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Pelagic ecosystem dynamics between late autumn
and the post spring bloom in a sub-Arctic fjord

E. Zoe Walker1,2,*, Ingrid Wiedmann1, Anna Nikolopoulos3, Jofrid Skarðhamar3,
Elizabeth M. Jones3, and Angelika H. H. Renner3

Marine ecosystems, and particularly fjords, are experiencing an increasing level of human activity on a year-
round basis, including the poorly studied winter period. To improve the knowledge base for environmentally
sustainable management in all seasons, this study provides hydrographic and biological baseline data for the
sub-Arctic fjord Kaldfjorden, Northern Norway (69.7� N, 18.7� E), between autumn 2017 and spring 2018.
Field observations are integrated with results of a numerical ocean model simulation, illustrating how pelagic
biomass, represented by chlorophyll a (Chl a), particulate organic carbon (POC), and zooplankton, is affected
by stratification and circulation from October to May. We observed an unusually warm autumn that likely
delayed the onset of cooling and may have supported the high abundances of holoplankton and meroplankton
(5768 individuals m–3). With the onset of winter, the water column cooled and became vertically mixed, while
suspended Chl a concentrations declined rapidly (< 0.12 mg Chl a m–3). In January and February, suspended POC
concentrations and downward flux were elevated near the seafloor. The hydrodynamic model results indicate
that the strongest currents at depth occurred in these months, potentially inducing resuspension events close
to the seafloor. In spring (April), peak abundances of suspended biomass were observed (6.9–7.2 mg Chl a m–3

at 5–15 m; 9952 zooplankton ind. m–3 at 0–100 m), and field observations and model results suggest that
zooplankton of Atlantic origin were probably advected into Kaldfjorden. During all investigated seasons, the
model simulation suggests a complex circulation pattern, even in such a small fjord, which can have
implications for environmental management of the fjord. We conclude that the pelagic system in
Kaldfjorden changes continually from autumn to spring and that winter must be seen as a dynamic period,
not a season where the fjord ecosystem is ‘at rest’.

Keywords: Downward carbon flux, Seasonality, Winter ecology, Sub-Arctic fjord, Hydrography, Chlorophyll a,
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Introduction
Estuaries, and in particular fjords, are productive ecosys-
tems (Cloern et al., 2014; Valiela, 2015) used by various
fish and marine mammals as feeding and breeding
grounds (Falk-Petersen, 1982; Barthel et al., 1995; Similä
et al., 1996; Viddi et al., 2010) and by humans for fishing,
aquaculture, and recreation. To ensure that these ecosys-
tem services persist in the future, sustainable manage-
ment rooted in a sound understanding of the seasonal
dynamics of lower trophic levels and the underlying
hydrographic drivers is needed. While fjord system stud-
ies have been conducted for years during the produc-
tive spring and summer (e.g., Hegseth et al., 1995; Leu
et al., 2011; Meire et al., 2016), winter has been

regarded as a period when high latitude ecosystems are
“shut down” (Ross et al., 1993). Recent studies have chal-
lenged this view (Darnis et al., 2012; Berge et al., 2015a;
Berge et al., 2015b, Coguiec et al., 2021), but pelagic fjord
ecosystem dynamics and their hydrographic drivers
throughout autumn, winter, and spring are still poorly
understood.

In high latitudes, seasonal variability in environmental
drivers such as light, temperature, and terrestrial runoff is
enhanced compared to lower latitudes, and sub-Arctic
fjords thus experience pronounced seasonality. Despite
the highly variable meteorological and hydrographic con-
ditions, many species inhabit fjords throughout the year.
After the long winter darkness, the day length quickly
increases, triggering a phytoplankton spring bloom some-
time between March and May (Zenkevitch, 1963; Leu et
al., 2011; Friedland et al., 2016). Subsequent to the bloom,
zooplankton becomes more abundant and utilizes the
accumulated autotrophic biomass (top-down control),
which, in combination with the declining surface nutrient
concentrations (bottom-up forcing), causes a reduction of
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Ísafjörður, Iceland
3 Institute of Marine Research, Tromsø, Norway

* Corresponding author:
Email: zwyukon@gmail.com

Walker, EZ, et al. 2022. Pelagic ecosystem dynamics between late
autumn and the post spring bloom in a sub-Arctic fjord. Elem Sci
Anth, 10: 1. DOI: https://doi.org/10.1525/elementa.2021.00070

D
ow

nloaded from
 http://online.ucpress.edu/elem

enta/article-pdf/10/1/00070/665602/elem
enta.2021.00070.pdf by guest on 18 July 2022

https://doi.org/10.1525/elementa.2021.00070


the algal biomass in the euphotic zone during summer
(Eilertsen et al., 1981; Eilertsen and Taasen, 1984). Wind
mixing during autumn often causes a replenishment of
the nutrient concentrations in the surface layer and an
autumn bloom may occur (Eilertsen et al., 1981; Eilertsen
and Frantzen, 2007), but this biomass increase is usually
brief, lasting from days to a few weeks. As winter darkness
returns, accompanied by surface cooling, reduced river
runoff, and intensified vertical mixing, primary produc-
tion declines rapidly and subsequently the biomass of
both autotrophs and zooplankton strongly decreases
(Weslawski et al., 1991; Falkenhaug et al., 1997; Hop
et al., 2002; Marquardt et al., 2016; Marquardt et al.,
2019; Michelsen et al., 2017). Due to the low biomass
concentrations during winter, this season has long been
regarded as a period where the ecosystem is in “a resting
state” (Berge et al., 2015a). Winter has also been consid-
ered as the period when the fjord ecosystem “prepares”
for the next productive season as surface nutrient concen-
trations are replenished (Eilertsen and Taasen, 1984) and
phytoplankton resting spores may be resuspended into
the water column (Hegseth et al., 1995). However, recent
observations from Canadian coastal regions (Darnis et al.,
2012) and Kongsfjorden on Svalbard (Berge et al., 2015a)
challenged this understanding, because some pelagic
and benthic organisms, such as bivalves and meroplank-
tonic ctenophores and pteropods, have been found to
actively feed and grow during the high Arctic winter
(Berge et al., 2015a).

To build on this new understanding of fjord ecology
during winter, we investigated the transition from autumn
to winter to spring in the sub-Arctic fjord Kaldfjorden
(69.7� N; Figure 1) in the period October 2017 to May

2018. Kaldfjorden is a typical sub-Arctic (AMAP, 2018), ice-
free fjord with anthropogenic influence in Northern Nor-
way and may therefore serve as a model area for other
fjords. In our study, we assessed the hydrography, the
suspended and exported auto- and heterotrophic biomass
(chlorophyll a, particulate organic carbon and nitrogen),
and the zooplankton composition and abundance from
field observations. These data were then integrated with
results of a hydrodynamic model (NorFjords160). We
investigated how physical drivers affect the pelagic ecosys-
tem and the pelagic-benthic coupling in autumn, winter,
and spring. We provide baseline data of a sub-Arctic fjord
ecosystem during the less studied winter season, which is
important, because it improves the general understanding
and informs management of such ecosystems.

Materials and methods
Study site

Kaldfjorden is a north–south oriented fjord, 15 km long
and 2–3 km wide, on the island of Kvaløya in Northern
Norway (Figures 1 and S1). The fjord is deepest (230 m) in
the outer part and becomes gradually shallower towards
the fjord head. Kaldfjorden is connected to the shelf
and the northeast Atlantic through Vengsøyfjorden
(approximately 270 m deep, 3–4 km wide) and the shal-
lower and narrower Vågsøysundet (approximately 90 m
deep, 1 km wide). The bathymetry west of Vengsøyfjorden
is complex with a bank area about 60 m deep acting as
a sill, archipelagos of small islands and skerries, and an off-
shore shelf sea consisting of shallow banks (typically 60–70
m) intersected by deep troughs (> 400 m; Figure 1a). The
deepest connection between Vengsøyfjorden and the

Figure 1. Map of the study region in Northern Norway. (a) Bathymetric map of the shelf off Kvaløya, including
Kaldfjorden (black rectangle). The black triangle denotes the position of the nearest weather station (Tromsø
observation site). Grey arrows indicate the Norwegian Coastal Current, and red arrows the Norwegian Atlantic
Current (after Sundby, 1984). (b) Detailed map of Kaldfjorden. The yellow marker shows the location of sampling
station KaF. Black crosses indicate the locations of aquaculture pens. The red line indicates the transect used for
volume flux calculations. In both maps, blue shading indicates bottom depth, land is shaded white. Depth data were
obtained from the Norwegian Mapping Authority (2022). DOI: https://doi.org/10.1525/elementa.2021.00070.f1
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offshore trough Malangsdjupet is a 100 m deep channel
cutting through the bank area (Figure 1a).

On the shelf off Norway, Norwegian Coastal Water
(NCW) is carried northwards by the buoyancy-driven Nor-
wegian Coastal Current (S < 35; Helland-Hansen and Nan-
sen, 1909; Sundby, 1984). Further offshore, and partly
below the NCW, the Norwegian Atlantic Current carries
warm and saline Atlantic Water (AW, S > 35; Helland-
Hansen and Nansen, 1909; Sundby, 1984) along the shelf
break (Figure 1a). The exchange between Kaldfjorden and
these water masses depends on the seasonally varying
extent of the NCW on the shelf and the prevailing wind
conditions. In spring and summer the increased presence
of freshwater on the shelf, both from local runoff sources
and advected by the coastal current from the south,
strengthens the stratification. The NCW spreads out over
the shelf, typically occupying the upper 50 to 100 m
(Sundby, 1976; 1984; Skarðhamar and Svendsen, 2005).
The more saline AW is restricted to the deeper parts of
Malangsdjupet. Widening and shallowing of the NCW due
to prevailing northeasterly winds may allow intermittent
inflow of AW onto the shelf and into Vengsøyfjorden and
Kaldfjorden (A Nikolopoulos, personal communication).
During winter, stratification is weaker, the extent of NCW
on the shelf is typically narrower and deeper (down to
200 m) than in summer (Sundby, 1976; 1984; Skarðhamar
and Svendsen, 2005), and the predominantly southwest-
erly winds tend to force coastal water into Kaldfjorden.
Kaldfjorden also experiences seasonal freshwater input
through minor rivers during spring snowmelt and after
substantial precipitation events, but its drainage area is
rather small and not monitored (NVE Atlas, 2021).

Three sets of Atlantic salmon aquaculture pens are
licensed in Kaldfjorden and one in Vengsøyfjorden with
a total capacity for 1890 tons of fish in 2018 (Figure 1b;
Norwegian Directorate of Fisheries, 2021). The innermost
aquaculture site was not used during our study period in
winter 2017–2018.

Hydrographic and meteorological measurements

We conducted monthly sampling at station KaF (69.746�

N, 18.683� E, 130 m; Figure 1b) between October 2017
and May 2018 (Table 1). KaF is located above sloping
topography on the eastern side of Kaldfjorden, east of the
deep basin extending into this part of the fjord and south
of Fiskøya, an island influencing the circulation in the
fjord. As described by Kutti et al. (2007), particles origi-
nating from aquaculture activities are most likely to
spread in the main current direction which in the case
of Kaldfjorden is oriented north–south. Combined with
the observation that the majority of particles sink to the
seafloor close to the farm and supported by backscatter
analyses from Acoustic Doppler Current Profilers (ADCPs)
deployed on nearby moorings (Blom, 2021), measure-
ments at KaF are unlikely to be affected by the nearby
aquaculture pens.

Vertical profiles of conductivity, temperature, and
depth (CTD) were taken using a SAIV SD208 CTD sensor
(1 Hz sampling frequency), apart from December 2017
when a Seabird Electronics SBE911plus (24 Hz sampling

frequency) was used (Table 1). When deployed from small
boats (vessels Chinga and Dytiscus; Table 1), the SAIV CTD
was lowered and pulled up by hand or with a small winch,
while a fast-mounted winch was used on larger vessels.
Calibration samples for salinity were taken using a single
3-L Niskin bottle mounted on the rope above the SAIV
CTD on small boats or using a CTD rosette with 12 Niskin
bottles onboard R/V Helmer Hanssen (in April 2018). The
salinity samples were analysed using a Guildline Portasal
salinometer at UiT The Arctic University of Norway, and
the resulting values were used for calibration of the SAIV
conductivity measurements. As the occasionally used SBE
CTDs are factory-calibrated annually and also calibrated
against salinity samples throughout the year, we validated
the SAIV CTD profiles with simultaneously obtained SBE
CTD data when possible. For all CTD measurements, the
downcast was extracted, in situ temperature was con-
verted to potential temperature y, and measurements
were averaged (median) into 2-dbar depth bins. Potential
density anomaly sy was calculated referenced to surface
pressure (0 dbar). Additional CTD measurements from the
neighbouring fjord Malangen (Figure S1) for the period
August 2017 to February 2018 were obtained from the
project “Monitoring of the marine environment
(Havmiljødata)” at UiT The Arctic University of Norway
(see Mankettikkara, 2013, for details of data collection and
processing).

Meteorological data for the study period were obtained
from the Norwegian Meteorological Institute (2018). Air
temperature, wind speed and direction, and precipitation
recorded at the Tromsø observation site, approximately
14 km southeast of KaF, were used because it is the official
weather observation site closest to Kaldfjorden (Figure
1a). Although wind data can vary considerably on small
spatial scales due to orographic steering effects, wind
measurements on Tromsø Island were presumed to repre-
sent the wind conditions in Kaldfjorden well, because
both locations experience a similar north–south orienta-
tion with the surrounding mountains (Jones et al., 2020).

Hydrographic model data

Supporting information on hydrography and circulation
in Kaldfjorden was obtained from the numerical NorF-
jords160 model which is based on the Regional Ocean
Modelling System (ROMS; Shchepetkin and McWilliams,
2005; Haidvogel et al., 2008). The simulation used 35
vertical s-levels with enhanced resolution in the upper
50 m and a horizontal grid resolution of 160 m x 160 m
covering the coast and fjords in Troms County. Forcing
along the open boundaries was taken from the 800 m x
800 m NorKyst800 model (Albretsen et al., 2011; Asplin et
al., 2020) that covers the entire Norwegian coast and is
run operationally at the Norwegian Meteorological Insti-
tute (2019). Atmospheric forcing was provided by the
Meteorological Co-operation on Operational Numerical
Weather Prediction (AROME-MetCoOp; Müller et al.,
2017), tidal forcing was imposed based on the global
inverse barotropic model of ocean tides (TPXO7.2; Egbert
and Erofeeva, 2002), and river runoff was incorporated
using daily discharge data provided by the Norwegian
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Water Resources and Energy Directorate. The model per-
formance has been evaluated in detail by Dalsøren et al.
(2020), and the model has been applied in various bio-
physical studies in Norwegian fjords (e.g., Skarðhamar
et al., 2018; Myksvoll et al., 2020; Carvajalino-Fernández
et al., 2020). In Kaldfjorden, the model simulation was
evaluated against hydrographic observations (temperature
and salinity) taken monthly at three cross-fjord transects
(Jones et al., 2020) and against current observations from
two bottom-moored, upward-looking ADCP that were
deployed about 3.7 km north and 1.5 km south of KaF,
respectively; Blom, 2021). Temperature and salinity differ-
ences between the model and the observations were neg-
ligible and the hydrography is represented realistically
both spatially and temporally. Modelled current velocities
corresponded to the ADCP measurements with good
agreement in speed and direction in the upper water col-
umn while slightly larger deviations occur close to the
seafloor (A Nikolopoulos, personal communication).

To assess the circulation pattern in Kaldfjorden, hourly
values of the modelled horizontal current velocities were
extracted at depths of 10 and 90 m by linear vertical
interpolation and assembled into monthly averages for
October 2017 to May 2018. As a proxy for the occurrence

of Atlantic-influenced water masses at the study site, the
net volume flux of water with salinity S > 34 and potential
density anomaly sy > 27.0 kg m–3 through an across-fjord
transect at 69.75� N (18.635� E to 18.7082� E) was calcu-
lated from daily modelled fields between October 1, 2017,
and May 31, 2018.

Nutrients, suspended biomass and sediment trap

deployment

Water samples for inorganic nutrient analyses were col-
lected at one station each in the inner (69.700� N, 18.660�

E) and the outer part of Kaldfjorden (69.800� N, 18.670�

E), as well as close to station KaF (69.750� N, 18.680� E;
Table 1). These stations were located in the middle of the
fjord, and thus allowed sampling of the deepest water
layer. At the sampling station close to KaF, water for nutri-
ent analysis was collected just below the surface, at
approximately 50 m, 100 m, 150 m, and close to the
bottom by repeated casts of a 3-L Niskin bottle. In the
inner- and outermost station, the maximum sampling
depth was adjusted to the fjord depths and at approxi-
mately 100 m and 201 m, respectively. From the Niskin
bottle, water was transferred into 20-mL vials and pre-
served with chloroform and stored cool (4�C) until

Table 1. Sampling schedule for pelagic sampling and sediment trap deployment at station KaF. DOI: https://doi.org/
10.1525/elementa.2021.00070.t1

Nominal
month

Date
(dd.mm.yy) Vessela

CTD
sensorb

Nutrient
samplingc

depths (m)

Suspended
biomassc

sampling
depths (m)

Zooplankton
haul depth
ranges (m)

Sediment trap
deploymentsc

Depth (m)
Duration
(h: min)

October 05.10.17 1 SAIV 0, 50, 100, 150, 174 5, 15, 30, 90 —d 20, 30, 50, 90 24:05

November 06.11.17 1 SAIV 0, 50, 100, 150, 159 5, 15, 30, 90 — 20, 30, 50, 90 24:50

07.11.17 1 — — — 100–50, 50–0 — —

December 01.12.17 2 SBE 2, 51, 101, 152, 166 5, 15, 30, 90 — 20, 30, 50, 90 24:20

02.12.17 2 — — — 100–0 — —

January 25.01.18 3 SAIV 0, 50, 100, 150, 167 5, 15, 30, 90 — 20, 30, 50, 90 25:00

26.01.18 3 — — — 100–50, 50–0 — —

February 15.02.18 3 SAIV — 5, 15, 30, 90 — 20, 30, 50, 90 26:00

16.02.18 3 — — — 100–50, 50–0 — —

March 13.03.18 4 — 0, 50, 100, 150, 158 — — 20, 30, 50, 90 24:08

14.03.18 4 SAIV — 5, 15, 30, 90 100–50, 50–0 — —

April 04.04.18 5 SAIV 0, 50, 100, 151, 163 5, 15, 30, 90 100–50, 50–0 20, 30, 50, 90 25:30

May 22.05.18 3 SAIV 2, 55, 106, 154, 169 5, 15, 30, 90 — 20, 30, 50, 90 25:00

23.05.18 3 — — — 100–50, 50–0 — —

aVessel specification: 1 indicates Chinga; 2, R/V Johan Hjort; 3, Dytiscus; 4, R/V Johan Ruud; 5, R/V Helmer Hanssen.
bSAIV indicates SAIV SD208; SBE, SBE911plus.
cAll data were collected at station KaF, except nutrient data which were collected in proximity at 69.750� N, 18.680� E, 450 m from
KaF in the deepest part of the fjord. Suspended biomass samples were analysed for chlorophyll a and particulate organic carbon and
nitrogen; samples from the sediment trap cylinders were analysed for the downward flux of the same parameters.
dNo observations.
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analysis for NO3
– plus NO2

–, NO2
– and Si(OH)2 on a Flow

Solution IV analyzer. Details of the analysis and as well as
a detailed investigation of nutrient dynamics and carbon-
ate chemistry in Kaldfjorden can be found in Jones et al.
(2020).

Suspended biomass was collected in repeated casts of
a 3-L Niskin bottle at 5 m, 15 m, 30 m, and 90 m at station
KaF (Figure 1b). Subsequent to the water sampling, an
anchored short-term sediment trap array was deployed at
KaF with paired sediment traps (KC Denmark, inner diam-
eter ¼ 7.2 cm, 45 cm high) at 20, 30, 50, and 90 m for
approximately 24 h (Table 1). A free-drifting sediment
trap array would have allowed the determination of the
downwards particle flux in a Lagrangian manner, but due
to spatial restrictions in Kaldfjorden (15 km long, 2–3 km
wide), at times strong winds (up to 7 m s–1 on daily aver-
age), and ship traffic (fishing vessels and leisure traffic) the
trap array had to be moored. The deviation from the target
depth of the sediment traps was ± 3.5 m (measured by
a SCUBA diving computer attached to the 20-m sediment
trap). The sediment trap cylinders were empty when low-
ered into the water and then filled with ambient water
during the deployment. Downward particle flux deter-
mined in this way has previously been compared to the
234Th/238U disequilibrium method (Coppola et al., 2002)
and found to be in good agreement. However, suspended
biomass was assumed to flush into the sediment trap
cylinder when it was filled with seawater (Persson,
2018). Therefore, we subtracted the suspended concentra-
tion of chlorophyll a (Chl a), particulate organic carbon
(POC), and particulate organic nitrogen (PON) at the ambi-
ent depth of the sediment trap cylinder from the concen-
tration of the respective parameter in the sediment trap
cylinder. Based on the difference, the downward flux was
calculated.We cannot distinguish if Chl a, POC or PON was
transported into the sediment trap cylinder by gravitational
sinking, the mixed-layer pump or a migrant pump (Boyd et
al., 2019). To include all these processes, we use the term
“downward (particle) flux” in the following to describe the
transport of Chl a, POC, and PON from upper water layers
to depth. Finally, the euphotic zone in North Norwegian
fjords tends to extend down to 30–40 m in a pre-bloom
phase and to 10–15 m in the bloom phase (Wassmann
et al., 1996). We thus cannot exclude that the downward
flux was overestimated at 20 m (March–May) and 30 m
(March) due to weak primary production in the cylinder.

Water samples from the Niskin bottle and the sediment
trap cylinders were transferred into carboys and stored
dark and cool (> 0�C). Filtration was conducted within
6 h of sample collection, using a vacuum filtration system
(�30 to �40 kPa). Triplicated subsamples of each carboy
(200–400 mL; Table S1) were filtered onto Whatman GF/F
filters (0.7 mm pore size) to determine the Chl a concen-
tration and on pre-combusted GF/F filters (5 h at 450�C)
for concentration of POC and PON. After filtration, all
filters were frozen at –20�C. Within 2 months, the Chl
a and phaeophytin concentration was determined by
placing the filters overnight in 5 mL of methanol (in dark-
ness, at 4�C) and subsequently measuring the Chl a con-
centration in the extract (Turner Design AU-10

Fluorometer calibrated with Chl a standard, Sigma
S6144) following the acidification procedure (Holm-
Hansen and Riemann, 1978). The concentration of POC
and PON was determined within 4 months of sampling.
After thawing, drying (24 h, 60�C) and removal of carbo-
nates by HCl fumes (37% HCl, 24 h), the filters were
analyzed in a Leeman Lab CHN Analyzer.

Zooplankton sampling and analysis

Zooplankton were sampled at KaF using a WP2 net
(180-mm mesh size, 0.25-m2 opening) following the pro-
cedures described in Daase and Eiane (2007). Two vertical
tows (100–50 m and 50–0 m) were taken during each
field period except for October (no zooplankton sampled)
and December (one cast 100–0 m; Table 1). Each zoo-
plankton sample (approximately 220 mL) was preserved
with 25 mL of 36% formaldehyde solution buffered with
5 mg hexamethylenetetramine for laboratory analysis
within 6 months of sampling. In the laboratory, the com-
plete zooplankton sample was transferred into a beaker
and diluted with 200–250 mL of tap water. Subsamples
were inspected under a LEICA CLS 150X stereomicroscope
and organisms < 2.5 mm were identified to the lowest
possible taxonomic level (genus). Subsamples of 1–5 mL
were counted until at least 300 individuals of the two
most abundant species had been recorded. Due to very
low abundances, the complete samples collected in Janu-
ary and February were analyzed for individuals < 2.5 mm.
For organisms > 2.5 mm, the complete zooplankton sam-
ples were analyzed for all months and identified to the
lowest possible taxonomic level (order or genus). Due to
the mesh size of the WP2 (180 mm), nauplii and other
small organisms (< 200 mm) must be assumed to be
strongly undersampled (Nichols and Thompson, 1991).
Definite numbers are therefore not presented here, but
nauplii were found in each of the monthly zooplankton
samples. Similarly, the first copepodite stages (CI–III) of
small copepod species were likely undersampled (CI, up to
90% undersampling; CIII, up to 30%; Nichols and Thomp-
son, 1991), which needs to be taken into account in the
interpretation of the results. In addition, Coguiec et al.
(2021) in nearby Ramfjorden (Figure S1) identified 4 times
more zooplankton species by metabarcoding than by mor-
phological identification alone, and as such we assume
that the actual diversity at KaF is higher than indicated
by our results.

Results
Meteorology

Air temperature in Tromsø follows a distinct seasonal cycle
albeit with considerable variability. During our study
period from September 2017 to the end of May 2018, the
highest air temperatures were observed in May at > 15�C
(Figure 2a). Lowest temperature was measured in March
(–10�C) after a winter when cold periods (< –5�C) were
interspersed with phases of temperatures > 0�C. Precipi-
tation varied considerably throughout the study period. A
very dry September in 2017 was followed by a wet autumn
and early winter before another dry period occurred in
mid-January to mid-March 2018 (Figure 2b). Wind
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conditions in Tromsø were dominated by south/south-
westerly winds in autumn and winter, and more variable
wind directions in spring and summer (Figure 2c). Very
local cross-fjord winds caused by strong fall winds were
also encountered at KaF during sampling in February and
March but are not captured in the wind record.

Observed hydrography

In October 2017, the water column at KaF was stratified
with a warm surface layer (y ¼ 9.6�C) extending down to
70 m, and cooler and saline water (S > 34) occupying the
deep layer (> 100 m; Figure 3). Decreasing air tempera-
tures contributed to cooling of the surface waters during
October and November (Figures 2a and 3a). Increased
precipitation probably enhanced the river run-off and,
together with freshening of coastal water, resulted in sur-
face freshening at KaF (Figures 3b and 4). At the same
time, autumn storms with high wind speeds (Figure 2b),
together with the decreasing surface water temperatures,
resulted in weakened water column stratification (Figures
3a and 4). By January 2018, the water column was com-
pletely mixed as indicated by the close assemblage of data
points in the temperature-salinity diagram (Figure 4) and
continued to cool in February and March. Lowest tempera-
tures were measured in the surface waters in April (y ¼
2.5�C), while the deep water layers were still > 3.4�C. Mean-
while, salinity at KaF increased from February to April (S ¼
33.4 to S ¼ 33.89; Figure 3b). The increased spread in the
data points in the temperature-salinity diagram (Figure 4)
starting in March and continuing in April indicates that this
increase was driven by inflow of more saline water at depth.
In May, surface warming and increased river runoff during

snowmelt resulted in a re-established water column strati-
fication with a thin warm and fresh surface layer (y ¼
6.6�C, S¼ 32.6) above the pycnocline and a cool and saline
deep layer (y ¼ 3.5�C, S > 33.5, Figures 3 and 4). Observa-
tions from nearby Malangen show a similar development
from a warm and stratified water column in autumn to
colder conditions in winter (Figure S2).

Modelled fjord circulation

For our study period, the Norfjords160 model results sug-
gest a circulation pattern in the fjord with generally south-
ward flow (corresponding to flow towards the fjord head)
in the near-surface layer (10 m), with increased rotational
activity in autumn and winter (Figure 5a). In January and
February, the velocities at this depth were on average
0.02–0.03 m s–1 and 0.08–0.1 m s–1 at their maximum.
In the other months, velocities were lower with a maxi-
mum speed of 0.03–0.06 m s–1. The flow in the deeper
layers (90 m) followed the bottom slope and was generally
southward (towards the fjord head) along the western
side and northward (towards the fjord mouth) along the
eastern side of the fjord (Figure 5b). Currents were stron-
gest during in January and February (on average 0.03–
0.04 m s–1 and maximum 0.12 m s–1), and in particular
the northward current in the deep layer was intensified.
An eddy-like feature was situated in the middle of the
fjord with KaF on its eastern rim. This eddy was discernible
throughout most of the year and most of the water col-
umn but enhanced during winter (Figure 5). Hence,
northward currents persisted locally at KaF, although with
varying strength throughout the seasonal cycle (Figure 5a).
During January and February the northward flow at KaF

Figure 2. Meteorological observations at Tromsø observation site. (a) Daily average air temperature; (b) daily
precipitation; (c) daily average wind vectors, where the vector orientation indicates the direction the wind is blowing
towards. Grey vertical bars in all panels indicate the deployment periods of the sediment trap array. DOI: https://
doi.org/10.1525/elementa.2021.00070.f2
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was 0.04–0.07 m s–1 at 10-m depth (0.06–0.1 m s–1 at 90-m
depth), while it weakened to 0–0.03 m s1 (0.01–0.04 m s–1

at 90-m depth) in the remaining months.
The model results suggest that from March onwards,

coastal and modified Atlantic Water (S > 34 and sy >
27.0 kg m–3) was advected into Kaldfjorden and reached
station KaF (Figure 6). The inflow volume was largest in
early spring and led to an increase in salinity first in the
deep layers in the fjord (Figure 4).

Nutrient concentrations

The concentrations of nitrate and silicate at the sampling
station close to KaF showed a typical high latitude season-
ality (Figure 7). In October, nitrate was nearly depleted in
the upper 50 m, but concentrations increased between
October and late January to 5.4 mmol kg–1 (Figure 7a).
The interpolation in Figure 7a suggests a steady decline
in the surface nitrate between late January and mid-
March, but we presume that this decline might be incor-
rect. As no nutrient samples are available from February,
the surface nitrate concentration may also have remained
high through most of February and rapidly declined in
early March. From April onwards, nitrate in the upper
50 m was depleted (< 0.5 mmol kg–1). Below 100 m,
nitrate concentrations were > 1.6 mmol kg–1 throughout

most of the study period (apart from early October and
early April; Figure 7a).

Low silicate concentrations were only observed at the
surface in October 2017 (0.7 mmol kg–1), while the rest of
the year they were higher (0.8–5.1 mmol kg–1). The highest
concentrations were found close to the seafloor in early
December. Unlike the nitrate concentration, silicate con-
centrations were still high (> 3.3 mmol kg–1) throughout
the whole water column in April (Figure 7b). Nutrient
concentrations determined in the inner and outer part
of Kaldfjorden (Figures S3 and S4) show that the season-
ality described above took place not only close to KaF, but
throughout Kaldfjorden.

Suspended biomass in the water column

(Chl a and POC)

The Chl a and POC concentrations in the water column
showed a clear seasonality in Kaldfjorden. During early
October, elevated Chl a and POC concentrations were
observed (0.09–3.15 mg Chl a m–3, 82–315 mg POC
m–3; Figure 8a and b, Table S2), but they declined
throughout autumn and were low from December to
March (0.02–0.12 mg Chl a m–3, 20–114 mg POC m–3;
Figure 8c and d). In winter, the C: N ratio of the sus-
pended biomass at KaF had a wide range (6.56–13.48;

Figure 3. Hydrographic time series at KaF from October 2017 to late May 2018. Panels show (a) potential
temperature, (b) practical salinity, and (c) potential density anomaly sy. Grey triangles along the top axis of each panel
mark the field campaigns in each month. DOI: https://doi.org/10.1525/elementa.2021.00070.f3
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Figure 4. Temperature-salinity diagram from October 2017 (yellow) to late May 2018 (green). Dotted lines
indicate isopycnal contours. DOI: https://doi.org/10.1525/elementa.2021.00070.f4

Figure 5. Monthly averaged velocity fields from the NorFjords160 model at (a) 10 m and (b) 90 m. Panels show
October 2017 to May 2018 from left to right. Red and blue arrows show currents directed into and out of the fjord,
respectively. The length of the arrows corresponds to current speed (reference arrow given in upper right corner). The
yellow marker indicates the location of station KaF. DOI: https://doi.org/10.1525/elementa.2021.00070.f5
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Figure 6. Net volume water transport with Atlantic Water signature across 69.75� N within Kaldfjorden
(NorFjords160 model). Data shown between October 2017 and June 2018 with Atlantic Water signature defined as
potential density anomaly > 27.0 kg m–3, S > 34. Positive values shown in red indicate a net southward flow (i.e., into
the fjord); negative values in blue show the inverse (i.e., out of the fjord), in correspondence with Figure 5. For the
position of the transect see Figure 1. DOI: https://doi.org/10.1525/elementa.2021.00070.f6

Figure 7. Nitrate (a) and silicate (b) concentrations close to KaF (October 2017 to May 2018). The top figure
shows the seasonal variation of the nitrate (NO3

–) concentration determined from water samples at subsurface, 50 m,
100 m, 150 m and close to the seafloor, while the bottom figure shows the silicate (Si(OH)2) concentration determined
from the same depths. The darker the color in the color scheme, the higher the concentration. Grey triangles along the
top axis of each panel mark the time of the field campaign each month. DOI: https://doi.org/10.1525/
elementa.2021.00070.f7
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Table S2) as well as the POC: Chl a ratio (198–4031; Table
S2) and indicates a mix of very degraded and carbon-rich
material with somewhat less degraded biomass in the
water column. The ratio of active Chl a to the sum of total
photosynthetic pigments (Chl a þ phaeophytin, Phaeo)
was always < 0.7 (Table S2), and suggests a negligible
amount of fresh autotrophic biomass during the polar
night. In April, we observed high Chl a and POC concen-
trations in the water column (up to 7.2 mg Chl a m–3, up
to 264 mg POC m–3; Figure 8a and b), a C: N ratio of
approximately 6, a Chl a:(Chl a þ Phaeo) ratio of 0.5–1.4,
and a POC: Chl a ratio of 35–39 at 5–50 m (and 557 at
90 m). Despite the generally similar seasonal pattern, the
suspended concentrations of Chl a and POC were not
entirely synchronized throughout our study period. While
the highest Chl a concentration was observed in the sur-
face layers (5 and 15 m) in April (6.9–7.2 mg Chl a m–3;
Figure 8a), the highest POC concentration was found in
October at 5 m (315 mg POC m–3; Figure 8b). In addition,
the Chl a concentration at 90 m was very low throughout
the study period (< 0.3 mg Chl a m–3; Figure 8a), while
POC concentrations were always considerable at 90 m
(30–216 mg POC m–3; Figure 8b). In November, the POC
concentration at 90 m even exceeded the POC concentra-
tions in the surface layers.

Downward particle flux (Chl a and POC)

A seasonality was also observed in the downward flux of
Chl a. It was low in October (0.3–1.1 mg Chl a m–2 d–1;
Figure 8c, Table S3), and declined to near-zero during
winter (December to March: � 0.10 mg Chl a m–2 d–1;
Figure 8c) with low Chl a:(Chl a þ Phaeo) ratios
(< 0.34) and high POC: Chl a ratios (519–2263, with one
exception of 165; Table S3) at the four sampling depths. In
April we observed the highest downward Chl a fluxes dur-
ing this study (3.1 mg Chl a m 2 d 1 at 20 m and 30 m;
Figure 8c), accompanied by the highest Chl a:(Chl a þ
Phaeo) ratio (0.5–0.6; Table S3), the lowest POC: Chl
a ratios (37–51), and the lowest C: N ratios (6.2–6.8; Table
S3) in the sinking material. Subsequent to the intense
downward Chl a flux in April, the flux was low again in
May and comparable to the Chl a flux in November. In
contrast, seasonality in the POC flux was less clear (Figure
8d). The strongest downward POC flux was found at 90 m
in October (259 mg POC m–2 d–1; Figure 8d), with con-
siderable POC fluxes also being measured at the other
sampling depths in October (136–160 mg POC m–2 d–1;
Figure 8d). The lowest downward POC fluxes were in
December and March (8–83 mg POC m–2 d–1; Figure
8d), while intermediate fluxes were observed in April and
May (85–157 mg POC m–2 d–1; Figure 8d).

Figure 8. Suspended biomass (left) and downward flux (right) at KaF (October 2017 to May 2018). (a)
Concentration of suspended chlorophyll a (mg Chl a m–3), (b) concentration of suspended particulate organic
carbon (mg POC m–3), (c) downward flux of Chl a (mg Chl a m–2 d–1), (d) downward flux of POC (mg POC m–2 d–1).
Colour and size of the squares indicate the magnitude of the variables, and detailed numbers can be found in the NMDC
database (Walker and Wiedmann, 2022). The black stars mark sediment trap cylinders that were deployed at the
transition of the euphotic to the aphotic zone, where a minor overestimation of the flux due to potential primary
production cannot be excluded. DOI: https://doi.org/10.1525/elementa.2021.00070.f8
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Zooplankton abundance and composition

At KaF, the total zooplankton abundance and composition
varied considerably with season. In November (50–0 m),
zooplankton was very abundant with 6808 individuals
(ind.) m–3 (Figure 9), but then zooplankton abundance
declined during winter (December to mid-March) when
it was very low (97 ind. m–3 in January, 100–0 m; 87 ind.
m–3 in February, 100-0 m; Figure 9). This seasonal trend
was observed for both large copepods (Figure 10a), small
copepods (Figure 10b), and meroplankton (Figure 10c).
Oithona was the most abundant taxon in all winter
months and at all sampling depths, except for March
(50–0 m) when Microcalanus was observed more fre-
quently (Figure 10b). The overall zooplankton abundance
during spring (April and May) was distinctly higher
(598 ind. m–3) than in winter and dominated by mero-
plankton (537 ind. m–3, 50–0 m), in particular by Cirripe-
dia nauplii (287 ind. m–3) and larvae of benthic Polychaeta
(247 ind. m–3). The highest total zooplankton abundance
of this study occurred in May (9931 ind. m–3, 100–0 m;
Figure 9). Copepods with prosome length > 2.5 mm,
especially Calanus spp. (7116 ind. m–3, 100–0 m) and
Metridia spp. (1382 ind. m–3, 100–0 m) were also observed
frequently (Figures 9 and 10, Table S4).

Discussion
Based on the meteorological data, the field observations
in Kaldfjorden, and the numerical model results, we have
divided the sampling period from October 2017 to May
2018 into three seasonal periods. In October and Novem-
ber, the water column cooled, the stratification weakened,
and the suspended biomass of low trophic levels declined.
The model results indicate that the general fjord circula-
tion was dominated by inflow near the surface and out-
flow at depth.We characterize this period as Late Autumn.

Between December and mid-March, the water column was
well mixed and very low concentrations of suspended
biomass were found in the water column. We therefore
classify these months as Winter. Finally, in April and May
the daylight period was > 12 h per day and surface warm-
ing started, which led to the re-establishment of water
column stratification. During this time with relatively low
water velocities, the concentration of suspended Chl
a peaked (April), and a maximum abundance of zooplank-
ton followed in May.We refer to these months as Spring. In
the following, we discuss the lower trophic ecosystem
functioning in the high latitude Kaldfjorden during the
autumn-to-spring transition. Finally, we elaborate on the
implications of our findings for high latitude fjord systems
which are important areas for marine life and industrial
activities (e.g., aquaculture, tourism) during winter.

Late autumn (October to November)

During October, the water temperature at KaF (Figure 3)
was > 9.6�C in the near-surface layer which is at the upper
limit of the previously reported range from outer Malan-
gen (69.5� N, 18.35� E, approximately 30 km south of KaF,
7–10�C; Mankettikkara, 2013). Hydrographic observations
from Malangen (Figure S2) confirm these warmer-than-
usual autumn conditions. We presume that this relatively
warm water at KaF was a result of the high air temperature
in September 2017 (Figure 2a). Little cloud cover and
many hours of sunshine (www.eklima.no) likely resulted
in the high Chl a and POC concentrations at KaF in
October (at 5–30 m, 1.4–3.1 mg Chl a m–3, 124–315 mg
POC m–3; Figure 8a and b, Table S2). These concentrations
were higher than previous observations from other fjords
in Northern Norway (Malange, < 1.3 mg Chl a m–3; Wass-
mann et al., 1996; Altafjorden, 70.1� N, 23.2� E, 175 km
northeast of KaF, < 2.2 mg Chl a m–3; Eilertsen and

Figure 9. Total zooplankton abundance at station KaF. Zooplankton (holoplankton and meroplankton) was
sampled with a WP2 of 180-mm mesh size, and total abundances are given by depth interval as the average
number of individuals (ind.) m–3. Note the logarithmic scale of the y-axis, and that the rather coarse mesh size of
the WP2 may have resulted in some undersampling of taxa < 200 mm. DOI: https://doi.org/10.1525/
elementa.2021.00070.f9
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Frantzen, 2007; Figure S1) and from Svalbard during
autumn (0.1–0.4 mg Chl a m–3; Zajączkowski et al.,
2010; Wiedmann et al., 2016). We presume that the auto-
trophic biomass observed during autumn was freshly pro-
duced, because neither the C: N ratios (7.7–8.2; Table S2)
nor the POC: Chl a ratios (95–135; Table S2) in the upper
50 m suggest the dominance of old, resuspended matter
(Meyers, 1994; Barth et al., 1998; Engel et al., 2002).

However, the nutrient concentrations at the surface and
50 m imply that NO3

– and NO2
– were depleted in late

summer and October (Table S2; Jones et al., 2020), and
thus which nitrogen source fueled the Chl a production is
unclear. Potential explanations are regenerated produc-
tion using ammonium (no data available) or production
based on nitrite (0.2 mg kg–1 at the surface < 1 km from
KaF; Jones et al., 2020), but both explanations are highly

Figure 10. Zooplankton abundance between November 2017 and May 2018 at station KaF. Average abundance
(in individuals (ind.) m–3) of (a) the dominant large (> 2 mm prosome length) copepod taxa, (b) the dominant small
copepod taxa (< 2 mm prosome length) and (c) of the most abundant meroplankton larvae in the depth layer 0–50 m
(open triangles) and 50–100 m (open circles). Please note the logarithmic scale on the y-axis, the exceptions of the
sampling scheme in November (only 0–50 m sample) and December (only one 0–100 m sample, shown as open
squares), and that both small copepods and meroplankton larvae may have been undersampled due to the mesh size
(180 mm) of the zooplankton net used. DOI: https://doi.org/10.1525/elementa.2021.00070.f10
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speculative. Between October and November, the Chl
a and POC concentrations declined in the water column
at KaF (Figure 8a and b), which has also been reported
from nearby Ramfjorden (69.55� N, 19.12� E, about 30 km
southeast of KaF; Noji et al., 1993; Figure S1). At the same
time, the surface concentrations of nitrate and silicate
increased (Figure 7), which was likely caused by a combi-
nation of increased vertical mixing and replenishment
from higher concentrations at greater depth and dimin-
ished growth (and nutrient uptake) by phytoplankton.
Additionally, the downward fluxes of Chl a and POC at
KaF were lower in November than in October (Figure
8c and d). We hypothesize that the approaching polar
night and the associated low Chl a and POC concentra-
tions in the water column caused the weak downward
flux, because little biomass remained in the water column
to contribute to the flux in November.

The high number of zooplankton during November
(average abundance in depth interval 0–50 m for mero-
plankton was 1280 ind. m–3; for copepods, 4681 ind. m–3;
Figure 9) may have further reduced the downward bio-
mass transport. Compared to other late autumn studies,
the total abundance of copepods found at KaF was in the
same order of magnitude as a study using a zooplankton
net with the same mesh size (180 mm, approximately
1000 ind. m–3) at Porsangerfjorden (70.5� N, 25.5� E,
about 270 km northeast of KaF; Figure S1; Michelsen et
al., 2017). However, our total zooplankton abundance was
low compared to a study where a zooplankton net with
a finer mesh size (85 mm; 76 347 ind. m–3) was used at
Porsangerfjorden (Priou, 2015). Data from the ADCP can
be used to fill the gaps prior to and between our zooplank-
ton samplings in Kaldfjorden. Both in October and
November 2017, high backscatter indicated a substantial
abundance of zooplankton conducting diel vertical migra-
tion (Blom, 2021). In addition to underestimating abun-
dance, our species list also likely underestimates species
diversity at KaF, because metabarcoding has been shown
to produce a more comprehensive list of species in fjords
(Coguiec et al., 2021). As this study is not a taxonomic
study, we presume that our zooplankton data set (based
on visual inspection and use of a 180 mm WP2 net) is
sufficient for examining the transition of the fjord ecosys-
tem from autumn to winter to summer.

The most abundant taxon at KaF, Pseudocalanus
(approximately 3000 ind. m–3), exceeded findings in
Håkøybotn, a bay close to Kaldfjorden (Norrbin et al.,
1990; Figure S1). However, the abundance of Pseudocala-
nus spp. is known to have high interannual variability
(Norrbin, 1996), and Priou (2015) found similarly high
numbers of Pseudocalanus spp. in Porsangerfjorden (Fig-
ure S1). Therefore, we consider the abundances reported
here to be in an elevated but reasonable range. In North-
ern Norway and Svalbard, the Pseudocalanus species P.
acuspes and P. minutus have been observed frequently
(e.g., Barthel et al., 1995; Lischka and Hagen, 2005;
Coguiec et al., 2021) and are presumed to be omnivorous
(Norrbin, 1996). We therefore assume that the Pseudoca-
lanus spp. observed at KaF belong to these species, though

genetic metabarcoding would be needed to confirm this
assumption.

Oithona, the second most abundant taxon at KaF, has
been observed in similar concentrations in fjords in North-
ern Norway and Svalbard (Falkenhaug et al., 1997; O. simi-
lis in Lischka and Hagen, 2005; Coguiec et al., 2021).
Oithona predominantly feeds on phytoplankton (Pond and
Ward, 2011; Zamora-Terol and Saiz, 2013), and protozoo-
plankton (Nishibe et al., 2010), a feeding pattern that we
expect sustained an abundant population into late
autumn. However, the abundance of meroplankton (Echi-
nodermata and Gastropoda) found in November exceeded
previous findings of meroplankton in October by a factor of
up to 25 (50 ind. m–3 at Porsangerfjorden, WP2 180 mm
mesh size; Michelsen et al., 2017; 400 ind. m–3 on the shelf
off Vesterålen, 69� N,WP2 200 mm mesh size; Silberberger
et al., 2016; and 40–120 ind. m–3 at Balsfjorden, 69.36� N,
19.12� E, about 45 km southeast of KaF,WP2 150 mmmesh
size; Falk-Petersen, 1982; Figure S1). Further, Falk-Petersen
(1982), Silberberger et al. (2016), and Michelsen et al.
(2017) reported Gastropoda and Bryozoa to be dominant
in late autumn, while Echinodermata larvae dominated at
KaF in November. As similar mesh sizes were used in these
three studies, the under-sampling of the meroplankton was
likely comparable between them. We therefore speculate
that the warm weather and the still high Chl a concentra-
tions in October may have resulted in the high numbers
of echinoderm larvae at KaF, because sea surface temper-
ature and food availability have previously been sug-
gested to affect the abundances of these larvae (Kirby
et al., 2008). In addition, the hydrographic observations
and hydrodynamic model results indicate predominance
of local and coastal water and reduced inflow of saline
AW-derived water masses, which limits dilution of the
local fjord waters and thus supports the high abundances
of echinoderm larvae at KaF.

Winter (December to mid-March)

Between mid-December and mid-March, air temperatures
were < 0�C in Tromsø (Figure 2a), causing surface cooling
in Kaldfjorden. Minimum water temperatures were
reached in mid-March (2.7�C at surface, 3.1�C at 94 m;
Figure 3a), which is within the observed range in outer
Malangen in the years 1930–2012 (2.0–5.5�C at surface,
3.0–7.8�C at 100 m; Mankettikkara, 2013) and during the
study period (Figure S2a). Salinity at KaF increased
throughout winter (Figures 3b and 4), with a similar sea-
sonality also reported from outer Malangen (Mankettik-
kara, 2013; Figure S2b). Following the changes in
temperature and salinity throughout winter, the water
column stratification and nutrient distribution also chan-
ged. In December and January, waters at KaF were still
weakly stratified with a deep pycnocline at about
100 m. Thereafter a combination of winds (daily average
speed of > 5 m s–1; Figure 2c), surface cooling and
convective mixing (Figures 2a, 3, and 4), and strong hor-
izontal currents at all depths (Figure 5) resulted in a well-
mixed water column at KaF during late winter (Figures 3c
and 4) and the replenishment of nitrate and silicate (Fig-
ures 7, S3, and S4).
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Despite the enhanced nutrient concentrations, the
cool, unstratified water column at KaF in combination
with the low levels of incoming solar radiation during
winter seemed to be an adverse environment for phyto-
plankton and zooplankton at KaF. The Chl a concentration
declined abruptly between November and December and
was near zero (< 0.12 mg Chl a m–3) at KaF until March.
Similar winter concentrations have been reported from
fjords in Northern Norway and Svalbard (Weslawski et
al., 1991; Noji et al., 1993; Eilertsen and Degerlund,
2010; Berge et al., 2015a). Moreover, these low suspended
Chl a concentrations likely explained the negligible down-
ward flux of Chl a during winter (Figure 8c), which resem-
bled observations from Ramfjorden (Figure S1) during late
November (Noji et al., 1993). At the end of winter, we
suspect that even in a small fjord such as Kaldfjorden, the
onset of the spring bloom may vary spatially. We presume
that by mid-March, the spring bloom had already started
in outer Kaldfjorden, because there the surface nutrient
concentrations were already somewhat lower than during
winter (Figure S4). At KaF, however, nutrient concentra-
tions were still comparable to winter conditions (Figure
7).

Unlike the Chl a concentration, suspended POC con-
centrations at KaF were never near zero during winter
(20–114 mg POC m–3), though they were at the lower end
of findings in Adventfjorden, Svalbard (43–143 mg POC
m–3; Wiedmann et al., 2016), Ramfjorden (70–160 mg
POC m–3; Noji et al., 1993), and Balsfjorden (125–175
mg POC m–3; Wassmann et al., 2000) during winter
(November–March). However, the concentration of sus-
pended POC at KaF showed an unexpected pattern. Dur-
ing January and February, the concentrations were higher
(55–114 mg POC m–3) than in December and March (20–
40 mg POC m–3, except in December at 90 m: 132 mg POC
m–3). We hypothesize that the stronger winds in January
and February caused more resuspension of organic mate-
rial from the seafloor, as previously suggested for Ramf-
jorden (Noji et al., 1993). This speculation seems to be
supported by the lower Chl a:(Chl a þ Phaeo) ratios
(0.23–0.31; Table S2) and the very high POC: Chl a ratios
(1954–4031; Table S2) of the suspended biomass in Jan-
uary and February compared to December and March (Chl
a:(Chl a þ Phaeo) ratios of 0.37–0.44, POC: Chl a ratios of
198–1270; Table S2). The C: N ratios, however, did not
change very much. Further, the NorFjords160 model
results suggest that horizontal currents were strongest in
January and February, particularly at the location and
depth of the lowest sediment trap (90 m; Figure 5). We
interpret this result as an additional indication for
increased resuspension in this period. The downward flux
of POC at KaF seemed to follow the same pattern as the
suspended POC concentration, because it was slightly
higher in January and February than in December and
March (Figure 8b and d). Overall, the downward POC flux
(Figure 8d) fell in a similar range as reported from
Adventfjorden (Wiedmann et al., 2016), Ramfjorden (Noji
et al., 1993), and Balsfjorden (Lutter et al., 1989) in
December to March. Much of the sinking matter seems
likely to have been previously resuspended material,

however, given the high winter C: N and POC: Chl a ratios
(8.17–9.45 and 1065–2263, respectively, at 90 m during
January–March). This likely contribution of resuspended
material is especially important to remember when esti-
mating how much biomass was added to the benthic sys-
tem during winter.

In line with the low concentrations of Chl a and POC
during winter, the zooplankton abundance declined
between November and December and remained low
until mid-March (< 143 ind. m–3 at 0–100 m; Figure 9).
Analyses of backscatter data from the ADCPs deployed
near KaF support our findings because a weak signal of
diel vertical migration was found during winter (Blom,
2021). The zooplankton composition and abundance were
similar to those reported from other sub-Arctic and Arctic
fjords (Weslawski et al., 1991; Stübner et al., 2016; Michel-
sen et al., 2017; Coguiec et al., 2021; Barth-Jensen et al.,
2022). The few copepods found were mainly Pseudocala-
nus, Oithona, andMicrocalanus (Figure 9, Table S4), which
supports earlier findings that small copepods use active
winter survival strategies because they cannot store great
amounts of lipids (Ashjian et al., 2003). For example, Pseu-
docalanus has been observed to maintain a low popula-
tion throughout winter in Kongsfjorden, Svalbard,
possibly by switching from herbivory to omnivory and
carnivory (Lischka and Hagen, 2005). The omnivorous
copepod Oithona (Wiborg, 1954; Kattner et al., 2003;
Lischka and Hagen, 2007) has been suggested to graze
and even reproduce during winter (Ashjian et al., 2003).
In addition to phytoplankton (Pond and Ward, 2011;
Zamora-Terol and Saiz, 2013), and protozooplankton
(Nishibe et al., 2010), Oithona has also been observed to
include zooplankton fecal pellets into their diet when
other food is scarce (Gonzalez and Smetacek, 1994).
Whether Oithona efficiently ingests fecal pellets (Gonzalez
and Smetacek, 1994) or primarily fragments them (Reig-
stad et al., 2005) is still debated, but irrespective of the
definitive process, sloppy feeding and fragmentation of
pellets and aggregates by copepods likely takes place. This
process can make organic carbon more accessible for deg-
radation by bacteria (Iversen and Poulsen, 2007; Svensen
et al., 2014). It may also be linked to the “microbial gar-
dening” hypothesis (Mayor et al., 2014), which suggests
that bacterial colonization turns sinking particles into
attractive prey for ciliates, which may, in turn, be preyed
upon by parasitic alveolates, dinoflagellates, and cope-
pods. Though all key taxa of the microbial gardening
hypothesis have been observed in high latitude fjords
during winter (this study; Seuthe et al., 2011; Marquardt
et al., 2016; 2019), so far we can only speculate that
microbial gardening may take place in fjords during win-
ter and contribute to effective carbon recycling in the
pelagic system and a weak downward carbon flux.

We observed small numbers of the herbivorous Cala-
nus (7.3–16.3 ind. m–3) between January and March at KaF.
In general, mainly C. finmarchicus and C. glacialis are
present in fjords in northern Norway, sometimes accom-
panied by C. hyperboreus (Choquet et al., 2017) and C.
helgolandicus (Coguiec et al., 2021). In a genetic study,
Choquet et al. (2018) showed that the prosome length
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of CIV, CV, and female C. finmarchicus and C. glacialis
largely overlaps in the north Norwegian fjord Skjerstadf-
jorden (approximately 67.3� N, 15.1� E) and that specia-
tion was best done with genetic testing. A recent study in
Balsfjorden identified all four Calanus species by metabar-
coding (Coguiec et al., 2021); however, this processing was
unavailable for this study and thus we cannot reliably
state which Calanus species were present at KaF. North
Norwegian populations of Calanus are commonly
assumed to diapause in cool waters at 700–1200 m depth
off the shelf break (Halvorsen et al., 2003) and survive the
winter on lipid reserves (Falk-Petersen et al., 2009) before
being transported cross-shelf towards the coast during late
winter/spring (Opdal and Vikebø, 2015). Based on our
observation of Calanus at KaF, we speculate that a few
Calanus may also survive the winter in shallow fjords such
as Kaldfjorden, as previously suggested by, e.g., Skarðha-
mar et al. (2007) and Espinasse et al. (2016). In our results
the effect of Atlantic-derived water inflow becomes appar-
ent in both hydrographic observations and hydrodynamic
model results starting in mid-March (Figures 3 and 4);
however, interaction between water masses on the shelf
and shelf break can mix species present in Atlantic Water
into Norwegian Coastal Water throughout winter, and
thus zooplankton at KaF may originate from both water
masses.

Spring (April to May)

Surface waters at KaF warmed (2 to 6�C) and freshened
(S ¼ 33.7 to 32.6) during spring. These ranges are similar
to previous reports for surface waters in April–May from
other northern Norwegian fjords (e.g., warming from 2 to
6�C at outer Malangen, 1.5 to 7�C at Altafjorden, and 1 to
8�C at Balsfjorden, outer Malangen/outer Altafjorden,
with surface salinities > 30.3; Mankettikkara, 2013). The
wider ranges of temperature and salinity found in these
fjords compared to KaF, suggests that these fjords might
have been influenced by a more continental climate
(colder winters/warmer spring) and by larger river run-
off (causing lower surface salinities) during spring. Fur-
ther, interannual variability needs to be taken into
account. Nevertheless, we consider Kaldfjorden to be a typ-
ical North Norwegian fjord during spring. In early April,
both the field observations and the NorFjords160 model
suggested inflow of saline and, compared to local surface
waters, warm water below 50 m at KaF (Figures 3–6).
Previous investigations have shown that the troughs at
the North Norwegian shelf break can facilitate cross-
shelf advection of AW towards the coast (Sundby, 1984).
This process seems to be further promoted by an unstrat-
ified water column (common between October and May/
June), along-shelf winds, and tides (Moseidjord et al.,
1999; Skarðhamar and Svendsen, 2005). If this cross-
shelf water transport takes place, waters with a large frac-
tion of AW are likely to spill over the 70–90 m deep
entrance to Vengsøyfjorden (Figure 1b) and be advected
towards Kaldfjorden. The water column stratification at
KaF between April and May (Figure 4) was plausibly re-
established by such conditions; i.e., saline AW-influenced
water inflow at depth in combination with surface

freshening from snowmelt and surface warming (after
early April, average daily air temperatures were greater
than sea surface temperature for most of the day).

The increasing day-length during spring, the low zoo-
plankton abundances (Figures 9 and 10), and the very
weakly stratified water column (Figure 3b) presumably
allowed upward mixing of nitrate from depth to surface
(Figure 7) likely limiting grazing pressure and promoting
the build-up of the autotrophic biomass at KaF prior to
our sampling in early April (maximum Chl a concentration
of 6.9–7.2 mg Chl a L–1 at 5–15 m in April; Figure 8). The
low C: N ratios (5.7–5.9 at 5–30 m), the high Chl a:(Chl
aþ Phaeo) ratios (0.53–0.57 at 5–30 m), and the low POC:
Chl a ratios (35–39 at 5–30 m) clearly suggest the pres-
ence of freshly produced biomass during an ongoing
spring bloom. Thus, both the timing and the intensity of
the bloom observed at KaF were typical for Northern Nor-
way (Eilertsen et al., 1981; Lutter et al., 1989; Reigstad and
Wassmann, 1996; Falkenhaug et al., 1997; Wassmann et
al., 2000; Eilertsen and Degerlund, 2010). Further, our
findings support previous studies, which claim that phy-
toplankton spring blooms in high latitudes can take place
in waters without a shallow mixed layer (Townsend et al.,
1992; Eilertsen, 1993), in contrast to Sverdrup’s theory
(1953). At KaF, an unstratified water column was present
for a short period before our April field work (Figure 2c),
which agrees with the critical turbulence hypothesis
(Townsend et al., 1992; Behrenfeld and Boss, 2014). Dur-
ing the high Chl a concentration in April a strong down-
ward flux of Chl a was also observed throughout the
whole water column (2.9–3.1 mg Chl a m–2 d–1 at 20–
90 m; Figure 8a and c). We presume that the high algal
biomass and low zooplankton abundance (and associated
low grazing pressure) allowed this downward flux of Chl
a in early April (Figure 9).

The suspended POC concentrations (at 5 and 15 m)
were high at KaF in April (253–264 mg POC m–3), but
lower than in October (232–315 mg POC m–3). This pat-
tern differs from previous findings in Adventfjorden and
Balsfjorden, where annually the highest POC concentra-
tions were found during spring (Wassmann et al., 2000;
Wiedmann et al., 2016). We speculate that the POC con-
centrations at KaF in spring could have been lower than in
other fjords, because no major rivers or glaciers terminate
into Kaldfjorden, which tend to be a source of (terrestrial)
POC (McMahon and Patching, 1984; Sejr and Rysgaard,
2007; Kuliński et al., 2014). Unlike the suspended POC
concentrations, the downward flux of POC was in the
range of previous observations (117–158 mg POC m–2

d–1 at KaF: 150–600 mg POC m–2 d–1 at 30–100 m in
Malangen; Keck and Wassmann, 1996; and 235–635 mg
POC m–2 d–1 in Adventfjord; Wiedmann et al., 2016). In
addition, observations from KaF resembled previous find-
ings, because the strongest downward POC flux of the year
took place in late summer/autumn (Figure 8d; Keck and
Wassmann, 1996; Wiedmann et al., 2016). Results from
Adventfjorden suggested that high precipitation and
run-off of lithogenic material during autumn may have
caused flocculation and resulted in the high downward
POC flux during autumn (Wiedmann et al., 2016). This
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argument, however, seems invalid at KaF, because precip-
itation was negligible prior to our field sampling in Octo-
ber and only small rivers drain into Kaldfjorden (Figure
2b). As the NorFjords160 model indicated that currents at
90 m were stronger during autumn than in spring (Figure
5), we presume that more biomass was resuspended from
the seafloor in autumn, resulting in a higher downward
POC flux than during spring. In addition, the model
results suggest a high spatial and seasonal variability of
currents in Kaldfjorden, which may result in very local
resuspension events and, in turn, explain the differences
in the Chl a and POC flux found at three locations in
Kaldfjorden (this study; Lalande et al., 2016).

Compared to winter, zooplankton abundance was high
in April, when small zooplankton (< 2.5 mm) dominated
the community: Microcalanus spp., Oithona spp., and mer-
oplankton (larvae of Cirripedia and benthic Polychaeta).
This predominance of small species was likely even more
pronounced, as zooplankton < 2.5 mm are notably under-
sampled by a zooplankton net with a mesh size of 180 mm
(Nichols and Thompson, 1991). The general species com-
position mirrors observations from Porsangerfjorden
(Michelsen et al., 2017) and Adventfjorden (Stübner et
al., 2016), and we presume that some taxa that were active
all winter (Oithona, Microcalanus) may have started graz-
ing on the developing phytoplankton bloom and poten-
tially produced offspring during early spring. Oithona spp.
have been noted as the most abundant in Atlantic water
(mostly O. similis, but also O. atlantica; Weydmann et al.,
2014; Gluchowska et al., 2017), and thus their abundance
at KaF in April further supports the indications by the
model and hydrographic observations of Atlantic-
influenced water.

The most pronounced increase in zooplankton abun-
dance took place between April and May. In this period
a strong increase in ADCP backscatter strength, likely from
zooplankton conducting dial vertical migration, was also
observed by Blom (2021). The species composition chan-
ged considerably compared to winter. Larger species dom-
inated in May, primarily Calanus and Metridia (likely M.
longa, based on observations in nearby Balsfjord; Eilertsen
et. al., 1981; Barthel et. al, 1995; Coguiec et al., 2021).
High concentrations and dominance of the herbivorous
C. finmarchicus have previously been reported for North
Norwegian fjords during spring: Malangen (Falkenhaug et
al., 1997), Balsfjorden (Tande and Slagstad, 1992), and
Porsangerfjorden (Michelsen et al., 2017). A common
assumption is that C. finmarchicus (Halvorsen et al.,
2003) and C. hyperboreus (Hirche, 1997; Falk-Petersen et
al., 2009) are advected from their overwintering location
at the shelf break during late winter/spring. We suggest
that advection of Calanus likely also happened in Kaldf-
jorden from March to May (Figures 3 and 6), because
during this period, Blom (2021) found an increase in
ADCP backscatter strength throughout the water column
at two mooring stations 3.7 km north and 1.55 km south
of KaF. As the increase in the backscatter strength is an
indication of more zooplankton present, and as the
increase was first found north of KaF (closer to the fjord
mouth) and shortly after also south of KaF, these

observations seem to suggest advection of Calanus from
the shelf. Once in the fjord, the advected Calanus adults as
well as the developing copepodites likely grazed on the
accumulated autotrophic biomass in the upper 20 m in
Kaldfjorden. This grazing likely caused the strong surface
backscatter layer reported by Blom (2021), and reduced
and degraded the suspended autotrophic biomass drasti-
cally (Figure 8a, Table S2). In turn, as less autotrophic
biomass was present in the water column, less material
was available to sink and thus the downward Chl a and
POC flux declined in May compared to April (Figure 7c,
Table S3). From April onwards, the surface nutrient con-
centrations were nearly depleted in the surface waters of
Kaldfjorden (Figures 7, S3, and S4) and the re-established
stratification (Figure 3c) likely hindered vertical mixing
and upward flux of nutrients from the bottom layer in the
fjord, where the concentrations were still high. We thus
propose that the decline after the phytoplankton spring
bloom was caused not only by the high number of zoo-
plankton but also by limited nutrient concentrations in
the euphotic zone.

Spatial context-Is KaF representative

of the whole fjord?

Station KaF is located approximately midway in Kaldfjor-
den on the eastern slope of the fjord (Figure 1b). The
hydrodynamic model results indicate a rather complex
circulation (Figure 5); however, even with seasonal varia-
tions, velocities are low. Especially at depth, the outer and
central parts of the fjord remain connected through the
along-slope flow, while the innermost, shallower part of
the fjord is more decoupled. KaF is situated on the rim of
an eddy-like feature in the central part of the fjord and,
due to its position on sloping topography, is influenced by
the along-slope flow in the main fjord basin (Figure 5).
Observations from concurrent long-term moorings
deployed approximately 3.7 km north and 1.55 km south
of KaF indicate very similar seasonal patterns in particle
load and flux at both locations (Lalande et al., 2020; Blom,
2021). The main differences between those moorings were
a higher flux during winter and earlier onset of elevated
particle load in spring at the northern mooring compared
to the mooring south of KaF, suggesting that the timing of
processes at KaF is representative for average conditions in
the central and outer Kaldfjorden. Hydrographic observa-
tions and water samples from three repeated east–west
transects at different latitudes in Kaldfjorden (figure 1 in
Jones et al., 2020) show fairly uniform distribution of
temperature, salinity and density across the fjord (Jones
et al., 2020; Renner, 2020b), which is expected for a nar-
row fjord without major freshwater sources like large riv-
ers or glaciers. Comparison of water properties at the
three transects, as reported by Jones et al. (2020), supports
the results from the long-term moorings (Lalande et al.,
2020; Blom, 2021) that physical, chemical and biological
parameters and their variability are similar throughout the
fjord, but with slight offsets in timing and a stronger
influence of shelf waters in the outer part versus land
influence (colder temperatures and more freshwater) in
the inner part of Kaldfjorden. We therefore are confident
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that our observations at KaF are representative for the
average state of the fjord with the caveat that the inner
fjord might be less well represented by our findings.

Conclusion and implications
Studies during recent years have shown that biological
activity in fjords is not totally at rest during winter (Darnis
et al., 2012; Berge et al., 2015b), and year-round field
studies have improved the overall understanding of fjord
ecosystems (Seuthe et al., 2011; Juul-Pedersen et al., 2015;
Sørensen et al., 2015; Marquardt et al., 2016; Wiedmann et
al., 2016; Michelsen et al., 2017). Ecological processes dur-
ing winter, however, are still little studied and poorly
understood, even though winter has been identified as
an important season for “resetting” the fjord ecosystem
by, for example, upwelling of nutrients (in Kaldfjorden;
Jones et al., 2020). Our findings show that Kaldfjorden is
a typical sub-Arctic fjord with regard to hydrography, zoo-
plankton composition and abundance, and Chl a and POC
concentrations and downward fluxes in the transition
from autumn to winter and spring. Therefore, we see
Kaldfjorden as a representative fjord and presume that
processes observed here are likely also occurring in other
ice-free high latitude fjords.

The major finding in this study was the tight coupling
between hydrography, the suspended Chl a and POC con-
centrations, and the downward flux of these parameters.
The NorFjords160 hydrodynamic model results support
previous assumptions that strong currents occur in fjords
during winter and may lead to biomass resuspension from
the seafloor in an unstratified water column (Noji et al.,
1993; Wiedmann et al., 2016). Careful interpretation of
the downward flux of organic matter during winter is
therefore needed, because only (small) parts of the down-
ward flux represent additional nutritional input to the
benthic ecosystem. In addition, a comparison of our find-
ings with the observations from two long-term sediment
traps in Kaldfjorden (Lalande et al., 2020) illustrates that
these resuspension effects may be very local, potentially
tied to topography, and result in dissimilar Chl a and POC
downward fluxes in different parts of Kaldfjorden. There-
fore, we suggest that the common understanding of estu-
arine circulation (Mann and Lazier, 2006) is only a very
rough approximation of the actual circulation in many
fjords and underestimates the spatial and temporal vari-
ability of processes with biological relevance, such as bio-
mass resuspension. Based on our field observations, we
speculate that the resuspended biomass may provide food
for the heterotrophic winter community of nano- to meso-
plankton, including nauplii, in the fjord. This provision
may happen through either resuspended phytoplankton
resting stages (Berkman et al., 1986) or “microbial garden-
ing” (Mayor et al., 2014). The combination of hydrographic
and biological field observations and hydrodynamic
model results allowed us to further support previous spec-
ulations and simulations of cross-shelf zooplankton advec-
tion during early spring (Halvorsen et al., 2003; Opdal and
Vikebø, 2015). We point out that this study covers only
one winter season, and physical and chemical conditions

as well as biological processes such as interactions
between species may vary considerably from year to year.

Our study provides further evidence for biological activ-
ity in high latitude fjords during winter. An increasing
number of fjords, including Kaldfjorden, are used by the
aquaculture industry, and winter observations are crucial
for securing improved knowledge on the year-round con-
ditions. In 2016, 1175 active aquaculture licenses for
salmon and rainbow trout were registered along the Nor-
wegian coast (Statistics Norway, www.ssb.no), and num-
bers have been increasing since then (1264 licenses in
2019). Though sedimentation of organic matter seemed
not to change in direct proximity to a producing fish farm,
the isotope signal of organic remnants from the farm was
found at least 900 m from the farm in Uggdalsfjorden,
Western Norway (Kutti et al., 2007). In a shallower fjord
like Kaldfjorden with a complex circulation pattern, rem-
nants may be spread even more, and the same could apply
to pesticides used against the salmon louse, which can
also affect non-target copepods (Escobar-Lux et al.,
2019). Though the use of these pesticides has generally
declined during the last years (Grefsrud et al., 2019), little
is known about how eggs and nauplii react to these pes-
ticides (Escobar-Lux et al., 2019) or how they affect small
copepods. Evaluating the effect of aquaculture industry on
the pelagic fjord ecosystem during winter is hardly possi-
ble, but we suspect that smaller copepods have even lower
tolerance for pesticides than large ones. Therefore, we
strongly recommend that the increasing knowledge about
fjord winter ecology, as provided by this study, be included
in future fjord management decisions to improve the envi-
ronmentally sustainable use of these important coastal
ecosystems.
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