region (Meire et al.,
2016).

Ammonium increased in the upper 50 m layer of both fjords through
the sampled period (May to September). The highest mean concentra-
tions in the upper 50 m layer were 1.0 pM/L for Nuup Kangerlua and 1.3
pM/L for Ameralik, both measured in September.

Low nutrient concentrations in glacial meltwater are indicated by
positive relationships between nitrate/phosphate and salinity
throughout the study period. Conversely, silicate showed a negative
relationship due to its higher concentration in glacial meltwater, as
previously reported by Meire et al. (2016).

3.4. Fluorescence and pico- and nanophytoplankton

In May 2019, the highest Chl a concentrations in both fjords were
found in the upper 10 m layer (Fig. 7a and b). Chl a concentrations were
higher in Ameralik than in Nuup Kangerlua at this time, with a mean
upper 40 m concentration of 4.6 pg/L in Ameralik (stations AM1 -
AM12) compared to 2.9 pg/L in Nuup Kangerlua (stations GF1 - GF13,
Fig. 8a). In Nuup Kangerlua, small phytoplankton abundances were
higher in the outer fjord than the inner fjord, with the highest pico-
phytoplankton (<2 pm) abundance of 18900 cells/ml found at station
GF3 (10 m) and the highest nanophytoplankton (2-20 pm) abundance of

3100 cells/ml at station GF7 (1 m). This gradient was reversed for
Ameralik, with the highest pico- and nanophytoplankton abundances
recorded at station AM12 (13100 and 6420 cells/ml respectively, both
at 5 m).

Between May and July, Chl a concentrations in the upper 40 m
declined throughout Ameralik but increased at the inner fjord stations of
Nuup Kangerlua (GF9 - GF13, Fig. 8a). Picophytoplankton abundance in
July in Nuup Kangerlua was at its lowest level of the observation period
(May to September), while nanophytoplankton abundance had
increased (Fig. 8b and c). In contrast, there was a large increase in
picophytoplankton in Ameralik, with the mean upper 40 m picophyto-
plankton count increasing from 5250 cells/ml in May to 15800 cells/ml
in July. The highest concentrations remained in the upper 10 m layer but
shifted in-fjord to station AM9.

By September, Chl a in the upper 40 m layer was relatively low in
both fjords (Fig. 8a), though some areas of high Chl a biomass remained
in the central and inner parts of Nuup Kangerlua at ~10 m depth be-
tween stations GF9 and GF17 (Fig. 7e). In Nuup Kangerlua, picophyto-
plankton abundances increased up to a maximum of 11300 cells/ml
(station GF6, 1 m) while nanophytoplankton numbers were comparable
to those in July. A larger increase in picophytoplankton cell counts was
observed in Ameralik in September. The mean upper 40 m concentration
of 46700 cells/ml was more than double the July figure (Fig. 8b). The
highest picophytoplankton abundances were measured in the upper 10
m layer and the maximum was 195000 cells/ml (station AM10, 5 m).
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and September 2019. Lighter shading highlights higher concentrations.

This fjord-wide increase in Ameralik was driven by Synechococcus
growth, largely occurring at ~10 m depth in the central and inner parts
of the fjord. At this time, there was a strong positive correlation (r =
0.87, p < 0.005) between the Synechococcus cell counts and the nitrogen
concentration in SPM.

4. Discussion
4.1. Seasonal bloom dynamics

4.1.1. May

In May, both fjords were characterised by low surface nutrient con-
centrations and corresponding maxima in Chl a (Figs. 6 and 7a,b),
though the respective bloom phases were not aligned. Compared to
Nuup Kangerlua, the upper waters of Ameralik were lower in nutrients,
had deeper nutriclines, and higher Chl a, suggesting that Ameralik was
in a more developed phase of the spring bloom than Nuup Kangerlua.

Blooms in these systems are initially triggered by increasing insola-
tion alongside high nutrient concentrations. They are facilitated further
by the development of a weak surface stratification from heat exchange
and surface runoff (which likely consists mainly of snow melt). Weak
surface stratification is a potential barrier to nutrient availability when
nutrient concentrations are depleted (Randelhoff et al., 2020), but it also
provides the advantage of keeping the phytoplankton in the euphotic
zone (e.g., Tremblay et al., 2006, 2008). When nutrients are not limiting
production at the start of the bloom, the mixed layer depth can in this

way influence its timing, with a shallower mixed layer initiating an
earlier bloom (Sakshaug and Slagstad, 1991). It is feasible that stronger
stratification in Ameralik at the location of the bloom initiation resulted
in earlier bloom onset in 2019, although measurements capturing its
onset are required to test this hypothesis. While Ameralik is more
stratified than Nuup Kangerlua in July, the situation in May is less clear,
with a similar fjord-wide stratification index for the upper 50 m layer
but large station-by-station variation (Stuart-Lee et al., 2021). This sit-
uation may partially arise from the dispersed nature of snow melt and
early runoff entering the fjord in May, compared to a better approxi-
mation of a point-source of discharge from the major river at the fjord
head later in summer.

4.1.2. July

Local glacial meltwater input increases considerably between May
and July (Kjeldsen et al., 2014; Mankoff et al., 2020). This is reflected in
reduced salinity and increased stratification in the surface layers of both
fjords in July (Figs. 2 and 3). During this period, production declined in
Ameralik (Fig. 8a). The high SPM concentration in the surface waters of
inner Ameralik (station AM10, Fig. 5a) coincided with low carbon
content and low Chl a concentration, representing mostly inorganic
glacially-derived material. Below the surface, Chl a concentration and
carbon content increased, indicating that organic material constituted
more of the SPM signal deeper in the water column (Figs. 5d and 8).

Meanwhile, conditions in Nuup Kangerlua are indicative of a sum-
mer bloom. Chl a concentration in Nuup Kangerlua increased to its peak
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Fig. 7. Chlorophyll fluorescence concentrations in the upper 50 m of Nuup Kangerlua and Ameralik in (a, b) May, (c, d) July, and (e, f) September 2019.

Station locations are indicated in Fig. 1.

of the studied months in July (Fig. 7), and nitrate and phosphate con-
centrations in the upper 20 m underwent a larger depletion than in
Ameralik during this period (Fig. 6). Inner-fjord peaks in SPM (station
GF13, Fig. 5a) had low carbon content and coincided with low Chl a
concentration, while the mid-fjord peak at station GF7 was composed
more of biological material, as seen from the high carbon content and
Chl a concentration (Figs. 5d and 8a). In contrast to the spring bloom,
summer blooms in Nuup Kangerlua are stimulated by upwelled nutrients
related to subglacial discharge (Meire et al., 2017). Multi-year moni-
toring in this fjord has shown that peak production in the summer bloom
can occasionally exceed that of the spring bloom (Juul-Pedersen et al.,
2015), although a precise comparison of bloom magnitude in 2019 is
challenging from monthly-resolution data.

4.1.3. September

By September, glacial meltwater input had declined (Kjeldsen et al.,
2014; Mankoff et al., 2020), resulting in higher surface salinity and
weakened haloclines across both fjords (Figs. 2 and 3). In combination
with increased winds, these conditions led to increased surface mixing
and more deep-water upwelling, in line with existing seasonal obser-
vations from these fjords (Mortensen et al., 2011, 2018; Stuart-Lee et al.,
2021).

Upper water column concentrations of nutrients and Chl a were
relatively low in both fjords, though we observe some remaining areas of
high Chl a biomass in the inner fjord of Nuup Kangerlua. These occur
from stations GF5 to GF17, peaking at a depth of ~10-20 m and are most
concentrated in the inner fjord, suggesting the same ‘upwelling’ mech-
anism as in July (Fig. 7e). The elevated Chl a concentration indicates an
extended bloom period in Nuup Kangerlua, likely composed of diatoms
(Krawczyk et al., 2015, 2018), that was not matched in Ameralik.

Diatoms are known to be the dominant species during the summer
bloom in Nuup Kangerlua in connection with a favourable Si:N ratio that
results from glacial runoff, and this dominance usually continues into
autumn (Krawczyk et al., 2015, 2018; Meire et al., 2016). Although
diatoms represent a large part of the phytoplankton biomass in these
fjords, their size (typically larger than 20 pm) excludes them from the
flow cytometry method used in this study, explaining the lack of
correspondingly high cell counts. Our sampling timing in September
appears to coincide with the decline of this bloom, in line with low
remaining nutrient concentrations and the expected decline in runoff
(Mankoff et al., 2020). The spatial distribution of Chl a suggests that the
phytoplankton distribution may be following the deepening nitricline in
the water column.

In Ameralik, cell counts increased across both pico- and nano-
phytoplankton ranges while total Chl a was reduced (Fig. 8). A greater
than 2-fold increase from July in picophytoplankton abundance across
the fjord was largely due to the growth of the cyanobacterium Syn-
echococcus (Fig. 8b). Synechococcus peaked at a depth of 5 m, reaching
high abundances of 1.4 x 10° and 1.6 x 10° cells/ml (stations AM7 and
AM10). Factors affecting Synechococcus distribution are not well un-
derstood, though they are known to be fast replicating, and tolerant to
oligotrophic and low salinity environments (Partensky et al., 1999),
which are conditions that describe the upper water column of Ameralik
in September (Fig. 3e and f, 6). While not typically associated with
Arctic picophytoplankton communities, Synechococcus has recently been
observed at high abundances in the Fram Strait (79°N), with comparably
large increases between summer and autumn (Paulsen et al., 2016; von
Jackowski et al., 2022).

Both fjords showed indications of increased remineralisation
through the sampled seasons, with mean ammonium concentrations
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Synechococcus.

(and the ratio of ammonium to nitrate) increasing similarly in both
fjords. Higher ammonium concentrations occurred in Ameralik and a
moderate negative Pearson correlation (r = —0.5, p < 0.005) was found
between ammonium and Chl a concentration in July and September in
Ameralik only, indicating more remineralisation than in Nuup Kanger-
lua. A further confounding factor in interpreting these trends is the
potentially high rate of mortality within turbid particle plumes, partic-
ularly of filter feeding zooplankton. This phenomenon is described in
Nuup Kangerlua (although at very high particle loads not observed in

this study; Arendt et al., 2011) and several other turbid fjord systems
around the Arctic (Weslawski et al., 1998; Hop et al., 2002; Arimitsu
et al., 2012) and may exert ‘top-down’ effects on local ecosystem
structure in addition to ‘bottom-up’ effects from shifts in resource
(nutrient, organic carbon and light) availability (Larsen et al., 2015).
Viral loads may also be reduced by high turbidity via adsorption of vi-
rions to glacial SPM, although the ecosystem and biogeochemical effects
of this are yet to be extensively studied (Maat et al., 2019).
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4.2. Summer bloom and fjord circulation

Circulation patterns are largely responsible for the transport of
phytoplankton within a fjord and for the exchange of cells and nutrients
with the coastal region. During the meltwater period, the estuarine
circulation resulting from the inflow of surface meltwater runoff in the
inner regions of fjords has been linked to a high import of marine
organic matter, whereby the compensation current imports more
organic matter than is exported in the fresher layer above (Sgrensen
et al., 2015). The same effect operates for macronutrients, whereby sa-
line inflow at depth brings increased concentrations of all macronutri-
ents into the fjord and surface outflow concentrations are more depleted
(Meire et al., 2017). Below this estuarine circulation layer, a subglacial
circulation arises in fjords with marine-terminating glaciers, driven by
the subsurface release of glacial freshwater (Motyka et al., 2003; Rignot
et al., 2010). This is associated with the advection of phytoplankton
biomass from the inner to outer fjord during summer (Juul-Pedersen
et al., 2015). The productive waters in-fjord of Nuup Kangerlua in
summer 2019, identified by the high Chl a concentrations around sta-
tions GF8-GF12 and occurring at ~15 m depth, are likely connected to
this subglacial discharge and associated nutrient supply, which results in
new production.

Less is known about the connection between phytoplankton and in-
termediate baroclinic circulation, which is present year-round in Nuup

~GF1-3

~GF5-7 ~GF8-12
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Kangerlua and Ameralik (Mortensen et al., 2011, 2014; Stuart-Lee et al.,
2021). This circulation is the characteristic mode in summer when the
combination of tidal mixing in the outer sill region and warming and
freshening of surface fjord water results in the outer fjord water
becoming less dense than the inner fjord. This drives an in-fjord current
in the upper water column, and a compensation out-flow below,
lowering the isopycnals in the fjord (Mortensen et al., 2011, 2014).

We propose a link between this circulation and the spatial patterns of
phytoplankton in Ameralik and Nuup Kangerlua in summer 2019
(Fig. 9). In July, a well-mixed region can be observed at the mouth of
Nuup Kangerlua (stations GF1-3, Fig. 2c and d, 7c). In the region around
stations GF5-GF8, there is an interaction of water masses where the out-
flow layer of the subglacial circulation, identified by its lower temper-
ature compared to outer fjord water (Fig. 2c), meets this returning
inflow from the intermediate baroclinic circulation (Mortensen et al.,
2011). At these stations, patches of high Chl a concentration occurred at
~20 m depth (Fig. 7c). We propose that these productive waters relate
not only to the subglacial water, but also to the warmer re-circulating
inflow of the intermediate baroclinic circulation (e.g., Mortensen
et al., 2014). This inflow increases the availability of nutrients higher in
the water column (than would otherwise be the case) and contains
advected phytoplankton cells.

We see a similarly well-mixed region at the mouth of Ameralik in
July (stations AM1-2, Fig. 3c and d, 7d). The bloom appears from station

Fig. 9. Fjord schematic of connections between
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AMS5 at ~15 m depth, deepening around stations AM6-9 and is absent by
station AM10 in the inner fjord. As for the outer fjord waters of Nuup
Kangerlua, this distribution in Ameralik may be related to the sill-region
mixing and intermediate baroclinic circulation, whereby the water
recirculated back into the fjord at a shallower depth allows a bloom to
develop via increased nutrient availability. In contrast, the subglacial
circulation pattern (and associated out-fjord advection of phytoplankton
cells) is not applicable to Ameralik due to the lack of a marine-
terminating glacier.

4.3. Pico- and nanophytoplankton

Pico- and nanophytoplankton abundances and their relative pro-
portions are comparable across Nuup Kangerlua and Ameralik in May.
This is consistent with the shared drivers of spring blooms and the
expectation that, following over-winter inflow, both fjords have similar
nutrient availabilities and phytoplankton compositions prior to the
bloom onset. However, large differences develop as the seasons prog-
ress. While picophytoplankton abundance declines in Nuup Kangerlua
between May and July, both the abundance and proportion of pico-
phytoplankton becomes considerably higher in Ameralik (Fig. 8b,d). By
September, the mean ratio of pico-to nanophytoplankton in the upper
40 m layer is almost 4 times higher in Ameralik than in Nuup Kangerlua,
illustrating the increasing representation of picophytoplankton in
Ameralik (Fig. 8d).

Smaller average body sizes have been observed in a wide range of
aquatic communities as an ecological response to climate change, with
increasing temperatures proposed as one of the major drivers (Daufresne
et al., 2009; Moran et al., 2010; Sheridan and Bickford, 2011). In mes-
ocosm experiments looking specifically at temperature effects on
phytoplankton, Sommer and Lengfellner (2008) linked higher temper-
atures to smaller cells, lower peak phytoplankton biomass, fewer di-
atoms, and higher relative biomass of picophytoplankton. While this
experiment was setup to reflect temperate waters and not high latitude
conditions, we see a similar picture within the small phytoplankton
community (i.e., pico- and nanophytoplankton) in Ameralik and Nuup
Kangerlua in July and September. The upper 50 m layer of Ameralik
becomes warmer than that of Nuup Kangerlua from July and the mean
difference between the fjords rises to 2 °C in September (Fig. 2c,e, 3c,e).
In Ameralik a moderate correlation between temperature and the ratio
of pico-to nanophytoplankton (0.6, p < 0.005) is found in July and
September, which is mirrored less strongly in Nuup Kangerlua (0.5 and
0.4, p < 0.005), indicating that the temperature differences may be
related to the size composition in these fjords.

Small-celled picophytoplankton (0.2-2 pm) are also known to be
more dominant in oligotrophic conditions, where their larger surface-
area-to-volume ratio is advantageous for nutrient acquisition (Raven,
1998; Agawin et al., 2000). This advantage has been observed in the
Arctic, where picophytoplankton thrive in the stratified and low nutrient
conditions of the waters undergoing freshening (Li et al., 2009). In a
study looking at the size range of phytoplankton in Young Sound in
Northeast Greenland, Middelbo et al. (2017) found a dominance of small
cells (<10 pm, i.e., comprising both pico- and nanophytoplankton) in
the inner fjord, close to the source of runoff where the surface water was
turbid and brackish, and larger cells (>10 pm) dominating further to-
wards the fjord mouth. While disentangling the multiple factors linked
to cell size is scientifically challenging, we observe a similar steady
gradient within a smaller cell size range in Ameralik in July. Picophy-
toplankton dominate towards the inner fjord where the waters were
stratified and turbid due to the freshwater runoff. This contrasts with
Nuup Kangerlua, which maintained a gradient of increasing picophy-
toplankton proportion in the opposite direction (out-fjord) from May to
July.

A shift towards smaller cells and, in turn, smaller predators has been
predicted on a wider scale across the Arctic (Li et al., 2009; Onda et al.,
2017). In Young Sound, Middelbo et al. (2017) found that the
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dominance of small phytoplankton cells (<10 pm) was coincident with a
decline in zooplankton grazing and secondary production. As our study
is limited to pico- and nanophytoplankton, we cannot generalise across
the phytoplankton community as a whole. Within the scope of small
phytoplankton, however, this fjord comparison is in line with prior
findings from Young Sound, suggesting that an increasing representa-
tion of picophytoplankton will be one response to the retreating of
marine-terminating glaciers onto land, through increased stratification
and turbidity, warmer surface water and lower nutrient availability in
the photic zone.

5. Conclusions

Two fjords in the same climatic region of west Greenland displayed
similar spring bloom dynamics at the onset of the meltwater season in
2019 but diverged in productivity and pico- and nanophytoplankton
abundances over summer. Nuup Kangerlua was distinguished by a sus-
tained second summer bloom and higher overall Chl a fluorescence than
Ameralik in summer and autumn. Pico- (<2 pm) and nano-
phytoplankton (2-20 pm) abundances were comparable between fjords
in May, but differences grew with the seasons. By September, much
higher abundances of pico- (<2 pm) and nanophytoplankton (2-20 pm)
were observed in Ameralik, alongside high cyanobacteria growth. The
greater representation of picophytoplankton among small phyto-
plankton identified in Ameralik is likely related to a combination of
higher surface water temperatures, stronger stratification (reduced
nutrient availability) and reduced light availability. These findings
support the hypothesis that smaller cells may be better adapted to cope
with the environmental stressors associated with the retreat of marine-
terminating glaciers and may therefore represent a greater proportion
of fjord phytoplankton communities in the future. Lower overall sum-
mer productivity in Ameralik is partially attributed to the absence of
subglacial discharge from marine-terminating glaciers, though we sug-
gest that the summer bloom in Nuup Kangerlua is not solely driven by
the subglacial circulation, but that the inflow at subsurface depths due to
the intermediate baroclinic circulation also plays a role in increasing
nutrient availability at shallower depths. This highlights the complex
links between circulation patterns and bloom dynamics in fjords.
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