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ARTICLE INFO ABSTRACT

Keywords: Harmful algal blooms (HABs) are occurring more frequently in the world’s oceans, probably as a consequence of

Arctic climate change. HABs have not been considered a serious concern in the Arctic, even though the Arctic warms

Phytoplankton faster than any other region. While phycotoxins and toxin-producing phytoplankton have been found in Arctic

E:::;eries waters on several occasions, there is a lack of information on seasonal succession of species and whether the

Harmful algal bloom occurrence of harmful species correlates with the presence of their respective phycotoxins. Hence, there is no
baseline to assess future changes of HABs in this area. Here, we investigated two periods, from winter to spring
and from the spring bloom until summer, in Disko Bay, West Greenland and followed the succession of toxins and
their producers using metabarcoding, as well as analyses of particulate and dissolved toxins. We observed a
typical seasonal succession with a spring bloom dominated by diatoms, followed by dinoflagellates in summer,
with the two most important potentially toxic taxa found being Pseudo-nitzschia spp. and Alexandrium ostenfeldii.
The Pseudo-nitzschia spp. peak correlated with a clear increase in particulate domoic acid, reaching 0.05 pg/L.
Presence of Alexandrium ostenfeldii could be linked to an increase in spirolides, up to 56.4 pg/L in the particulate
phase. Generally, the majority of detected dissolved toxins followed the succession pattern of the particulate
toxins with a delay in time. Our results further show that Arctic waters are a suitable habitat for various toxin
producers and that the strong seasonality of this environment is reflected by changing abundances of different
toxins that pose a potential threat to the ecosystem and its beneficiaries.

1. Introduction industry provides Greenland’s most important marketable goods for
export (Brett, 2003; Vahl and Kleemann, 2019) and many private
households are dependent on marine resources, like hunting marine

mammals, for regular sustenance (Vahl and Kleemann, 2019). The ma-

Phytoplankton responses to ongoing and future environmental
change will significantly affect earth system processes at many scales.

These primary producers are the photosynthetic base of marine food
webs and responsible for approximately half of the global oxygen pro-
duction (Falkowski, 1994; Field et al., 1998). In the Arctic, climate
change is progressing at a much faster rate than the global average
(Overpeck et al., 1997; McBean et al., 2005; IPCC, 2007), hence the
Arctic is one of the quickest changing ecosystems in the world, warming
at a significantly higher rate than other regions (Moritz et al., 2002;
Mauritsen, 2016). An increased risk of future HAB events in the Arctic is
therefore anticipated, as potential HAB species from temperate regions
may migrate further north and establish themselves in the Arctic
ecosystems.

Greenland is dependent on a healthy marine ecosystem. The fishing
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rine ecosystem, which is the fundament of these resources, heavily relies
on a direct link from diatoms via copepods to marine mammals in
spring, when considering latitudes as high as most of Greenland. In the
Arctic, a more pronounced microbial loop, as it is typical for temperate
regions, is usually observed in summer. At this time, microbial biomass
is generally relatively low, making the direct short food web link, which
is dominant in spring, much more relevant to food production for the
native population (Hobson and Welch, 1992; Seuthe et al., 2011). This
increases the possible impact of a change in the microbial spring di-
versity on the Greenlandic population. Besides the beneficial impact of
microbial eukaryotes, some of them can form harmful algal blooms
(HABs), which can have adverse effects on the marine ecosystem
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function and services. Only a few studies have described succession
dynamics of primary producers and HAB species in particular in the
Arctic (Marquardt et al., 2016), although it is crucial to know the status
quo for identifying future risks and recognizing changes of the plankton
community structure and therefore changes in the entire ecosystem.

General consensus exists about a global increase in HABs (Van
Dolah, 2000; Hallegraeff, 2003; Anderson et al., 2012), and many of the
factors promoting HABs are linked to the effects of climate change
(Hallegraef, 2010; Wells et al., 2015). Increased water temperature and
water column stratification are a direct result of increased atmospheric
CO4, levels and therefore global warming (IPCC, 2014; McCarthy et al.,
2015), and both factors are broadly recognized as a risk factor for HABs
(Peperzak, 2003; Ralston et al., 2014; Wells et al., 2015). Possible effects
of melting glaciers, a known result of climate change, are changing
water salinity and nutrient upwelling events from lower ocean layers by
promoting subsurface meltwater plumes (Meire et al., 2017). Addi-
tionally, melting land-terminating glaciers may wash out nutrients from
freshly thawed permafrost, carrying terrestrial nutrients into the ocean
(McCarthy et al., 2015; Wadham et al., 2016; Meire et al., 2017), and
therefore potentially increasing the risk for future HABs even further.

Some HAB species and toxins have already been detected in the
Arctic. Presence of domoic acid (DA)-producing Pseudo-nitzschia species
has been shown off West Greenland, Iceland, and in Barrow Strait,
Beaufort Sea, Baffin Bay as well as subarctic parts of Norway (Hasle,
2002; Hansen et al., 2011; Hardardéttir et al., 2015; Lundholm et al.,
2018). The toxin itself was detected in phytoplankton in West
Greenland, reaching as far as 71°N (Elferink et al.,, 2017). In 2017,
Pseudo-nitzschia spp. occurrences caused elevated DA contents in Mytilus
edulis, resulting in a local harvesting ban close to Dgnna, Norway at
66°5’N (HAEDAT, 2017).

The vast majority of toxigenic species are dinoflagellates (Smayda,
1997), and their toxins have also been detected in Arctic waters. Para-
lytic shellfish poisoning (PSP) toxins exceeded the limit of 800 pg/kg
shellfish in 2003 in the Attu region (67°50° N-68°10 N, 53°00°
W-54°00" W) at the west coast of Greenland (Baggesen et al., 2012). In
August 2005, saxitoxin-producing Alexandrium catenella (formerly re-
ported as A. tamarense, now renamed as A. catenella; John et al., 2014),
was found in the same area and considered as the causative agent of the
PSP event (Baggesen et al., 2012). Pectenotoxin-1 was found at levels of
467 ug/kg shellfish in the Chuckchi Sea at approximately 74 °N, well
exceeding the safety regulation for consumption (Gao et al., 2019).
Spirolides are potentially toxic hazards, which have not yet been
confirmed to be a threat to humans in situ (Richard et al., 2000; Munday
et al., 2012). Spirolides have by now not been shown to be produced by
other species than A. ostenfeldii (Cembella et al., 2000, 2001). Some A.
ostenfeldii strains are capable of producing other, probably more harmful
toxins, such as paralytic shellfish poisoning (PSP) toxins and gymnodi-
mines (GYM) (Munday et al., 2012; Martens et al., 2017). In Uum-
mannagq Fjord in West Greenland (around 71°N), A. ostenfeldii was found
in 2012 (Tillmann et al., 2014). Alexandrium ostenfeldii was also
observed in the Russian Arctic, albeit without evidence of
toxin-producing activity (Okolodkov et al., 1996).
Azaspiracid-producing Amphidoma languida was found in the Subarctic
Irminger Sea (Tillmann et al., 2015), and Azadinium spp. and Amphi-
doma spp. have been observed along the coast of Norway (Tillmann
et al., 2018).

HABs can severely affect higher trophic levels, including humans and
animals (Bates et al., 2018) and consequently result in negative health
and economic consequences. Higher trophic levels such as marine
mammals have been reported to bioaccumulate toxins in the Arctic, and
HABs thus represent a rarely studied and hidden risk (Lefebvre et al.,
2016). As many known HAB species have been detected in the Arctic and
Subarctic, a potential for HAB development exists, although the record
of actual Arctic HAB events seems to be relatively low. Part of this may
be due to a study bias, because the Arctic is less accessible for routine
field studies. This is reflected by reports of snapshot or transect studies,
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mainly from research cruises, which do not account for the yearly
development in the highly seasonal environment as done by monitoring
programs. However, only long-term datasets can reveal overall changes
in the community, dynamics and resulting threats that may be caused by
HABs (Hinder et al., 2012). Our study therefore provides a character-
ization of the natural succession and presence of HAB species during two
field periods of approximately three months length each. We will
particularly focus on the dynamics of different potential HAB species
and their succession patterns around the spring bloom season to eval-
uate the risk for HAB events in the future.

2. Material and methods
2.1. Site description and Sampling procedure

The sampling stations were located close to the Arctic Station in
Qegqertarsuaq, Disko Island, West Greenland. Water samples were taken
with a 25 L Niskin Water sampler (KC Denmark) in an area of approx-
imately 6 km x2 km (69°11’00” N to 69°15'14"" N and 53°25'36"” W to
53°31'15"” W), depending on the conditions of sea ice or the presence of
icebergs (Fig. 1). The area was sampled in the time periods May 1, 2017
to July 27, 2017, and February 10, 2018 to April 23, 2018 as close to
noon as possible. Sampling was performed every second week at three
distinct stations, except for winter when only one station was sampled
but at a higher frequency of approximately every four days. Sampling of
dissolved toxins was performed with SPATT (Solid Phase Adsorption
Toxin Tracking) samplers at another, more enclosed location (69°16'00”
N, 53°46'24” W) (Fig. 1). The sampling location for the SPATT samplers
was selected as a compromise for being safe from icebergs, good
accessibility throughout the year, and qualitative proximity to the
original sampling stations.

Sampling containers were pre-treated with 3% hydrochloric acid and
rinsed with fresh water thoroughly between samplings. The containers
were flushed twice with the respective sample before collecting 10 L of
seawater from 5, 10, 20, 30 and 40 m depth. Salinity and temperature
were measured manually from the sampled waters until May 14. From
May 2017 on, a SonTek CastAway-CTD or a Seabird SBE 911plus CTD
were used for additional oceanographic data. Comparability of the
values was ensured by measuring in parallel with the different devices.
To restrict degradation of the samples, they were stored cool and dark
before being processed within 24 h after sampling.

2.2. Sample preparation and analysis

Water samples from different depths at the same sampling station
were pooled before the following treatments were performed:

Samples for inorganic nutrient measurements (ammonium, nitrate,
nitrite, phosphate and silicate) were transferred from the pooled sample
to polypropylene bottles (50 mL) and frozen immediately at -20 °C.
Nutrient samples were analyzed with a continuous-flow autoanalyzer
(Evolution III, Alliance Instruments, France) based upon standard
seawater analytical methods for determination of nitrate and nitrite
(Armstrong et al., 1967), ammonium (Koroleff, 1969), silicate (Grassh-
off et al., 1983), and phosphate (Eberlein and Kattner, 1987).

For chlorophyll a analyses, 1 L of pooled sample was filtered through
glass microfiber filters (Whatman GF/F, Whatman, UK; nominal pore
size: 0.7 um), packed in aluminum foil and frozen at -20 °C until anal-
ysis, maximum four weeks after sampling. Chlorophyll a was extracted
from the filters by incubation in 10 mL of methanol (modified after EPA
method 445.0-1, Arar and Collins, 1997) at -20 °C overnight. The extract
was measured at 665 nm (TD-700 fluorometer, Turner Designs, USA,
calibrated with Anacystis nidulans chlorophyll, Sigma-Aldrich).

For POC and PON analysis, 1 L of pooled sample was filtered through
pre-combusted glass microfiber filters (Whatman GF/F, Whatman, UK;
nominal pore size: 0.7 um) and frozen in pre-combusted glass vials
before analysis. For analysis, the wet filters were dried at 50 °C
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Fig. 1. Sampling stations. The phytoplankton sampling area off the south coast of Disko Island, the sampling site for dissolved toxins, and the location of the

research base Arctic Station.

overnight. Half of the dried filter was acidified with 300 pL 0.2 N HCl
and again dried overnight at 50 °C, the other half was frozen as a
backup. The acidified and dried filters were packed in tin foil and
analyzed on a Euro Elemental Analyzer 3000 CHNS-O (HEKAtech
GmbH, Germany). POC:PON ratios from February 10 through 21 were
excluded because of very low cell biomass.

2.3. Metabarcoding

The remaining pooled water sample was filtrated through a series of
filters for size fractionation. A 200 um nylon mesh was used to decrease
the amount of debris and larger zooplankton. As the size fraction above
200 pm was discarded, some larger phytoplankton cells and colonies
were removed as a consequence. The filtrate was subsequently size
fractionated in three filtration steps with a 20 um nylon mesh (filtering
47.5 L), and polycarbonate filters with pore sizes of 3 um (filtering 3 L)
and 0.2 um (filtering 1 L) using a vacuum pump at minimum -500 mbar.
The size fractions will hereafter be referred to as picoplankton (0.2 um to
3 um), nanoplankton (3 um to 20 um) and microplankton (20 um to 200
um). DNA was extracted with a NucleoSpin Soil kit (Macherey-Nagel,
Germany). Metabarcoding libraries were prepared according to 16S
Metagenomic Sequencing Library Preparation protocol by Illumina,
with the primers being adapted for the eukaryotic V4-region (Piredda
et al.,, 2016). After sequencing with the Illumina MiSeq system, the
clustering and annotation of OTUs (Operational Taxonomic Units) was
performed utilizing a pipeline developed in house (as described by
Sprong et al., 2020) with the reference database PR? (version 4.11.1,
Guillou et al., 2013). To gain further insight and a better-curated system,
the taxonomic groups of dinoflagellates, diatoms and haptophytes were
additionally annotated on taxonomic trees (Elferink et al., 2017) and
subsequently manually curated. Further, the data was normalized, fungi
and metazoan sequences were removed, as well as singletons and dou-
bletons as potential artifacts. This and further data preparation was done
in R, version 3.6 with RStudio, version 1.3.959 and the packages effects,
ggplot2, plyr, phyloseq, and vegan.

2.4. Toxin analysis

Two distinct approaches were used to monitor the toxins presented
in Table 2. For particulate toxin content, plankton net (pore size 20 um,
40 cm diameter; Hydro-Bios, Kiel, Germany) samples were hauled from
40 m depth at the same locations and time points as the water samples.
We estimate that a maximum of approximately 5000 L water was
filtered with each net tow, depending on the density of particles in the

water (Brander et al., 1993). The dense plankton net sample was diluted
with surface water and stored cold a few hours until processing to
minimize cell death and lysis. Most zooplankton (and some larger
phytoplankton cells and colonies) was removed by a 200 um mesh
filtration, the samples were collected on a 20 um mesh, split in four even
aliquots with a pipette and pelleted by centrifugation. Pellets were
frozen at -20 °C until toxin extraction. Two aliquots were spiked with
0.9 g of lysing matrix D (Thermo Savant, Illkirch, France) and with
methanol and 0.03 M acetic acid, respectively. The cells were lysed and
extracted in a FastPrep homogenizer (Thermo Savant) by reciprocal
shaking at 6.5 m/s, and subsequently centrifuged at 16,100 x g for 15
min. After filtering the supernatant through Ultrafree MC Filter units
(Millipore), one aliquot was analyzed for hydrophilic paralytic shellfish
poisoning (PSP) toxins by ion-pair chromatography coupled to
post-column derivatization and fluorescence detection as detailed in
Van de Waal et al. (2015). The other aliquot was analyzed for lipophilic
phycotoxins by reversed phase liquid chromatography coupled to tan-
dem mass spectrometry (LC-MS/MS) as detailed in Krock et al. (2008)
with additional mass transitions for goniodomin A and
desmethyl-goniodomin A (m/z 786.5 — 733.5 and m/z 772.5 — 719.5,
respectively).

Dissolved toxins were sampled by solid phase absorption toxin
tracking (SPATT, MacKenzie et al., 2004). SPATT samplers with Diaion
HP20 (Sigma, Deisenhofen, Germany) were prepared as described in
Krock et al. (2020) before deployment. The samplers were not placed in
the sampling area for particulate plankton, because this location was too
open and iceberg occurrences would have interfered with the samplers.
Instead, SPATT samplers were deployed in a small bay in the vicinity
(69°15'060" N, 53°46'024” W), at a depth of 8.5 m below surface.
SPATT sampler monitoring was performed between May 1, 2017 and
April 30, 2018, where they were exchanged approximately once per
month with a time span ranging from 18 d in the times with higher
primary production up to 43 d during less productive phases. From
September 19, 2017 to October 18, 2017 it was not possible to deploy
new samplers. After retrieval, the samplers were air dried at room
temperature and subsequently frozen at -20 °C until analysis. SPATT
sampler were desalted by rinsing three times with deionized water and
subsequently dried over night at 50 °C. The dry resin was transferred to
50 mL centrifugation tubes and stored at -20 °C until extraction. For
extraction, 30 mL methanol were added to the resin and gently shaken
overnight. Subsequently, the methanolic resin suspension was poured
into a glass chromatography column and methanol was eluted dropwise
until reaching the surface of the resin layer. Subsequently, the centri-
fugation tube was rinsed with 25 mL methanol and the methanol was
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added to the resin column. Finally, the resin was extracted with addi-
tional 100 mL methanol. The combined eluates were collected in a glass
flask and concentrated to approximately 1 mL in a rotary evaporator.
The extract was spin filtered (0.45 pm pore size) and the filtrate trans-
ferred into an HPLC vial, taken to dryness under a gentle nitrogen stream
and finally reconstituted in 200 uL methanol. SPATT samples were
analyzed for lipophilic phycotoxins as described above.

3. Results
3.1. Seasonal biomass, nutrients and temperature
The biomass markers POC, PON and chlorophyll a all peaked at the

sampling in the end of March 2017. All three values behaved largely the
same in their tendencies of increasing and decreasing with slight
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variations in the strength of in- and decrease (Fig. 4C). Chlorophyll a
levels peaked at 3.41 pg/L, POC at 0.65 ug/L and PON at 0.07 ug/L. In
summer (May-July) 2017, silicate, nitrate and phosphate were
decreasing with time (Fig 2A). Ammonium levels varied, but did not
show a clear trend. Nitrite levels stayed low, with a slightly higher level
in the beginning of this season (Fig. 2A). With progression from spring to
summer, water temperature increased continuously and the POC:PON-
ratio decreased (Fig. 2B). Levels of nitrate, silicate and phosphate
were overall higher in winter than in summer. Nitrite stayed low at
levels comparable to the summer season. Silicate had a slight increasing
trend, whereas nitrate and phosphate levels were approximately the
same throughout the season. Ammonium levels varied again, overall
being a bit lower than in summer (Fig. 2A). The water temperature in
winter was uniformly low at approximately 1.5 °C, while the POC:PON
followed an upwards trend (Fig. 2B).
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3.2. Potentially toxic species

Using the IOC-UNESCO taxonomic reference list for defining
potentially toxic taxa (Moestrup et al., 2009), eleven potentially toxic
taxa of eight genera were detected as OTUs (Table 1). It was possible to
identify five toxigenic taxa to species level, namely Alexandrium cat-
enella, Alexandrium ostenfeldii, Dinophysis acuminata, Gonyaulax spinifera,
and Protoceratium reticulatum. Because the genera Alexandrium,
Dinophysis, Phalacroma (toxicity under debate with hints for toxicity,
Reguera et al., 2014), Prorocentrum, Nitzschia and Pseudo-nitzschia
contain several toxin-producing species, the reads for these genera were
included. The total number of OTU reads from potentially toxic species
equalled 1.7 % of all detected OTU reads.

3.3. Seasonal succession pattern of potential HAB species

We were able to assign 26,993 different OTUs via PR? in the com-
bined datasets from 2017 and 2018, of which 1179 could not be assigned
to anything more specific than Eukaryota and 37 OTUs were assigned to
unclassified Opisthokonta, meaning that it was not possible to
completely exclude the possibility of the OTUs to represent a protist
species. After excluding fungi, land plants, and animals, 24,698 poten-
tial protist-representing OTU reads were left and analyzed for the suc-
cession pattern on different phylogenetic levels after normalizing
(Fig. 3). HAB relevant dinoflagellates, diatoms and haptophytes were
evaluated from the normalized OTU metabarcoding and put into context
with the overall protist succession. Potential toxin producers were
mainly found in the microplankton size fraction, while they were not
present in picoplankton and present to a much lesser extent in the
nanoplankton size fraction (Fig. 3B and C). The peak percentage of
potentially toxic dinoflagellates was in July 2017 (Fig. 3B), whereas the
peak for potentially toxic diatoms was observed in May 2017 (Fig. 3C).

3.4. Temporal toxin content

In spring, the phytoplankton biomass peaked on May 26 2017,
probably due to a diatom bloom. Most particulate toxins (from cell
pellets) reached their highest values more than 47 days later on July 12
and 27 (Fig. 4A, B). The dissolved toxin fraction, which was in contrast
measured for almost the entire year, appeared latest three months
thereafter in the time period October 18 to November 18. Both in the
particulate and dissolved phase, spirolides (SPX) and pectenotoxins
(PTX) clustered together, while only dissolved okadaic acid (OA) was
associated with these toxins. Dissolved gymnodimine A (GYM A) and
azaspiracid-1 (AZA 1) also clustered together. GYM A, OA, dinophysis-
toxins (DTX), yessotoxins (YTX), and AZA 1 were only detected in the

Table 1.

Statistics of potential HAB species. Singletons, doubletons and tripletons were
removed from the pool before assessing the numbers. The per mill value of total
detected OTUs values was rounded to three decimal places.

HAB Taxon Number of assigned different ~ Per mill of total amount of
OTUs reads
Alexandrium catenella 2 0.373
Alexandrium 7 7.048
ostenfeldii
Alexandrium spp. 33 0.076
Dinophysis acuminata 5 0.511
Dinophysis spp. 17 0.02
Gonyaulax spinifera 2 0.034
Phalacroma spp. 5 0.654
Prorocentrum spp. 22 4.028
Protoceratium 1 0.040
reticulatum
Nitzschia spp. 9 0.396
Pseudo-nitzschia spp. 4 3.989
Total 107 17.169
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dissolved phase, whereas DA was the only toxin solely detected in the
particulate phase. All other analyzed toxins were either not detected at
all or detected in both phases, but at different time points (Table 2). The
most abundant toxin group was SPX, which was present and measure-
able in all sample types. Additionally, DA and PTX were present,
although DA could only be detected in the particulate phase. In contrast,
GYM only had comparably low amounts detected in the liquid phase
(Table 2 and Fig. 4).

4. Discussion
4.1. Seasonality in context of nutrient availability

The aim of this study was to reveal the natural succession pattern of
HAB species and their phycotoxins in order to assess a potential future
risk on the Arctic marine ecosystem. We observed a clear seasonal
reciprocal trend of dinoflagellates and diatoms in terms of community
dominance (Fig. 2A), with diatoms dominating in spring and di-
noflagellates afterwards. This supports previous observations of diatoms
dominating the spring bloom biomass, which then quickly consume the
nutrients in the mixed layer (Tammilehto et al., 2017), giving way to
mixotrophic organisms such as dinoflagellates in the summer period
(Raymont, 1980; Smayda and Trainer, 2010; Flynn et al., 2019). This is
in accordance with our data, where the nutrients in the spring season
were quickly depleted in correlation with high diatom abundance in the
microplankton size fraction (Figs. 2 and 3). After the nutrient depletion,
the relative dinoflagellate OTU dominance and ammonium levels were
increasing (Fig. 2A), as also shown by Glibert (2016).

4.2. Overall contribution of HAB species OTUs

In total, eleven potentially toxic dinoflagellate and diatom taxa were
found, of which five dinoflagellates were identified to species level.
While the overall OTU richness was diverse, the eleven potentially toxic
taxa seen in our study contributed to only 1.7 % of total OTU reads
(including all size fractions). Hence, we did not observe a HAB, but the
respective species were present and an imbalance and further changes in
the ecosystem has the potential for HABs to develop in the near future.
As expected, the most important size fraction for detected OTUs of HAB
species was the microplankton (>20 um) (Fig. 3). Among these, Alex-
andrium ostenfeldii was the most important dinoflagellate, contributing
at times to more than 60% of all microplankton OTU reads, and peaking
together with the overall contribution of dinoflagellates in this size
fraction. This larger dinoflagellate contribution of OTUs was taking
place after the spring bloom peak at relatively low Chl a, POC and PON
content. Additionally, the high copy number of ribosomal operons in
dinoflagellate genomes often leads to an overestimation of their absolute
contribution to the community in metabarcoding approaches because a
single cell can contain several copies of the genes relevant for meta-
barcoding (Guo et al., 2016). This may indicate a rather low absolute
abundance of A. ostenfeldii at the cellular level and a method-based
overestimation of dinoflagellates in general. Still, the contribution to
the overall OTUs of A. ostenfeldii was notable, and most prominent in
July. The most abundant toxic diatom taxon based on the OTU data was
the genus Pseudo-nitzschia, which contributed about 14% of all micro-
plankton OTU reads at the time of the spring bloom peak. The danger of
HAB events partly lies in their spatiotemporal unpredictability, as they
are often influenced by wind-induced upwelling or other non-seasonal
events (Zingone and Oksfeldt Enevoldsen, 2000; Pitcher and Weeks,
2006). A strongly seasonal environment such as the Arctic may be
different, as the potentially toxic organisms strongly correlate with the
overall seasonal bloom pattern in the present study. On the other hand,
it is known that the exact composition of the Arctic spring bloom varies
considerably from year to year (Hegseth and Tverberg, 2013; Fragoso
et al., 2017), which may imply similar risks in this region.
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Fig. 3. Succession of toxic species in the OTU analysis. Normalized total protist OTU data (A), progression of potentially toxic dinoflagellates (B), and progression
of potentially toxic diatoms (C) are shown. Solid black vertical lines indicate discontinuous measurement.

4.3. Dissolved and particulate toxin prevalence of diatom-related domoic

acid

Various phycotoxins have been observed in Subarctic and Arctic

regions, but their seasonal occurrence has not yet been assessed. So far,
field surveys took place during the spring bloom event and the summer
months afterwards, looking at snapshots or transects (e.g. Baggesen
et al., 2012; Tillmann et al., 2014; Elferink et al., 2017; 2020a,b). This is
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Fig. 4. Toxin content over time. Toxin content patterns in liquid phase (A) and solid phase (B) as well as biomass as context (C), normalized along the time scale.
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below detection limit were set as 0. Numbers next to GYM toxins indicate m/z of the respective measured species.

the first study to include the temporal component in context with nu-
trients, community structure, and biomass to allow for a developmental
analysis of presence of toxins in an Arctic coastal region. The overall
pattern shows a toxin succession which starts with particulate toxins
occurring first and dissolved toxins later. The shift from particular into
the dissolved toxin fraction (Fig. 4) may result from continuous leaking
and excretion of the source organisms, but also from lysed and grazed
organisms due to increased grazing pressure over time (Cembella, 2003;
Ianora et al., 2011).

After spirolides (SPX), domoic acid (DA) had the highest measured
content in the particulate phase, with the highest level reaching 0.05 pg/
L in late May. Compared to other non-Arctic regions, we observed orders
of magnitude lower levels of DA (Bates et al., 2018; Torres Palenzuela
et al., 2019). The increase in amount of DA in spring co-aligned with
both the peak in Chl a and the OTU peak of Pseudo-nitzschia spp. Pre-
vious findings of particulate DA found between July 28 and August 8 in
2012 in the Uumannagq Fjord, Vaigat Strait and Disko Bay, were also
linked to Pseudo-nitzschia spp. presence in metabarcoding samples
(Elferink et al.,, 2017). In April 2012, June 2013 and June 2014,
DA-producing P. delicatissima was isolated from the Disko Bay area as
well (Lundholm et al., 2018). In 2007, toxic P. seriata was found around
Nuuk (Hansen et al., 2011) and in 2011 in Disko Bay (Tammilehto et al.,
2012). The non-toxic P. arctica has also been detected before in Disko
Bay (Percopo et al., 2016), suggesting that, in our case, there was
probably a mixture of toxic and non-toxic species present. Several
different Pseudo-nitzschia species co-occur in Arctic waters in spring, but
the OTU sequences have not provided enough phylogenetic resolution

allowing us to assign Pseudo-nitzschia spp. to species level.
Ecophysiological experiments have shown that DA cell quota in-
creases during silicate and phosphate limitation, whereas nitrogen is
required for the production, as DA is an amino acid derivative (Bates
etal., 2018). Our field data (Fig. 2) support these findings, as silicate and
phosphate were depleted at the time around the DA peak. Ammonium
was still available at a relatively high concentration, not following a
downwards trend like the other nutrients and possibly providing nitro-
gen for DA-production (Wohlrab et al., 2019). Nitrite was only present in
very little densities throughout the study and nitrate was also depleted
along silicate and phosphate. Previous laboratory experiments with
Pseudo-nitzschia strains from the Disko Bay area showed that the pres-
ence of herbivorous copepods induced DA production (Hardardottir
etal., 2015; Lundholm et al., 2018). Copepods, which are typical diatom
grazers in the Arctic, increase in biomass and grazing activity around the
spring bloom in Disko Bay (Diinweber et al., 2010). The ammonium
concentration in our data may additionally indicate copepod presence
and their ammonium excretion and grazing activity (Corner and New-
ell, 1967). This implies that a combination of nutrient limitation and
grazer cues may have increased particulate DA-levels. DA was the only
toxin exclusively detectable in the particulate phase and not as dissolved
toxin. Spatial differences could have led to the detection of DA in one
location and not in the other. However, neither PSP toxins nor DA are
adsorbing well to the SPATT material, resulting in a possible method
bias. DA may either still be present, because it has previously been
commonly found in the dissolved phase applying different detection
methods (Lane et al., 2010; Pagou and Hallegraeff, 2012; Geuer et al.,
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Table 2.
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Measured absolute maxima in toxin content and corresponding sampling dates. Amounts of dissolved toxins are expressed in picogram per plankton haul (PH).

nd = below detection limit. nm = not measured.

pg/PH particulate pg/sample Detection limit Sampling time point pg/sample dissolved Detection limit Sampling time frame
AZA1 Nd 75.00 - 57.00 8.82 18.05.-21.06.2017
DA 81010.10 447.76 26.05.2017 nd 110.08 -
DTX1 nd 1136.36 - 37232.29 750.00 18.01.-24.02.2018
DTX1 Isomer nm - - 24876.44 750.00 18.12.-18.01.2018
DTX2 nd 12500.00 - nd 375.00 -
GDA nd 6944.44 - nd 545.45
GTX 1 nd 0.058 - nm -
GTX 2 nd 0.002 - nm -
GTX 3 5686153.85 0.003 27.07.2017 nm -
GTX 4 nd 0.048 - nm -
GTX 5 nd 0.012 - nm - -
GYM A nd 6.25 - 289.00 0.34 18.05.-21.06.2017
GYM_494 nm - - 37.20 0.34 18.12.-18.01.2018
GYM_522 nm - - 48.12 0.34 18.01.-24.02.2018
GYM_548 nm - - 41.98 0.34 24.02.-18.03.2018
GYM_582 nm - - 34.10 0.34 18.01.-24.02.2018
OA nd 2205.88 - 22669.10 1041.67 18.10.-18.11.2017
PTX2 25154.32 375.00 14.06.2017 56293.71 155.84 18.10.-18.11.2017
PTX2sa nm - - 6993.01 155.84 18.10.-18.11.2017
SPX 1 30882.35 83.33 12.07.2017 3158.14 0.86 18.10.-18.11.2017
SPX A 121915.82 83.33 27.07.2017 2386.05 0.86 18.10.-18.11.2017
SPX C 113041.07 83.33 12.07.2017 39860.47 0.86 18.10.-18.11.2017
SPX G 113041.07 83.33 12.07.2017 1646.51 0.86 18.10.-18.11.2017
20-Me-SPX G 283454.28 83.33 27.07.2017 11441.86 0.86 18.10.-18.11.2017
STX 1571184.98 0.002 12.07.2017 nm -
de-STX nd 0.003 - nm -
Neo STX nd 0.022 - nm -
YTX nd 37500.00 - nd 750.00 -
YTX Isomer nd 37500.00 - 6866.36 750.00 25.08.-18.09.2017

2019). Alternatively, DA could have not been present in the water,
because it presumably only leaks out of cells at high intracellular DA
concentrations in the stationary growth phase of DA producers (Lund-
holm et al., 2004; Gai et al., 2018).

4.4. Dissolved and particulate toxin prevalence of dinoflagellate-related
toxins

The measured variety of toxins produced by dinoflagellates was
much greater and the temporal distribution therefore more complex.
The most obvious peak of toxins related to dinoflagellates was observed
in July for particulate toxins and in October and November for dissolved
toxins. Spirolide (SPX) contents in the particulate phase clustered
together with pectenotoxin (PTX) contents. This pattern of toxin clus-
tering repeated itself time-delayed in the dissolved toxins, although
these toxins also clustered together with okadaic acid (OA), one gym-
nodimine (GYM) and a yessotoxin isomer (YTX, Fig. 4). This suggests
that the causative organisms kept the majority of toxins intracellularly
and afterwards released the toxins into the water, probably due to cell
death. The time gap between particulate and dissolved toxins may have
been smaller than presented due to unmeasured toxin contents in the
discontinuous measurements from particulate toxins and metabarcoding
samples. Nevertheless, this does not affect the overall tendency of dis-
solved toxin patterns to repeat after the particulate toxin patterns.

The highest peaks in recorded particulate SPX in our data coincided
with the metabarcoding peak of Alexandrium ostenfeldii in late July
2017. Currently, A. ostenfeldii is the only known producer of SPX
(Cembella et al., 2000, 2001), but the organism is also associated to the
production of paralytic shellfish toxins (PST, including saxitoxin;STX
and gonyautoxins;GTX), and gymnodimines (GYM) (Salgado et al, 2015;
Van de Waal et al., 2015). In August 2012, SPX-producing A. ostenfeldii
strains were also documented in the Disko Bay area (Tillmann et al.,
2014). The same seasonal occurrence appeared in the northern Baltic
Sea with the highest A. ostenfeldii abundance in the warm periods of July
and August (Hakanen et al., 2012), and in July 2013 in the Netherlands
(Van de Waal et al., 2015). Hence, A. ostenfeldii typically appears in the

warmer months after the initial spring bloom peak, both in temperate
and Arctic areas. Three GYM toxins peaked in January to March in the
dissolved phase. We did not observe the community structure in the time
period before this measurement, so it remains speculative which or-
ganism produced the toxins. GYM was first reported to be produced by
Karenia selliformis (reported as Gymnodinium sp.; Seki et al., 1996),
which was not found in our metabarcoding analyses. Another source of
GYM is A. ostenfeldii (reported as A. peruvianum; Van Wagoner et al.,
2011, Martens et al., 2017). However, GYM was present at different time
periods than SPX, so A. ostenfeldii most likely can be excluded as the
GYM-producing species. This indicates that in all probability there are
other, yet unidentified GYM-producing organisms in the West Greenland
region. The occurrence of PTX, OA, and YTX could also not be linked to
causative organisms. Possible causative organisms for these toxins that
were detected in the metabarcoding data comprise Dinophysis acuminata
(OA, DTX, PTX), Dinophysis spp. (OA, DTX, PTX), Gonyaulax spinifera
(YTX), Prorocentrum spp. (OA) and Protoceratium reticulatum (YTX). In
the relative OTU abundance of these species, no obvious temporal dis-
tribution patterns were found that coincide with the toxin patterns. For
instance, in Japanese waters, Dinophysis acuminata, a potential producer
of OA, DTX and PTX, appeared in the warmer months May, June and
July and additionally in October, November and December (Nishitani
et al., 2002). This bi-annual succession pattern cannot be observed in the
metabarcoding data, but more or less in the dissolved toxin pattern,
where we have a peak of OA and PTX in late summer and a peak of a DTX
Isomer in winter. For some dinoflagellates like Dinophysis spp., a patchy
occurrence in thin layers in the water column has been reported, which
can result in sampling bias (Escalera et al., 2012). Single cells of
Dinophysis were seen in inspections by microscopy of plankton net
samples, which sampled the whole water column (this study). The
samples used for metabarcoding were a pooled approach of different
depths and not a fully integrated sample of all depths. This may have
resulted in missing the distinct water column layer of occurrence for the
organisms. This highlights the importance of passive sampling of dis-
solved toxins, which was able to detect DTX, OA and GYM in contrast to
the sampling approach for particulate toxins, where none of these toxins
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were detected.

Azaspiracid-1 was detected in the dissolved phase but not in the
particulate phase. Azadinium cells, producing azaspiracid-1, are below
20 pm in size, and may hence have been missed in the particulate toxin
phase based on 20 ym plankton net hauls. Only one OTU belonging to
the genus Azadinium was detected in the sequenced data, but was
excluded with subsequent curation and analyses of data due to its low
read numbers. A new Azadinium species named Azadinium perforatum
has recently been described for West Greenlandic waters (Tillmann
et al., 2020), suggesting the possibility that the DNA signature of other,
AZA-producing species may have not yet been implemented in the da-
tabases that were been used for identification of our OTU data. This
shows the need for the development of more and larger references da-
tabases so that less species remain invisible in a background of
non-assigned reads/sequences.

5. Conclusions

In conclusion, the investigated area in Disko Bay, West Greenland did
not exhibit an HAB event in the examined period, but presence of several
HAB species and their toxins in the expected succession pattern of di-
atoms during the spring bloom event, followed by dinoflagellates in
summer. The toxins usually appear first in the phytoplankton and are
later on found dissolved in water. The observed seasonal dynamics of
HAB species and toxins can be used as a baseline for HAB potential for
this area and for comparison for future HAB events.
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