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The effects of biomass depth distribution
on phytoplankton spring bloom dynamics
and composition in an Arctic fjord

Clara J. M. Hoppe'*®, Klara K. E. Wolf"2®, F. Cottier>*®, E. Leu®®, M. Maturilli®®,
and B. Rost™"’

Fjord systems are among the most productive and best described of Arctic marine habitats. Contributing
substantially to that overall productivity, spring phytoplankton blooms are one of the most important
features of fjord systems and of mid- and high-latitude oceans in general. Understanding specific
mechanisms that control the timing, magnitude, and composition of these blooms is among the most
central, and yet unresolved, questions within biological oceanography. To elucidate how the distribution of
phytoplankton with depth affects bloom dynamics, we analyzed a comprehensive dataset on spring blooms in
an Arctic fjord from three consecutive years, covering environmental drivers as well as ecological and
biogeochemical dynamics. Our data show that the build-up of biomass correlated positively with the
chlorophyll layer depth (CLD, defined as the depth at the bottom of the layer containing a threshold
concentration of chlorophyll a), with highest rates of biomass accumulation occurring in more depth-
extended distributions despite lower light availability at greater depths. Based on our results, we
hypothesize that this relationship is caused by reduced grazing pressure under conditions of deepening
mixing layers. Further, we postulate that changes in the depth to which phytoplankton biomass is
distributed have the potential to control the species composition of the Arctic phytoplankton spring
bloom, with diatoms dominating in situations with shallow CLDs and Phaeocystis pouchetii with deepening
CLDs, which may impact the biogeochemistry of the studied fjord system differently.
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1. Introduction

Primary production by phytoplankton represents the base
of pelagic food webs and strongly influences biogeochem-
ical cycles (Falkowski et al., 1998). Especially in high lati-
tude areas with strong seasonality, the mass accumulation
of phototrophic biomass during the spring phytoplankton

dynamics is needed for modeling potential climate change
effects on ecosystem functioning (Constable et al., 2022).
The most important bottom-up controlling factors for pri-
mary production and growth are light and nutrient avail-
ability. Phytoplankton biomass accumulation and bloom

bloom plays a central role for marine ecosystems (Assmy
and Smetacek, 2009), with coastal areas being most pro-
ductive (Carmack and Wassmann, 2006; Ardyna et al.,
2017). A better understanding about controlling drivers
of primary production and phytoplankton bloom
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formation are determined by the subsequent gains
together with losses that occur due to grazing, viral lysis,
and sinking.

How phytoplankton are distributed in the water column
affects all of these controlling factors. Most fundamentally,
due to the attenuation of photosynthetically active radiation
(PAR) with depth, the depth distribution of phytoplanton
determines the light energy that cells have available for pho-
tosynthesis and net growth (Jassby and Platt, 1976). In addi-
tion to the total daily irradiance dose as a function of depth,
active deepening or shoaling of the mixing layer depth also
determines the variability of light exposure (MacIntyre et al.,
2000), with strong impacts on physiology and growth
(Hoppe et al., 2015; White et al., 2020). Water column stabil-
ity and subsequent depth distribution also affect phyto-
plankton via their effects on nutrient availability. The
shallower the surface mixed layer, the faster the nutrients
needed for biomass build-up are being depleted for the same
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standing stock size. Consequently, strongly stratified systems
such as Arctic waters often exhibit subsurface chlorophyll
a(Chl a) maxima below the mixed layer, where nutrients are
not yet depleted (Cornec et al., 2021). Episodic mixing
events, for example, via storms, entrain nutrients into the
previously stratified nutrient-limited surface waters and
enable, for example, the formation of fall blooms (Ardyna
et al., 2014). Importantly, changes in the depth distribution
of phytoplankton can also alleviate grazing pressure and viral
attack rates, as prey encounter rates decrease with dilution of
the upper water column, allowing a transient decoupling
between prey and predator biomass (Behrenfeld and Boss,
2018).

The depth distribution of phytoplankton itself is driven
by two fundamentally different mechanisms. On the one
hand, ocean turbulence, for example, due to wind-driven
mixing, affects the depth distribution of phytoplankton
via active mixing (Brainerd and Gregg, 1995), with deep-
ening active mixing depths also causing a deeper distri-
bution of biomass within the water column (Huisman
et al., 1999). The active mixing depth, that is, the depth
to which turbulent mixing takes place at a certain point in
time, is important to distinguish from the classical mixed
layer depth (MLD), which describes the depth of uniform
surface temperature and salinity (Franks, 2015). A past
active mixing event can have created a certain MLD, while
the current active turbulent mixing penetrates less deeply
in the water column, and thus only vertically redistributes
properties and particles in this shallower layer, which is
invisible to the classical MLD definition. The depth distri-
bution of phytoplankton can therefore be influenced by
several past mixing events, for example, with an actively
mixed surface community and several layers of biomass
from re-stabilized, previous deeper mixing layers.

On the other hand, increasing or decreasing rates of net
biomass build-up will change the phytoplankton biomass
within a certain layer, depending on the specific bottom-
up (light and nutrient) and top-down (grazing) effects at
this depth. Further, biomass can sink from the surface
ocean and also be re-entrained to the surface from below
the active mixing layer under intensified mixing. Impor-
tantly, the degree to which phytoplankton biomass build-
up dominates the depth distribution of phytoplankton
depends on the frequency and duration of environmental
dynamics (Carranza et al., 2018). Especially in weakly strat-
ified systems such as Arctic fjords in spring (Cottier et al.,
2010; Inall et al., 2015), the depth distribution of biomass
(described as the chlorophyll layer depth, CLD, in this
study) therefore does not necessarily reflect MLD, but
instead the past dynamics of the active mixing depth.

Representing a well-studied Arctic coastal site, Kongsf-
jorden on the western coast of Svalbard (79°N; Figure 1)
is a highly productive fjord system that exhibits a classical
spring bloom-dominated phenology (Hegseth et al., 2019).
Located in an Arctic area of unprecedented climate
change, Kongsfjorden may serve as a model system to
study the changes to be anticipated in other Arctic sys-
tems (Bischof et al., 2019). Kongsfjorden surface waters
have warmed by about 1.3°C per decade since 2002,
mainly due to increased inflow of warmer Atlantic water
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masses, with particularly pronounced warming in winter
and early spring (Cottier et al., 2019; Tverberg et al., 2019).
Due to these conditions, the fjord typically no longer
exhibits a sea ice cover, with winter and spring fast ice
being restricted to the shallowest areas of the inner fjord
(Pavlova et al., 2019; Gerland et al., 2020). In contrast to
the open ocean, which consistently possesses a pycnocline
at some depth, high latitude fjords are characterized by
full-depth mixing of the water column due to both ther-
mal and haline convection (Cottier et al., 2010), which is
most pronounced in winter. In spring, Kongsfjorden there-
fore does not exhibit a classical pycnocline (Inall et al.,
2015). Restratification occurs only after the spring bloom
(Inall et al., 2015) and is dominated by the input of fresh-
water from surface runoff and glacial discharges in sum-
mer (Cottier et al., 2010; Tverberg et al., 2019).

Phytoplankton spring blooms in Kongsfjorden usually
occur between April and June, and are initiated when days
become longer and weather stabilizes after deep mixing in
winter has replenished the nutrient pools in surface
waters. The specific timing of Kongsfjorden spring blooms
is thought to be controlled by various environmental dri-
vers such as irradiance, nutrients, advection, and stratifi-
cation, with eased light limitation after the end of the
polar night being the main driver for bloom development
(Hegseth et al., 2019; Singh et al., 2020; van de Poll et al.,
2020). The timing and intensity of the Kongsfjorden
spring bloom is also thought to depend on the availability
of “seeding populations” in the water column and surface
sediments (Hegseth and Tverberg, 2013; Hegseth et al.,
2019). In coastal regions, many of the common genera
of Arctic bloom-forming diatoms (e.g., Thalassiosira, Chae-
toceros) are known to form resting stages that overwinter
in the surface sediment until they germinate and are
transported back to the surface by deep mixing in early
spring (McQuoid and Hobson, 1996; Hegseth and Tver-
berg, 2013; Hegseth et al., 2019). Increasing evidence sug-
gests, however, that a large fraction of phototrophs survive
as active cells in the water column around Svalbard, with
the return of the sun after the polar night setting the
earliest limit for the re-initiation of primary production
(Berge et al., 2015; Vader et al., 2015; Kvernvik et al., 2018;
Hoppe, 2022).

Similar to other coastal Arctic regions, spring blooms in
Kongsfjorden are usually dominated by either diatoms or
Phaeocystis (Hegseth et al., 2019; Assmy et al., 2023). Due
to their different roles for Arctic ecosystem functioning,
underlying mechanisms of their relative dominance have
been subject to many studies (Degerlund and Eilertsen,
2009; Hegseth and Tverberg, 2013; Assmy et al., 2017;
Hegseth et al., 2019). While Phaeocystis pouchetii and P.
globosa are sometimes used as indicators for Atlantifica-
tion (Hegseth and Tverberg, 2013; Bischof et al., 2019;
Orkney et al., 2020), that is, the intrusion and establish-
ment of temperate species in the Atlantic sector of the
Arctic Ocean, this genus has always occurred in and sig-
nificantly contributed to Arctic phytoplankton assem-
blages (Hsiao, 1980; Hasle and Heimdal, 1998; von
Quillfeldt, 2000). Traditionally, the genus Phaeocystis is
considered important under low silicate concentrations
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Figure 1. Map showing the sampling locations of this study. (A) Location of Svalbard in the European Arctic,
(B) Kongfjorden on Svalbard’s west coast, and (C) the three study locations within the fjord: sampling site KB3,
mooring location M, and AWIPEV Atmospheric Observatory AO. Overview maps (A and B) were derived from
Ocean Data View; detailed marine topographical map (C) was provided by the Norwegian Polar Institute.

or high nitrate-to-silicate ratios such as during the later
stage of Arctic spring blooms, that is, following diatoms in
the species succession (Leu et al., 2006; Hodal et al., 2012;
Hegseth et al.,, 2019; Ardyna and Arrigo, 2020). Recently,
the number of observations of large-scale Phaeocystis
blooms that are not necessarily connected to an earlier
diatom peak has increased (Nothig et al., 2015; Assmy
et al., 2017; Ardyna et al., 2020; Assmy et al., 2023). These
blooms have been identified to occur especially under low
irradiance conditions imposed by snow and ice cover
(Assmy et al., 2017) or in deep mixed layers (Reigstad
et al., 2002; Degerlund and Eilertsen, 2009). No real con-
sensus on the grazing on Phaeocystis exists to date,
although most authors agree that grazing control on
Phaeocystis is lower than that on diatoms. This lower graz-
ing control can be attributed in part to the ability of
Phaeocystis to “escape” grazers by dramatically altering its

size via colony formation (Hamm and Rousseau, 2003;
Wassmann et al., 2005; Nejstgaard et al., 2007; Ray
et al., 2016). Large colonies most likely can only be grazed
upon by larger zooplankton, such as calanoid copepods
and krill, but not by smaller zooplankton (Hamm et al.,
2001; Nejstgaard et al., 2007). Phaeocystis-dominated and
diatom-dominated blooms also exhibit fundamentally dif-
ferent biogeochemical characteristics and export dynam-
ics. While Phaeocystis can significantly contribute to
carbon drawdown, the majority of studies show strongly
reduced sedimentation and carbon export compared to
diatom-dominated systems (Rousseau et al., 2000;
Reigstad and Wassmann, 2007; Wolf et al., 2016; Wied-
mann et al,, 2020).

In this process study, we investigated the phytoplank-
ton dynamics of spring blooms in Kongsfjorden over three
consecutive years (2016—2018). We focused on the relative
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importance of various environmental drivers and how
they may affect various biological parameters such as bio-
mass build-up and species dominance. The aim of this
study was to disentangle the roles of different controlling
factors and to evaluate the role of biomass depth distri-
bution for bloom dynamics and composition during the
three studied spring periods.

2. Methods

2.1. Sampling location

Regular sampling was conducted in April and May 2016—
2018 in Kongsfjorden, Svalbard (Figure 1). Kongsfjorden
is an open fjord, approximately 25 km long on the west
coast of the island, which is characterized by periodic
advection of water masses from Fram Strait as well as
freshwater input from several large tidewater glaciers and
rivers (Tverberg et al., 2019). The sampling station KB3
(78°57.22'N, 11°57.44’E; Figure 1C) is located in the cen-
ter of the fjord. With a depth of 330 m, it is one of the
deepest locations in this part of the fjord, not directly
influenced by the river and glacier plumes, but potentially
affected by advection from the west.

2.2. Sensor-derived hydrographic and Chl a data
Hydrographic data were collected with a XR-620 CTD (RBR
Ltd, Ottawa, Canada), equipped with a fluorescence sen-
sor, which was deployed to 100 m depth at station KB3
(78°57.18'N, 11°57.23'E, 329 m water depth) during each
sampling event. Potential density was estimated from CTD
profiles, and the difference in potential density between
data from 2 m and 95 m was calculated to investigate
stratification. Different MLD calculations were compared
as described in detail in Text S1 (Figure S1). Due to
weather restrictions for sampling from open boats used
for this study, our CTD profiles may be biased toward
calmer days. Measured CLDs, however, represent depth
distribution from current and previous mixing events.

In addition, continuous temperature and salinity data
were collected from a mooring (Hop et al., 2019) located
less than 3 nautical miles from KB3 (78°57.4'N, 11°49.6'E,
230 m water depth). Temperature was measured at a series
of depth levels using Seabird instrumentation (SBE56,
SBE37, and SBE16+, Sea-Bird Scientific, Bellevue, WA). The
sensors were deployed after factory calibration and quality-
checked after recovery. The temperature measurements
were made at a resolution of 0.01°C or greater and accurate
to at least 0.1°C. Data were interpolated onto a regularly
spaced grid of 1-hour time intervals and 10 m depth inter-
vals and then low-pass-filtered to remove tidal oscillations
that would mask temporal signals (Thompson, 1983). Salin-
ity was derived from measurements of conductivity from
either pumped Seabird 37 or Seabird 16+ units (Sea-Bird
Scientific, Bellevue, WA). Data were despiked, and no signif-
icant drift of the sensors was noted.

Fluorescence-derived Chl a concentrations (ug L")
from CTD casts were corrected based on discrete Chl a
samples for each year (Pearson’s r linear regression
between both estimates: in 2016, n = 40, r* = 0.81, p <
0.0001; in 2017, n = 37, r* = 0.86, p < 0.0001; in 2018,
n = 39, r* = 0.81, p < 0.0001). An underestimation of
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surface Chl a concentrations due to fluorescence quench-
ing by high actinic irradiances was corrected following
Xing et al. (2012). In short, maximal Chl a concentrations
measured in the uppermost active mixing layer were
projected to the surface. Depth-integrated Chl a concentra-
tions (0-100 m) in the upper water column were
calculated via numerical integration. In cases where CTD
profiles did not reach full 100 m (by up to 7 m), the
average of the last 5 m was projected to 100 m.

Bloom phases were defined based on changes in depth-
integrated Chl g, via calculating the rate of change between
sampling dates, dx/dt (i.e., [Chl a; — Chl ap]/[t; — to]), in
depth-integrated Chl a that was previously normalized to
the maximum Chl a inventory per year. The main bloom
phase was identified as the period between the first and last
time point per year with a rate of change in normalized
depth-integrated Chl a inventories (i.e., dx/dt) >0.05. The
pre-climax phase (not termed pre-bloom as this occurred
prior to the start of the sampling campaigns when biomass
was already increasing) and the post-bloom phase describe
the periods before and after the main phase, respectively
(Table 1). Gaps between defined phases originate from
time periods between sampling events.

We define the chlorophyll layer depth (CLD) as the depth
at the bottom of the layer that contained more than 2.5 pg
Chl a L™, a threshold that relatively reliably represents the
lower level of the depth distribution for main bloom periods
in the presented dataset (Figure 2). In cases with Chl a con-
centrations remaining high (i.e., above the threshold) over
the entire measured depth of the profile, the corresponding
CLD was set to 100 m, even though the actual CLD was
probably deeper than the maximal depths at which data
were collected (as indicated by writing >100 m).

2.3. Wind, irradiance measurements and light field
simulations

Average wind speed and direction as well as incoming inci-
dent PAR were measured close to the nearby AWIPEV Atmo-
spheric Observatory (Maturilli, 2020a). In short, a combined
classic wind sensor (ThiesClima, Gottingen, Germany) was
used to derive hourly averaged wind speed (m s™') and
direction (°) that were recorded at 10 m height. Hourly
averaged (from measurements conducted every minute)

Table 1. Timing of bloom phases for the three years
studied

Bloom Phases®

Year Pre-climax Main Bloom Post-apex
2016 Apr 8-16 Apr 21-May 16 May 19-30
2017 Apr 12-20 Apr 24—-May 4 May 11-26
2018 Apr 10-25 Apr 27-May 11 May 14-22

*The main phase was identified based on normalized rate of
change in depth-integrated Chl a inventories >0.05 for the first
and last timepoints per year. Pre-climax and post-bloom phases
are the periods before and after the main bloom phase. Gaps
between phases originate from the lack of data due to non-daily
sampling during these time periods (usually 2—4 days).
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Figure 2. Time-depth resolved development of Chl a during the spring blooms in the three study years. Plots
are based on corrected Chl a fluorescence measurements from CTD profiles during April and May of (A) 2016,
(B) 2017, and (C) 2018. Black circles and dashed lines indicate the development of the estimated chlorophyll layer
depth (CLD) based on a threshold level of 2.5 ug Chl a L.

incoming PAR in the range of 370-695 nm was calculated
by subtracting UV and IR, measured using pyranometers
with different shading domes (Maturilli et al., 2019), from
the global incoming radiation. Data were converted from
planar measurements (W m~2], 1n) to spherical data
(W m~?], 4rn) as measured otherwise in this study. Data
were further integrated to yield daily dose values.

Light attenuation with depth (attenuation coefficient,
Kq4) was estimated following the Beer—Lambert law (Pear-
son’s linear correlation, r* >0.94 in all cases) over the
entire data range per day, based on manually measured
irradiance profiles using a cosine-corrected LI-192 under-
water quantum sensor (LI-COR, Lincoln, NE, USA). At
each measuring depth (0-25 m) data were recorded once
measured values had stabilized (i.e., after 30-60 sec) and

corrected for changing incident irradiance based on
simultaneous PAR measurements in air using a LI-190R
quantum sensor (LI-COR, Lincoln, NE, USA) connected to
the same datalogger. As PAR was measured directly
below the sea surface (4—5 cm) as our first measurement
step, surface specular reflectance is indirectly included in
the fitted Kq. In cases of missing data, the K4 values of the
closest two measurements were averaged. In 2018, no
data were collected. K4 for depth-integrated net primary
production (NPP) in 2018 was based on the average K4
values from both previous years measured in the respec-
tive week of each sampling date (n = 10), increasing the
uncertainty of the 2018 NPP estimates but likely not
introducing systematic errors, given that Ky did not differ
significantly between the years (Table 2, Table S1).
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2.4. Carbonate chemistry

Discrete samples from 10 m, 25 m, and 50 m water depth
were collected by single 10 L Niskin hauls at station KB3.
First, samples for the determination of dissolved inorganic
carbon (DIC) and total alkalinity (TA) were collected
directly from the Niskin bottles closely following Dickson
et al. (2007). Samples were fixed with mercury chloride
(final concentration 0.02%) and stored at 3-5°C in the
dark until analysis on a VINDTA system (Versatile INstru-
ment for the Determination of Total inorganic carbon and
titration Alkalinity; Marianda, Kiel, Germany) following
Dickson et al. (2007). The accuracy of the measurements
(3 and 2 pmol kg~' for DIC and TA, respectively) was
assured by daily analyses of Certified Reference Materials
(CRM, provided by AG Dickson, Scripps Institution of
Oceanography). Using TA, DIC, nutrients, and pressure for
each sample, pCO, levels at 2°C were calculated using
CO2SYS (Pierrot et al., 2006).

2.5. Nutrients

Nutrient samples from 10 m, 25 m, and 50 m depth were
collected directly from the Niskin bottles. Duplicate
samples per depth were filtered through 0.2 um SFCA
syringe filters (Nalgene, Thermo Fisher Scientific,
Waltham, MA, USA). Syringes, filter, and polypropylene
sampling tubes (Sarstedt, Niimbrecht, Germany) were
rinsed with sample twice before samples were collected.
In 2016 and 2017, samples were analyzed colorimetrically
on a QuAAtro autoanalyzer (Seal, W1, USA) within 12 h of
sample collection. In 2018, nutrient samples were frozen
directly at —20°C and analyzed on the same instrument in
the home laboratory after thawing the samples for >18 h
to allow full dissociation of silanole groups. Instrument
performance was monitored by measuring certified refer-
ence materials (CRMs, JAMSTEC, Natsushimacho, Japan).
Detection limits were 0.02 pumol L' for NO5~, 0.004
pumol L~ for PO4>", and 0.01 umol L™ for Si(OH),.
Depth-integrated nutrient concentrations based on
discrete measurements from the different depths were
calculated via numerical integration.

2.6. Particulate organic matter

Particulate organic carbon (POC) and nitrogen (PN) were
measured after gentle filtration onto precombusted (15 h,
500°C) GF/F filters (Whatman Maidstone, UK) and stored
at —20°C. Samples were acidified with HCI to remove
inorganic carbon and dried for at least 12 h at 60°C prior
to sample preparation. Analysis was performed using
a CHNS-O elemental analyser (Euro EA 3000, HEKAtech,
Haaksbergen, Netherlands), using Acetanilide as a calibra-
tion standard. Concentrations of POC and PN were
corrected for blank measurements and normalized to
filtered volume.

2.7. Chlorophyll a

Water for Chl asamples was collected in 10 L carboys, which
were stored cold and dark for 1-3 h until filtrations took
place at the laboratory at 4 + 1°C. Samples were gently
(maximum of 200 mBar) filtered onto precombusted GF/F
filters (Whatman, Maidstone, UK) and immediately placed
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into 6 mL 90% acetone. Samples were then homogenized
using a cell mill (Precellys, Bertin Technologies SAS,
Montigny-le-Bretonneux, France) and extracted at —20°C
overnight. Chl a concentrations were measured on a fluo-
rometer (Trilogy, Turner Designs, San Jose, USA), using an
acidification step (0.01 M HCl final concentration) to deter-
mine phaeopigments (Knap et al., 1996).

2.8. Analysis of species composition by light
microscopy

The presence and semi-quantitative relative abundances
of marine protist groups and species were determined
from handnet samples. During each sampling event,
a small Apstein handnet (Hydro-Bios, Altenholz, Germany)
with 20 pm mesh size was used to concentrate the pro-
tistan community via slow manual tows between 20 m
and the surface. The concentrated sample was transferred
into a 50 mL falcon tube, fixed with Lugols solution
(1% final concentration) and stored in the dark at 4°C.
At the home laboratory, samples were settled for 24-36 h
in an Uthermoehl chamber (Hydro-Bios, Altenholz,
Germany) and analyzed on an inverted light microscope
(Axiovert Observer, Zeiss, Oberkochen, Germany). Five ran-
domized overview images at 5x magnification as well as
10-20 detailed pictures at larger magnification (100x to
200x) were taken from each sample. Based on the low
magnification images, the present, dominant (approxi-
mately >15% of cell counts), and highly dominant
(approximately >30% of cell counts) genera were deter-
mined; present genera were also identified on higher mag-
nification images. Some of the dominant species
(Micromonas pusilla, Thalassiosira hyalina, T. gravida, and
T. nordenskoeldii) were identified by sequencing their
internal transcribed spacer (ITS) rRNA regions and blasting
them against database results (Wolf et al., 2017; Hoppe
et al., 2018).

2.9. "C-based carbon fixation and net primary
production

Potential carbon fixation of samples from 10 m and 25 m
depths were determined in duplicate by incubation with
53.1 mCi mmol~' NaH™"CO3 (2.109 MBq mol ™" stock;
Perkin Elmer, Waltham, USA) for 24 h under a fixed set
of reference conditions (1.5 + 0.6°C and 30 + 6 pumol
photons m™* s™! constant temperature and irradiance
conditions). Irradiances correspond to daily average irradi-
ance at 6-12 m water depth. Temperatures during the
incubations differed slightly between years, with average
values of 1.7 + 0.2°C in 2016, 1.5 + 0.3°C in 2017, and
1.3 + 0.4°C in 2018 (Almemo 2890 temperature logger,
Ahlborn, Holzkirchen, Germany). For each measurement,
two 20 mL aliquots were incubated after addition of 10
uCi NaH™COj5 (specific activity of 0.5 uCi mL™"). Details
on the methods and potential differences between the
three years can be found in the Supplementary materials
(Text S2).

To investigate the light dependence of C fixation,
photosynthesis-irradiance (PI) curves based on differing
optical transmission of 50 mL incubation bottles (Hydro-
Bios, Altenholz, Germany) were measured in samples from
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10 m and 25 m depths. In 2016 and 2017, PI curves were
conducted as 24 h in-situ incubations on a moored frame
0.5 m under the sea surface close to the harbor of Ny-
Alesund. In 2018, PI curve samples were incubated for
24 h under constant light in an ICES incubator (Hydro-
Bios, Altenholz, Germany). PI curves of Chl a-specific 24 h
carbon fixation were fitted as a function of irradiance
(according to the formula by Webb et al., 1974). More details
can be found in the Supplementary materials (Text S2).

For depth-integrated net primary production (NPP), the
observed light-limited slope of the "C-based PI curves
(*C_ar) was used to calculate C fixation for the respective
fluorescence-derived Chl a concentration and calculated irra-
diance for each depth (similarly as employed by Fernandez-
Méndez et al., 2015). Integrals of NPP over the upper 100 m
were calculated via numerical integration.

2.10. Variable Chl a fluorescence

Photophysiological characteristics, based on photosystem
II (PSII) variable Chl a fluorescence, were measured using
a fast repetition rate fluorometric sensor (FRRf; FastOcean
PTX, Chelsea Technologies, Molesey, UK) in combination
with a FastAct Laboratory system (Chelsea Technologies,
Molesey, UK). The excitation wavelength of the fluorom-
eter's light-emitting diodes (LEDs) was 450 nm, and the
applied excitation light intensity was 21,587 pmol
photons m~2 s~'. The FRRf was used in single turnover
mode, with a saturation phase comprising 100 flashlets on
a 2 ps pitch and a relaxation phase comprising 40 flashlets
on a 50 ps pitch. Measurements were conducted in a tem-
perature-controlled chamber (+0.2°C) at the respective
treatment temperature. After subtraction of a blank value,
the minimum (Fo and Fy' for light- and dark-acclimated
measurements, respectively) and maximum Chl a fluores-
cence (F,, and F,,,/ for light- and dark-acclimated measure-
ments, respectively) were estimated from iterative
algorithms for induction (Kolber et al., 1998) and relaxa-
tion phase (Oxborough, 2012) after 15 min of dark accli-
mation, which was sufficient to achieve a dark-acclimated
state (data not shown). All fluorescence parameters were
calculated by standard equations (Genty et al., 1989; Max-
well and Johnson, 2000).

Fluorescence-based PI were conducted at six irra-
diances between 33 and 672 pmol photons m~* s~ ', with
an acclimation time of 10 min per light step. Relative
electron transfer rate through PSII (ETR [mol e~ (mol
RCII)~" s~ 1)) for each light step was calculated as detailed
in Oxborough (2012). Following the suggestion by Silsbe
and Kromkamp (2012), the light-limited slope, or light-use
efficiency (ETR_o) and the maximum electron transfer
rates per RCII (ETR,.) were estimated by fitting the data
to the model by Webb et al. (1974). The photoacclimation
parameter ETR_E, was then calculated as ETR,.,/ETR_a..

2.11. Statistics

The non-parametric data used in this study were tested for
normality via the Shapiro-Wilk test before conducting fur-
ther statistical analyses. In four instances, data were not
normally distributed and log transformation was per-
formed (Table S1). To identify significant differences in

Hoppe et al: Effects of biomass depth distribution on Arctic phytoplankton spring blooms

parameter values between years, ANOVAs with additional
Tukey's pairwise posthoc tests were performed using the
software Past4 (Hammer et al., 2001). As including pre-
and post-bloom phases introduced considerable temporal
variability and as the aim of this study was to compare the
blooms of these years with each other rather than exam-
ining temporal changes, only data from the defined main
bloom periods of the respective years were used for sta-
tistical analysis. All data are shown as averages with one
standard deviation.

3. Results

We found that the main bloom period was always observ-
able at 10 m in all years while not always at 25 m, making
10 m the most representative for bloom characteristics of
our discrete sampling depths. This finding is congruent
with CLDs always being deeper than 10 m, while CLDs
exceeding 25 m occurred in only 60% of our observations.
For our analysis, we therefore focus on the results from
10 m water depth and supplement them with mooring-
based estimates and depth-integrated values. For com-
pleteness, we include data from 25 m in the figures. All
discrete sampling data (from 10 m, 25 m, and 50 m sam-
pling depths) are available at https://doi.org/10.1594/
PANGAEA.931854.

3.1. Environmental conditions

The spring blooms occurred in the months of April and May
in all three years. During this period, surface water tempera-
tures generally increased. While all blooms started at water
temperatures of 1.0-1.5°C at 23—-30 m depth on April 1, the
rate of increase was highest in 2017 and lowest (with an
intermittent decrease down to —0.5°C) in 2018 (Figure S2).
Average temperatures at 10 m water depth were 1.08 +
0.77°C, 2.48 + 0.20°C, and —0.13 + 0.28°C in 2016,
2017, and 2018, respectively (Table 2). Surface salinity mir-
rored the differences between temperatures in the three
years, with highest salinities in 2017 and lowest in 2018
(Figure 3, Tables 2 and S1).

At the latitude of our study site, the sun does not set
below the horizon between April 17 and August 26. Dur-
ing the entire sampling period, daily average irradiances
generally increased with the solar elevation (Figure 3C;
Cohen et al., 2020) despite effects of cloud cover. Daily
irradiance doses, that is, downwelling incident irradiance
above the ocean surface, varied between 10.1 and 47.3
mol photons m~% day !, with maximal hourly average
values of 1000 to 1200 pmol photons m 2 s™' on some
days. Even though cloud cover led to variable irradiances
on short time scales (Table 2), no significant differences
between years were observed (Table S1). Light attenuation
in the surface ocean was variable (K4 ranged from 0.14 to
0.47 m™ "), but tended to be highest in the beginning of
May during the peak of the bloom. On average, K4 was
similar in the 2 years it was measured, being 0.29 + 0.09
m~ ' in 2016 (0.34 + 0.09 m™' during main bloom) and
0.31 £ 0.10 m~ " in 2017 (0.35 + 0.03 m™' during main
bloom; Tables 2 and S1).

Hourly averaged wind speeds varied between 1 m s~
and 12 m s, and did not differ significantly between

1
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Figure 3. Environmental parameters during the spring bloom in the three study years. (A) Daily average
temperature (°C); (B) salinity; and (C) incoming photosynthetically active radiation (PAR, mol photons m~2 day ')
during April and May 2016 (blue), 2017 (red), and 2018 (black). Thicker lines and larger symbols indicate the main

bloom phases of all years.

years (Figure S3, Tables 2 and S1). Wind directions were
variable with the highest frequency in all years being from
southeasterly directions, blowing from the glaciers, along
the fjord axis (Table S1).

Profiles of water column properties (Figures 2, S3-S6)
indicated that well-defined mixed layers were not
present during the sampling campaign. Potential density
profiles showed evidence of very weak layering over the
main bloom phases of the study period (Figures S4-S6),
indicative of a previously well-mixed water column
(Figures S4-S6). Under these conditions, different classic
definitions of the mixed layer depth resulted in highly
variable MLD estimates that did not align with Chl a depth
distribution (Figure S3). However, the difference in poten-
tial density between surface (2 m) and depth (95 m) dur-
ing the main bloom phase (Figure 4) was larger in 2016
(0.15 £ 0.12) and 2018 (0.13 %+ 0.07) compared to 2017
(0.002 + 0.04).

The depth of the CLD varied within and between the
different years (Figure 4, Table 2). The shallowest CLD of
15.5 m was observed in April 2016, while CLDs deeper
than 100 m were observed in May 2017. The water column
was characterized by rather shallow CLDs at the start of
the sampling program in all years. CLDs during the main
phase of the bloom, however, were significantly different
between years (Table S1), with 2016 and 2018 exhibiting
shallower CLDs (35 &+ 17 m and 46 + 23 m, respectively),
and 2017 deeper and generally more variable CLDs (78 +
29 m; Table S1). Maximum CLDs during this period were
61 m in 2016, >100 m in 2017, and 84 m in 2018.

3.2. Nutrients and other biogeochemically relevant
properties

Surface nutrient concentrations at the beginning of April
were similar in all years, with initial values of 11.2 + 0.5
pumol L~ nitrate, 0.7 + 0.1 pmol L' phosphate, and 4.4
+ 0.2 pmol L' silicate (Figure 5). Drawdown dynamics,
however, were quite different between years. In 2016 and
2018, drawdown increased exponentially during the main
biomass development of the bloom, but input pulses
replenished nutrient levels several times in 2016, while
surface nutrients quickly approached depletion in 2018
(Figure 5). In 2017, nutrient drawdown was slower than
in the other years and lowered initial concentrations only
by about half, as surface concentrations did not decrease
below 5.9 + 0.3 pmol L' nitrate, 0.5 + 0.01 umol L™
phosphate, and 4.1 + 0.3 pmol L™ silicate by the end of
the bloom (Figure 5, Table 3). Nitrate-to-phosphate ratios
were initially around 14-16 mol mol ™" in all years (Table
S1) and decreased slightly over the sampling period, with-
out any clear differences between the three years (Figure
S7). Similarly, initial nitrate-to-silicate ratios did not differ
between years (Table S1), with values ranging between 2.5
and 3.5 (molar ratio; Figure S7). Reflecting the different
dynamics in the individual nutrients, the latter ratios
increased during the main bloom in 2016, decreased in
2017 and did not show any trend in 2018.

3.3. Bulk biomass development and stoichiometry
Surface Chl a concentrations in April and May of all years
clearly illustrate the increase, peak, and decline of the
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Figure 4. Stratification and general bloom development in the three study years. (A) Difference in potential
density between depths of 2 m and 95 m; (B) chlorophyll layer depth (CLD, m); (C) depth-integrated Chl a inventories
(mg m~2); and (D) depth-integrated NPP (g C m~*d ') in 2016 (blue), 2017 (red), and 2018 (black). Thicker lines and
larger symbols indicate the main bloom phases of all years.

spring bloom (Figure 6). Initial values at 10 m were sim-
ilar between years (0.11, 0.18, and 0.10 ug L' for 2016,
2017, and 2018, respectively). No significant differences
were observed between years regarding either minimal
or maximal values (Table S1). Highest Chl a concentrations
at 10 m were reached on May 16, 2016 (8.9 ug L), May 2,
2017 (7.3 pg L"), and May 11, 2018 (7.14 ug L™"). Simi-
larly, Chl a concentrations at 10 m depth decreased below
1 pg L' by the end of May in all years (Figure 6). Chl
a values at 50 m were generally low, but increased up to
5.1 ug L' at different points in time in May, while surface
values decreased at the same time (Figure S8). This indi-
cation for depth export of biomass was more pronounced
in 2016 and 2018 compared to 2017. Generally, discrete
Chl a concentrations measured at 10, 25, and 50 m depths
over time reflected CLD dynamics, with more evenly dis-
tributed Chl a in deep CLDs (especially in 2017) and
higher concentrations at 10 m and 25 m during bloom
build-up in shallow CLDs (especially in 2016 and 2018;
Figure S8).

Fluorescence-based depth-integrated Chl a standing
stocks of the upper 100 m of the water column (Figure 4)
indicate that the onset of the blooms, that is, the start of
biomass accumulation, occurred before the start of the

sampling campaign in all years (i.e., before April 8,
2016, April 12, 2017, and April 10, 2018, respectively). The
main bloom period occurred between mid-to-end of April
and early-to-mid May in all years (Table 1). The timing of
the bloom climax, with maximal rates of biomass accumu-
lation, and of the apex, or peak, in biomass varied by a few
days to weeks between years (Figure 4). In 2016, the
climax occurred between May 13 and May 16, while the
apex was observed on May 16. A slightly smaller climax
and apex were already observed from April 29 to May 3. In
2017, both climax (April 28 to May 2) and apex (May 4)
occurred earlier than in the year before. In 2018, the high-
est rate of biomass accumulation indicated the climax in
the first week of May (April 30 to May 2), followed by an
apex occurring on May 11. In terms of maximal absolute
values, the highest integrated Chl a standing stocks were
observed in 2017, followed by 2018 and 2016 (Table 4).
While the integrated Chl a standing stocks over the main
bloom phase were similar between years, the height of the
apexes of the 2016 and 2017 blooms differed significantly
(Table S1). In 2017, depth-integrated Chl a concentrations
decreased more noticeably after the peak, while the
decline was less pronounced in the other 2 years
(Figure 4).
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Figure 5. Near-surface nutrient concentrations and pCO, in the three study years. Concentrations (umol L") of
(A) nitrate, (B) phosphate, and (C) silicic acid, and levels of (D) pCO, (natm; normalized to 2°C) from 10 m and 25 m
depths (indicated by the same symbols to illustrate variability in surface ocean conditions) in 2016 (blue), 2017 (red),
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Table 3. Dynamics of nutrients and pCO, (mean concentration + standard deviation) during the spring bloom

in April and May of 2016, 2017, and 2018

Nitrate Silicic Acid Phosphate pCO,
Year Bloom Timing® (nmol L") n (pmol L77) n (nmol L77) n (patm) n
2016 Initial 11.14 £ 0.16 2 433 £ 0.03 2 0.69 £ 0.01 2 299 £ 37 2
Final 0.98 + 1.38 2 0.00 + 0.00 2 0.03 £ 0.04 2 219 + 33 2
2017 Initial 11.18 £ 0.35 2 4.00 £ 0.92 2 0.74 £ 0.05 2 364 £ 25 2
Final 591 £ 0.27 2 413 £ 0.31 2 0.50 + 0.01 2 281 +4 2
2018 Initial 10.72 £ 0.03 2 4.20 £ 0.05 2 0.61 + 0.05 2 370 1
Final 0.00 £ 0.00 2 0.28 £ 0.40 2 0.09 £ 0.03 2 253 1

“Initial indicates first sampling event before main bloom development; final indicates last sampling event after the peak of the spring

bloom.

Dynamics in carbon-to-Chl a ratios of the organic mat-
ter in the upper water column (C:Chl a) were characterized
by highest values in the pre- and post-bloom situations
(up to 1200 g C [g Chl a] "), and lowest values during
climax and apex, despite high sample-to-sample variability
(Figure 6). The 10 m C:Chl a ratios during the main
phase of the bloom were 69 + 12,54 + 9, and 71 + 21
for 2016, 2017, and 2018, respectively (Table 4). Thus,

we considered C:Chl a ratios during the main bloom
development to be rather constant within and between
years (Table S1).

3.4. Taxonomic composition

The overall protist community in the upper 20 m of the
water column observed in the three years was diverse,
especially during the pre-climax phase of the bloom

202 Jequaoa( || uo 3sanb Aq Jpd°/€100°€20Z EIUBWSIS/LS L F¥8/LE 100/ L/Z L APd-Bloile/BIUBWSIS/NPa"ssaidon-Bul|uo//:diy woly papeojumoq



Art. 12(1) page 12 of 27

Hoppe et al: Effects of biomass depth distribution on Arctic phytoplankton spring blooms

POC
(ug L

NPP
(wgcL'd-")

Chl a-specific NPP
(gClgChla'd-")

Figure 6. Near-surface photosynthetic biomass quantities and characteristics during the blooms in the three
study years. Concentrations (ug L") of (A) Chl a and (B) POC, rates of (C) potential net primary production (NPP, ug C
L' d ") and (D) Chl a-specific potential carbon fixation (ug C [Chl a] "' d~'), and ratios of (E) C:Chl a (g g”'; note
logarithmic scale) from 10 m and 25 m depths (indicated by the same symbols to illustrate variability in surface ocean
conditions) depths in 2016 (blue), 2017 (red), and 2018 (black). Thicker lines and larger symbols indicate the main

bloom phases of all years.

(Figure 7, Table S2). Cells in the upper 20 m of the water
column represented different taxonomic and functional
groups. Regarding diatoms, both pennate and centric gen-
era were observed. Pennate diatoms consisted of Navicula,
Nitzschia, and Fragilariopsis as the most dominant genera,
but species belonging to the genera Ceratoneis/Cylin-
drotheca, Pseudonitzschia, and Pleurosigma were also pres-
ent in many samples from all years. The group of centric
diatoms was dominated by Thalassiosira and Chaetoceros,
but Bacteriosira, Odontella, Rhizosolenia, and Dactylisolen
also contributed to the assemblages. Further, picoplank-
ton and flagellates (mainly single-celled and colonial
Phaeocystis among others such as Micromonas), dinoflagel-
lates (e.g., Gymnodimium, Dinophysis, Prorocentrum, Proto-
peridinium), silicoflagellates (mainly Dictyocha) and other

protistean grazers (mainly ciliates) contributed to the pro-
tist communities. In all years, the pre-climax assemblages
were dominated by diatoms, while other groups contrib-
uted more to the post-bloom assemblages. Assemblage
composition during the main phase of the bloom differed
strongly between the three years.

In 2016, the main biomass development was dominated
by centric diatoms from the Thalassiosira genus (cf. T. hya-
lina), especially during the climax and the first biomass peak
in early May (Figure 7, Table S2). During the second and even
higher biomass peak at mid-May, another smaller centric
diatom, Chaetoceros gelidus (formerly and commonly
referred to as C. socialis; Chamnansinp et al., 2013) was even
more abundant than Thalassiosira. The haptophyte Phaeocys-
tis pouchetii contributed significantly to the protist biomass
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Figure 7. Species composition overview for the blooms in the three study years. Pre-bloom, early and late main
bloom and post-bloom phase. As these samples were collected by hand net, they do not give a quantitative indication
of overall biomass or abundances, only relative qualitative contributions.

from end of April onward, but did not dominate the assem-
blage (Table S2) in terms of numbers or biovolume. For the
samples from the second half of May 2016, light microscopy
revealed post-bloom conditions of fewer intact cells with
strongly reduced Chl a content, many dinoflagellates, ciliates
and other protistean grazers, as well as larger fecal pellets
present in the net samples.

In 2017, the early pre-climax phase in mid-April was
dominated by diatoms, with a mix of Thalassiosira and pen-
nate diatom genera (Navicula, Nitzschia, and Fragilariopsis;
Figure 7, Table S2). By April 24, that is, before the climax
and well before the peak of the bloom, Phaeocystis pouchetii
was dominating the protist assemblages in terms of num-
bers and biovolme, and remained the most abundant spe-
cies well into the post-bloom conditions at the end of May.
While in April there were many single P. pouchetii cells,
colonies became more abundant and larger from the end

of April onward and were the most prominent feature in the
climax and peak samples from mid-May.

In 2018, assemblages did not show a clear succession
over time while remaining diverse, despite the formation
of a large spring bloom (Figure 7, Table S2). Throughout
the sampling period, pennate diatoms belonging to
different species of the genera Navicula, Nitzschia, and
Fragilariopsis dominated the assemblage. Centric Thalas-
siosira were present throughout the sampling period with
a higher relative contribution in April, while Chaetoceros
(mainly C. gelidus) occurred in higher abundances from
May 9 onward, that is, during the second peak in biomass
development and beyond. Single-celled and colonial
Phaeocystis pouchetii increased in numbers throughout
the month of May, but only dominated the protistean
biomass during the declining phase of the bloom, that
is, from mid-May to end of May and onward (Table S2).
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3.5. Carbon fixation, net primary production, and
photophysiology

We assessed Chl a-specific carbon fixation in samples from
10 m and 25 m depths under reference conditions
(1-2°C and 30 pumol photons m 2 s~') as an easily com-
parable measure of potential primary production of the
phytoplankton assemblages in the three years (Figure 6).
Chl a-specific potential carbon fixation from 10 m depth
did not show any trends with bloom development, but
was significantly higher in 2016 (39 + 10 ug C [ug Chl
a)~'d ") than in 2017 (26 + 3 pg C [ug Chl a] ' d~') and
in 2018, with the latter year showing the lowest rates (8 +
3 ug C[pg Chl g ' d'; Tables 4 and S1).

In addition, light-dependence of Chl a-specific carbon
fixation was measured. As PI curves did not saturate
(Figure S9), only the light-limited slope “C_a can be
assessed. Based on (non-laboratory) in-situ incubations,
a during the 2016 main bloom phase was significantly
higher than in 2017 (Tables 4 and S1). The laboratory-
based assessment of C_a in 2018, which is not directly
comparable to the in-situ data because of the constant
versus naturally varying irradiances (Hoppe et al., 2015;
White et al., 2020), resulted in much lower *C_o values
(Table 5).

Calculated depth-integrated NPP of the upper 100 m of
the water column showed a similar pattern (Figure 4),
with significantly higher average main bloom phase values
in 2016 compared to 2017 (Tables 4 and S1). In 2018,
depth-integrated NPP was even lower (Table 4). These
values depend on o, which was determined in the labora-
tory under constant light in 2018, and are not directly
comparable to those determined in-situ under variable
light in the two previous years.

FRRF-based photophysiological characteristics of the
three blooms are described based on values from the main
bloom phase at 10 m water depth (Table 5). Maximum
quantum yields of PSII (F,/F,) were similar in 2016 (0.41
+ 0.06) and in 2018 (0.47 % 0.05), but significantly lower
in 2017 (0.32 + 0.04; Table S1). The absorption cross
section of PSII (ppsy) was similar in all years (data not
shown; see Hoppe et al., 2021). The connectivity between
PSII reaction centers (p) differed between years, being
lowest in 2017, followed by 2016, and highest in 2018
(Table S1). The re-opening rate of PSII reaction centers
(t) was similar in 2016 and 2018, but much higher in
2017 (Table S1).

FRRF-based PI curves revealed high variability but no
significant differences between the photochemical light
responses in ETR_o between 2016 and 2017 (Table 5;
no FRRF-based PI curves were measured in 2018). Result-
ing FRRF_E, values, however, were higher in 2016 than in
2017 (Table S1).

4. Discussion

4.1. Active mixing controls depth distribution

of phytoplankton biomass

In biological oceanography, bloom development is often
linked to the seasonally evolving stratification conditions
in oceanic settings (Carvalho et al., 2017; Kara et al., 2000).
However, the data from this study originate from a high-
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latitude fjord (usually not ice-covered; Gerland et al.,
2020). Such coastal environments typically experience
a different cycle of seasonal stratification compared to
oceanic settings (Cottier et al., 2010). Due to the lack of
a pycnocline or strong stratification, neither classical
temperature- or density-derived MLD definitions nor
Brunt-Vdisdla frequency maxima (as identified from CTD-
derived density casts) seem adequate to investigate
mixing-derived depth distribution of phytoplankton bio-
mass (Figure S3). This conclusion fits well with observa-
tions that bio-optical properties and phytoplankton
biomass are not evenly distributed within such mixed
layers (Huisman et al., 1999; Franks, 2015; Carranza
et al., 2018).

The system under examination, Kongsfjorden, is rather
weakly stratified in spring (Figures S4-S6), and active mix-
ing, primarily through wind effects, therefore exerts
a strong control on the redistribution of primary producers
(Carranza et al., 2018). Many studies on active mixing utilize
turbulence profiling techniques to map the turbulent
energy within the water column (e.g., Hopkins et al.,
2021), which unfortunately were not available for this
study. A larger difference between the potential density at
2 m and 95 m (Table 2) and a tendency toward increasing
density differences over the main bloom periods (Figure 4)
in 2016 and 2018 compared to 2017, however, still gives an
indication of weaker mixing in the former two years.

Based on the observation of a non-homogeneously dis-
tributed Chl a layer (Figure 2), the biomass distribution in
our dataset seems to be driven by a combination of
current and past active mixing events as well as light-
dependent biomass build-up in layers of past mixing activ-
ity (Carranza et al., 2018). While our operational definition
of the CLD (bottom of the layer with >2.5 ug Chl a L™")
simplified the complexity of the distinct depth distribu-
tion, it generally captured well the depth range with sig-
nificant phytoplankton biomass and the differences
between years (Figure 2). Some exceptions were found
on specific sampling dates (e.g., end of April 2017 and
mid-May 2018), when secondary biomass peaks at deeper
locations in the water column, probably originating from
sinking or past deeper mixing events, were picked up by
the definition. As mixing in the fjord system regularly
reaches depths of 100 m or more, cells below the mixing
layer can regularly be reintroduced into it (Figure 2).

4.2. Bloom initiation was comparable between the
three years

The three observed blooms were typical high-latitude
spring blooms and fit the previously described spring
bloom dynamics in Kongsfjorden in many ways (Hegseth
et al., 2019). Consistent with the paradigm of nutrient
replenishment during winter convection (Tremblay et al.,
2015), nitrate concentrations measured in early April of
each study year (approximately 11 pmol L™'; Table 3)
were close to the maximum values reported (Hegseth
et al., 2019; Singh et al., 2020; van de Poll et al., 2020).
Further, incoming irradiances were comparable (Figure 3),
while winter and spring fast ice concentrations were
similarly low in all those years, being restricted to the
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shallow areas of the inner fjord (Pavlova et al., 2019;
Gerland et al., 2020). Thus, neither irradiances nor ice
conditions drove the observed differences in bloom
dynamics and composition at the sampled mid-fjord loca-
tion (KB3; Figure 1). In all three years, initial Chl a con-
centrations (0.07-0.19 ug L~') were already above
reported Kongsfjorden winter values of 0.01-0.02 ng Chl
a L' (Rokkan Iversen and Seuthe, 2011; Berge et al., 2015;
Hoppe, 2022) but still low compared to the much higher
values measured later in each year. Bloom initiation
probably took place just before the start of our sampling
program in all years, as depth-integrated biomass accumu-
lation rates were still low but already positive (Figure 4)
and nutrients were still maximal (Figure 5) as expected
after winter mixing (Hegseth et al., 2019).

Especially in a highly advective system as Kongsfjorden
(Tverberg et al., 2019), the blooms could have formed at
adistance, not locally, and been advected into the fjord from
Fram Strait. However, advective events often have the signa-
ture of rapid increases in temperature and/or salinity as new
water masses enter the fjord (Willis et al., 2006). In our case,
salinity remained relatively constant in all years while the Chl
a fluorescence signal in the mooring data (Cottier et al.,
2021a; Cottier et al., 2021b; Cottier et al., 2021c) increased
continuously, which argues against major advection events
during bloom formation (except for one event during the
latter part of the 2016 bloom, discussed below). Further-
more, despite differences in water mass characteristics in the
surface between years (colder and less saline water in April
2016 and 2018 than in April 2017; Figure 3, Table S1), pre-
climax species composition was very similar in the three
years (Figure 7, Table S2). According to Lampe et al.
(2021), satellite-derived surface Chl a started to increase
strongly in Atlantic waters off the Svalbard shelf in Fram
Strait around mid-May in all years, thus long after the main
phase of the bloom had started in Kongsfjorden.While advec-
tion of Atlantic water might have potentially influenced the
later bloom development, the positive rates of C fixation,
depth-integrated NPP rates and discrete Chl a data
(Figures 2, 4, and 6), as well as lack of abrupt changes in
species composition (Table S2), strongly support the idea
that the observed blooms had formed locally. Similarly, while
in early May 2016 the mooring data indicated mixing of local
water masses with warmer and saltier water masses advected
into the fjord (Figure S2), this mixing did not affect the
gradual change in species composition, as both Chaetoceros
gelidus and Phaeocystis pouchetii (which dominated the later
bloom) started increasing their abundances before this
advective event. Nitrate concentrations in this specific year,
however, were already strongly depleted by the end of April,
so that the replenishment of nutrients by an advective event
allowed for a second peak with even higher biomass in May
(Figures 4 and 5).

Our data on the build-up of the three observed blooms
prior to and during the climax indicates that a shallowing
of the upper mixing layer (caused by stable weather con-
ditions) seems to allow for similar net biomass accumula-
tion in all years but only once solar elevation has reached
a certain threshold. While exponential biomass build-up in
Kongsfjorden has been observed as early as February, it
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was restricted to the upper few cm of the water column
and disappeared as soon as turbulent mixing occurred
(Hoppe, 2022). Independently of the degree of late winter
mixing, blooms in Kongsfjorden have never been reported
earlier than April (Hegseth et al., 2019; van de Poll et al.,
2020), indicating that there is a low light threshold for
bloom initiation as can be expected for high latitude sys-
tems such as Kongsfjorden.

4.3. CLD dynamics seem to control further biomass
development and productivity

Focusing only on the main bloom phases of the three
years (Table 3, Figure 2), we next assess similarities and
differences in biomass accumulation of the three blooms.
Despite the strong similarity in the temporal development
of biomass between the three blooms (Figures 2 and 4),
the highest integrated biomass inventories were observed
on different days in the same time period, occurring
between May 4 and May 16 of the three years. Somewhat
counterintuitively, the timing of the three investigated
apexes seemed to be positively correlated to the CLD, with
the earliest peak occurring in the most deeply mixed year
(i.e., 2017) and the latest peak occurring in the year with
the shallowest CLD (i.e., 2016). In fact, the apex directly
followed a deepening, not a shallowing, of the CLD in two
of the three years (i.e., 2016 and 2017; Figure 4). Despite
only covering three years, this observation is consistent
with field data and modeling output from the Southern
Ocean (Llort et al., 2015; Hoppe et al., 2017) and the
Subarctic Atlantic (Paulsen et al., 2015; Paulsen et al.,
2017; Graff and Behrenfeld, 2018), which show that
large-scale blooms can develop in mixing layers >100 m
and that biomass build-up and primary production can be
positively correlated with CLD.

While a controlling role of light (and nutrients, which
were not limiting during the spring bloom development
in this study; Table 3) is most certainly relevant with
regard to cell-specific growth rates or net carbon fixation
of phytoplankton (compare increasing slopes of the PI
curves measured in-situ and in the laboratory; Figure
S9), another important factor that drives biomass accumu-
lation rates needs to be considered: the variability in loss
terms (Behrenfeld and Boss, 2018). While grazing rates
were not measured in this study (and are generally often
lacking in bloom studies for the Arctic), theoretical frame-
works such as the Disturbance Recovery Hypothesis (Beh-
renfeld, 2010; Behrenfeld and Boss, 2018) may allow us to
better understand potential underlying mechanisms of
bloom dynamics in the current dataset. This hypothesis
focuses on intermittent decoupling of gain and loss rates
of phytoplankton due to physical disturbances (such as
deepening of the mixing layer that reduces grazer-prey
encounter rates), which can lead to increasing phytoplank-
ton standing stocks (Behrenfeld and Boss, 2018).

While Chl a is commonly used as a proxy for photo-
trophic biomass due to easy sampling and well-established
sensor-based approaches, Chl a-to-biomass ratios vary as
a function of physiological status and species composition
(Behrenfeld et al., 2008). Measurements of POC, on the
other hand, consider all organic matter above 0.7 pm in
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size, thus also include heterotrophic components of the
plankton. In the case of our study, C:Chl a ratios during
the main bloom phase were in the lower range of those
observed in Arctic phytoplankton under a large range of
irradiance settings (Croteau et al., 2020), suggesting
together with our light microscopic analyses (Table S2)
that POC was composed primarily of phototrophic organ-
isms during the main bloom phase. As C:Chl a ratios dur-
ing this period were rather constant and did not differ
between years (Figure 5, Table S1), depth-integrated Chl
a standing stocks of the upper 100 m of the water column
(Figure 4) serve as good indicators of overall biomass
development during the blooms. By definition, both Chl
a concentrations and depth-integrated standing stocks
increase during bloom build-up. In our case they corre-
lated only weakly with each other (Linear Pearson's r:
R* = 0.49 and p = 0.03; Figure 8A), suggesting that
increasing standing stocks are not caused simply by
increasing biomass in the surface ocean that is then redis-
tributed in the mixing layer. Furthermore, there was no
correlation between depth-integrated Chl a and
depth-integrated NPP (Linear Pearson’s r: R* = —0.44 and
p = 0.27; Figure 8B), suggesting that biomass standing
stocks were not controlled primarily by biomass produc-
tion rates. Instead, we find the strongest correlation, by
far, between 100 m depth-integrated standing stocks and
CLD (Linear Pearson’s r: R* = 0.87 and p = 0.01;
Figure 8C). Given that nutrients were non-limiting and
did not affect biomass build-up (Figure S10) and that the
non-saturating PI curves measured in-situ (Figure S9)
indicate that primary production should have been
increasingly light-limited with increasing CLD, the positive
relationship of depth-integrated standing stocks with CLD
strongly argues against bottom-up controls. Based on the
lack of evidence for bottom-up controlled dynamics in the
three years studied, we therefore conclude that loss terms
have a stronger influence on overall bloom dynamics than
gains.

Further indications for the impact of loss terms on
bloom dynamics stem from the fact that both Chl a con-
centrations and integrated biomass accumulation were
higher in 2018 compared to 2016, even though the poten-
tial for primary production (i.e., Chl a-specific carbon fix-
ation under reference conditions) was significantly lower
in 2018 (Figures 4 and 6, Table 4). While temperatures
during the 2018 incubations were lower, they represent
well the range of in-situ temperature (Table 2) and should
provide a good estimate of primary productivity (under
irradiances typical for shallow CLDs) in that year. The dif-
ferences in potential for primary production between
2016 and 2018 suggests that differences in loss rates such
as grazing led to the similarly high biomass build-up in
the two years. The warmer temperatures in 2016 com-
pared to 2018 could have contributed to that similarity
despite lower production in 2018, as grazer metabolism
and feeding respond more strongly to increasing temper-
ature than does primary production (Rose and Caron,
2007; Vaquer-Sunyer et al., 2010; Alcaraz et al., 2014).
Furthermore, the main bloom period in 2016 consisted
of a higher proportion of more lightly silicified diatoms

Hoppe et al: Effects of biomass depth distribution on Arctic phytoplankton spring blooms

600
A . R2=0.49
1 p=0.03
o 500 . o
£ J
o
£ 40 .
3 o b o
5 -
a8 | /
2 300 o 2
£ 8
< / e
a8 200 o~ °
0 ° °® e
i . o
(5]
100
—
0 2 4 6 8 10
Chl a(ug L") at 10 m depth
600
B . R2=-0.44
1 p= 0.27
& 500 — ”
£
= i
E
400
=
5) i
g 300
£
é 4
&
o 200
100
600
o« 500
1S ]
g
= 400
]
= |
(&)
5 300
2
£ s
<
2 200 /’ °
(=] ] )
{1 o 9@
% R2=0.87
100 | p =0.01
I ! I ! T I T L T
20 40 60 80 100
CLD (m)

Figure 8. Relationships between primary production,
biomass and chlorophyll layer depth in the three
study years. Pearson’s r linear correlations (black lines)
of depth-integrated Chl a (mg m?) with (A) Chl
a concentrations at 10 m depth, (B) depth-integrated
net primary production (NPP, g C m~* d™'), and (C)
chlorophyll layer depth (CLD, m) during the main
bloom phases of 2016 (blue), 2017 (red), and 2018
(black). NPP from 2018 (Table 4) is not included in
(B) as it was measured by a different method and thus
is not directly comparable.

(belonging to the genera of Thalassiosira and Chaetoceros)
that are a better food source for grazers, while more
heavily silicified diatoms dominated the main bloom
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period in 2018 (e.g., belonging to the genera of Nitzschia,
Navicula, and Fragilariopsis) that are better protected
against grazing (Liu et al., 2016; Zhang et al., 2017; Pancic
et al,, 2019). The usual time lag between phytoplankton
and mesozooplankton grazers (Dalpadado et al., 2020)
could have affected particularly the later part of the main
bloom phase, and thus maximal standing stocks and
bloom duration rather than composition.

Despite uncertainty in the fine-tuning of underlying
mechanisms, our dataset from an Arctic coastal system
provides some evidence that increased CLDs due to, for
example, mixing layer deepening can have a positive
effect on primary productivity. We hypothesize that
changes in overall phytoplankton biomass development
in highly dynamic Arctic systems can be controlled by
disturbances such as mixing layer deepening, which lead
to a decoupling of growth and grazing rates of phyto-
plankton. This concept as proposed in the framework of
the Disturbance Recovery Hypothesis (Behrenfeld, 2010;
Behrenfeld and Boss, 2018), to our knowledge has only
been shown in the Arctic using satellite data, not discrete
measurements (Behrenfeld et al., 2017). While our dataset
does not fully test the Disturbance Recovery Hypothesis, it
does add evidence of the relevance of some of its aspects,
namely the dilution of phytoplankton biomass via deeper
CLDs and the potential for that dilution to alleviate graz-
ing pressure.

4.4. CLD also correlates with taxonomic
composition
Despite differences in CLD, the most striking difference
between the three blooms was their species composition.
We observed diatoms to dominate the 2016 and 2018
blooms that were characterized by shallow depth distribu-
tion, while Phaeocystis dominated the deep CLD of the
2017 bloom (Figure 7, Table S2). Also, an increasing pro-
portion of Phaeocystis was generally associated with
a deepening of CLD in all years, while the shallow pre-
climax situation was always dominated by diatoms (e.g.,
beginning of May 2016, mid-April 2017, end of April 2018;
Figures 2 and 7, Table S2).

Our physiological measurements aimed at acquiring
a process-based understanding of the underlying mechan-
isms that allow different species and/or functional groups
to be successful. Our data indicate that diatoms are indeed
better competitors under shallow CLDs: diatom-
dominated blooms in 2016 and 2018 exhibited a higher
quantum yield efficiency (F,/F,; Table 5) and a tendency
toward higher values of the photoacclimation parameter
ETR_Ex than the Phaeocystis-dominated assemblages in
2018. Also, a higher connectivity between reaction centers
(p) and a shorter RCII reopening rate (t) in the diatom-
dominated assemblages supports previous findings that
this group is better equipped for dealing with high-light
stress (Lavaud, 2007; Trimborn et al., 2014; Kvernvik et al.,
2020) and overall make more effective use of high-light
peaks of the dynamic light fields in the fjords (Hoppe
et al., 2015; Croteau et al., 2020; Kvernvik et al., 2021).
These photophysiological characteristics acquired during
the main bloom phase not only differed between years
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(especially 2016 vs. 2017), but also between diatom- and
Phaeocystis-dominated phases of the 2016 and 2018
blooms (Figure 7, Table S2).

While our photophysiological data can explain well
why diatoms benefit from shallow CLD (under nutrient
replete conditions as observed during the bloom climax),
we are lacking evidence for Phaeocystis being better
adapted for deeply mixed, even more strongly light-
limited conditions. The light-limited slope of electron
transport (FRRF_o; Table 5) did not differ between years,
but the light-limited slope of carbon fixation ('*C_o) was
much lower in the Phaeocystis-dominated compared to
the diatom-dominated year, also causing the energy trans-
fer efficiency from photochemistry to carbon fixation to
be lower in the former. Thus, although previously postu-
lated that Arctic Phaeocystis is particularly adapted to low
light (Rokkan Iversen and Seuthe, 2011; Assmy et al.,
2017), our data indicate that light is not the main factor
controlling species dominance in Kongsfjorden, despite
the strong correlation with CLD. Also, diatom-dominated
blooms can be observed in mixing layers as deep as 100 m
(Smetacek et al., 2012; Hoppe et al., 2017), suggesting that
this group does not have a general disadvantage under
deep mixing.

Other common explanations for the dominance of
Phaeocystis versus diatoms include nutrient ratios, deep
convection, and the advection of warmer and more saline
water masses from subarctic regions. Ardyna et al. (2020)
suggested for under-ice phytoplankton blooms that
Phaeocystis dominates when NO3:Si(OH),4 ratios are >1.
For Kongsfjorden, this explanation does not hold, as initial
NO3:Si(OH), ratios were >1 and Si(OH), concentrations
above 4 pmol L~" were observed in all years, indepen-
dently of whether diatoms or Phaeocystis dominated the
bloom (Table 3; van de Poll et al., 2020). Also, in contrast
to previous suggestions (Hegseth and Tverberg, 2013; Heg-
seth et al., 2019; Assmy et al., 2023), differences in seeding
from surface sediment does not seem to be the driver of
diatom versus Phaeocystis dominance in our dataset, as
deep convection reaching the diatom seed bank in the
sediment in late winter and early spring (Hegseth et al.,
2019) was observed in all three years (Figure S11), with
strongest depth-to-surface coupling in temperature and
salinity actually occuring in the Phaeocystis-dominated
year 2017.

As physiological characteristics and primary production
rates of the blooms do not suggest bottom-up driven
advantages of Phaeocystis during bloom formation, top-
down mechanisms (e.g., grazing, virus infections) again
likely play an important role here. Following the princi-
ples behind the Disturbance Recovery Hypothesis and
acknowledging the understudied role of top-down control
for Arctic bloom development, we hypothesize that graz-
ing pressure may be key in driving the dominance of
Phaeocystis versus diatoms during the spring bloom. Sim-
ilar to chain formation of many bloom-forming diatoms,
colony formation represents an escape by size-type behav-
ior, with large P. pouchetii colonies being outside the prey
spectrum of most grazers in the Arctic (Nejstgaard et al.,
2007). Microzooplankton grazing, which is a very
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important component of grazing pressure on phytoplank-
ton (Landry and Calbet, 2004), will still have a much stron-
ger impact on single-celled Phaeocystis than on colonies or
diatoms. A deepening of the CLD during bloom build-up
with lowered grazer-prey encounter probability thus may
reduce grazing pressure more strongly for small single-
celled Phaeocystis than for either chain-forming (2016)
or strongly silicified (2018) diatoms, as larger zooplankton
such as large copepods are also known to move actively
toward their prey and could therefore be expected to be
less affected by prey dilution (Folt and Burns, 1999; Sme-
tacek, 2001; Friedrichs et al., 2013).

Phaeocystis has been shown to overwinter during the
polar night in single cell stage in surface waters (Vader
et al.,, 2015), and its colonies usually grow from single cells
at the beginning of a bloom (Rousseau et al., 1994; Wass-
mann et al., 2005; Nejstgaard et al., 2007). Because the
single-celled stage as well as the initial small colonies are
most vulnerable to grazing, reduced grazer encounter
rates under deepening CLDs before the bloom apex can
have a huge effect on bloom composition, as this time of
lowered grazing may allow Phaeocystis to grow colonies
large enough to escape grazers due to their size (Ryder-
heim et al.,, 2022). In 2017, a strong deepening of the CLD
was observed exactly during this period (Figure 2) and
coincided with increasing colony formation (Table S1),
while the two diatom-dominated spring blooms were
characterized by consistently shallow CLDs during the ini-
tial and the apex phases (Figures 2, 4, and 7). To which
degree this pattern can be generalized has yet to be eval-
uated. In any case, our hypothesis that their depth distri-
bution regulates the dominance of diatoms versus
Phaeocystis is in line with observations from other areas
of the Arctic (Reigstad et al., 2002; Degerlund and Eilert-
sen, 2009). Also in Kongsfjorden, previous studies have
reported diatom blooms in shallow waters and the dom-
inance of Phaeocystis in deeply distributed spring blooms
(Hegseth and Tverberg, 2013; Van de Poll et al., 2016;
Assmy et al., 2023). Despite potentially strong differences
in photophysiological adaptation, for example, with
respect to trace metal availability, our observations also
agree with some from the Southern Ocean, where Phaeo-
cystis antarctica has been observed to dominate regularly
over diatoms in deeper mixed layers (Goffart et al., 2000;
Arrigo et al., 2010; Smith et al., 2013).

Understanding the drivers of species composition of
spring blooms matters, because Phaeocystis-dominated
blooms in the Arctic are often characterized by weaker
carbon export to depth compared to diatom-dominated
ones (e.g., Reigstad and Wassmann, 2007; Wiedmann
et al., 2020). In accordance with such previous findings,
we show that in a fjord system the drawdown of inorganic
carbon for surface waters and the subsequent potential or
increased CO, uptake from the atmosphere was also larger
in the diatom-dominated 2016 bloom compared to the
Phaeocystis-dominated bloom in 2017 (Figure 5, Table 3).
The low carbon flux in the Phaeocystis- compared to the
diatom-dominated bloom supports our hypothesis that its
large colonies could not be efficiently grazed upon by
mesozooplankton (Ryderheim et al., 2022), which in turn
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would produce efficiently sinking fecal pellets (Henson
et al,, 2019), and that viral lysis could be a more plausible
reason for bloom termination in 2019. These results not
only highlight the importance of understanding the dri-
vers of species dominance in the natural system, but also
illustrate that inferring consequences for carbon draw-
down from changes in bulk carbon fixation rates, without
considering further ecological and physiological character-
istics, can be misleading.

5. Conclusions

There is a long-standing debate on whether light, nutrients
or both are the most important drivers of Arctic primary
production (Arrigo et al., 2008; Tremblay et al., 2015). Based
on our specific dataset, we propose to put more focus on
additional, well recognized but largely understudied con-
trol mechanisms of Arctic bloom dynamics: top-down dri-
vers such as grazing pressure or viral lysis, mediated by
active mixing and changes in phytoplankton depth distri-
bution. Although our study does not contain data on the
grazer community, the comprehensive measurements of
bottom-up related parameters argue against any other con-
trolling factors. While the end of polar night sets a clear
boundary with regard to the alleviation of light limitation
and the timing of spring bloom initiation in Kongsfjorden,
biomass dynamics during the bloom appear to correlate
positively instead of negatively with CLD (Figure 8).

In the past years, the role of increased mixing and
subsequent entrainment of new nutrients into surface
waters (due to more open water and stronger winds) for
high Arctic pelagic primary production has gained increas-
ing attention (Ardyna et al., 2014; Crawford et al., 2020).
While our fjord-focused data from spring are not directly
transferable to this phenomenon, they nonetheless high-
light the need to also test the extent to which decreased
grazing rates contribute to the positive correlation
between wind speed and primary production, especially
as these other studies focused mainly on satellite data and
did not provide (in-situ) nutrient measurements. For
coastal systems such as Kongsfjorden in the future, warm-
ing and concurrent increasing local stratification may
counteract the loss of ice-associated stratification, leading
to diatom-dominated shallower mixing layers with high
productivity but lower biomass build-up. Based on the
surprising lack of evidence for bottom-up controls in our
dataset, we suggest that changes in wind patterns and
water column stability (e.g., advection, warming, meltwa-
ter and riverine inputs) in concert with poorly understood
grazing pressure and viral dynamics may be as important
drivers of change as the commonly discussed light and
nutrient effects. Predicting future Arctic spring bloom
phenology and productivity requires understanding the
effects of disturbances (such as active mixing driven
dynamics) on both gain and loss rates of phytoplankton.
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