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Summary The mean share of heterocystous cyanobacteria in total chlorophyll-a production in
coastal waters, based on cyanobacterial marker carotenoid and chloropigments preserved in
recent sediments (0—5 cm, [60_TD$DIFF]ca 30 years), has been studied in the Gulf of Gdańsk (southern Baltic)
and for comparison in the Oslofjord/Drammensfjord (southern Norway). First of all, Baltic
cyanobacteria, both from laboratory cultures and field samples, were analysed to select marker
heterocysteous cyanobacteria carotenoids for sediments. The pigment relation to diatom
percentages of different salinity preferences has been tested, to confirm origin of cyanobacteria.
The results indicate that canthaxanthin is the best marker of heterocystous cyanobacteria in the
southern Baltic Sea. These filamentous cyanobacteria inflow to the Gulf of Gdańsk from the open
sea and their abundance has increased in the last thirty years, in comparison with previous time.
In that period they made up [60_TD$DIFF]ca 4.6% of the total chlorophyll-a production in the Gulf of Gdańsk.
The estimate for Oslofjord, at the same assumptions, suggests that heterocystous cyanobacteria
occurred there also (up to 5.8% of the total chlorophyll-a production), were of marine origin, but
their abundance has decreased during the last thirty years. Such an estimate may be used in
environmental modelling and can be applied to other coastal areas, once the marker pigments of
the main cyanobacteria species have been identified, and the percentage of total chlorophyll-a
produced in a basin, preserved in sediments, has been determined for such area.
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1. Introduction

Cyanobacteria (blue-green algae) blooms are presently a
serious problem in the Baltic, a brackish, semi-enclosed
sea (Kahru and Elmgren, 2014), as in many other coastal
zones and lakes (Bianchi et al., 1993; Carstensen et al., 2015;
Cook et al., 2016; Paerl et al., 2003). Some cyanobacteria
species can produce toxins, so the blooms are often not only a
nuisance but also pose a danger to marine life and humans
(Karlson et al., 2005; Mazur-Marzec and Pliński, 2009; Sivo-
nen et al., 1989). The cyanobacteria massive blooms which
develop in the Baltic each summer may be transferred by
waves and water currents to far distances. They are com-
posed of atmospheric nitrogen-fixing (diazotrophic) cya-
nobacteria, of three planktic taxa: Nodularia spumigena,
Aphanizomenon flos-aquae and Dolichospermum sp., clas-
sified as heterocystous cyanobacteria (Mazur-Marzec
et al., 2013). All three taxa can produce toxins, though
there are no reports on toxic Aphanizomenon flos-aquae
from the Baltic — only on its freshwater strains (Lehtimäki
et al., 1997). The most abundant of those three taxa in the
southern Baltic — N. spumigena — produces the toxin
nodularin (NOD) (Laamanen et al., 2001; Mazur-Marzec
and Pliński, 2009; Stal et al., 2003). It forms blooms also
in estuaries and brackish lakes of coastal zones in Australia,
New Zealand, inland waters of the USA, South Africa and a
saline lake in Turkey (Cook et al., 2016; Henriksen, 2005;
Sahindokuyucu Kocasari et al., 2015), as well as off the
North Sea coast (Nehring, 1993). N. spumigena needs
higher salinities than A. flos-aquae for optimal growth,
so the latter is more abundant than the former in fresh-
water lakes and the northern Baltic (Laamanen et al., 2002;
Lehtimäki et al., 1997; Mazur-Marzec et al., 2005).

In order to determine the intensity of cyanobacteria
blooms, microscopic analysis of phytoplankton samples is
mostly used. Such an analysis provides only temporary infor-
mation, not always relevant, since the cyanobacteria dis-
tribution in water can change very quickly in time and space
(Kowalewska et al., 2014; Stal et al., 2003). Satellite detec-
tion methods (Kahru and Elmgren, 2014) give a much larger
picture than the above-mentioned discrete, point monitor-
ing, although it is still a two-dimensional, fleeting image,
encumbered with such impediments like clouds, high costs, [61_TD$DIFF]
etc.

To supplement the above techniques it is worth analysing
pigments in sediments. Concentrations and relative compo-
sitions of pigments in sediments depend on such factors as
primary production, phytoplankton composition, sedimenta-
tion/accumulation rate, hydro-meteorological and post-
depositional conditions (Jeffrey et al., 1997). Pigments differ
in stability and can be degraded by both abiotic and biotic
factors e.g. oxygen, light, herbivore grazing or microorgan-
ism activity (Leavitt, 1993). In consequence, studies on
parent pigments and their derivatives in sediments provide
information about time-averaged primary production, phy-
toplankton taxa and the environmental conditions (Jeffrey
et al., 1997). Zeaxanthin is known as a major carotenoid,
characteristic of cyanobacteria occurring in an aquatic envir-
onment (Jeffrey et al., 1997; Roy et al., 2012); echinenone
and canthaxanthin are also mentioned (Henriksen, 2005; Roy
et al., 2012). Zeaxanthin has been considered a universal

cyanobacteria marker in the Baltic water (Stoń et al., 2002)
and sediments (Bianchi et al., 2000; Łotocka, 1998). A 4-
keto-myxoxanthophyll-like pigment was proposed as a mar-
ker of N. spumigena in seawater — the major toxic cyano-
bacteria species forming blooms in the Baltic Sea (Schlüter
et al., 2004).

The aim of this paper was to estimate the mean contribu-
tion of heterocystous cyanobacteria to total chlorophyll-a
production in coastal waters, based on biomarker carote-
noids and chloropigments preserved in recent sediments.
Such estimate may be used in environmental modelling.
Sediments originated from the Gulf of Gdańsk and for com-
parison from the Oslofjord/Drammensfjord (southern Nor-
way). It is a part of Skagerrak strait, connecting the North Sea
and the Kattegat sea area, which leads to the Baltic Sea. Both
the Gulf of Gdańsk and Oslofjord are under human impact and
of restricted seawater exchange, but differ in natural con-
ditions (salinity, water depth, geomorphology, hydrology,
etc.). The sediment results were related to the Baltic cya-
nobacteria in laboratory cultures and seawater samples col-
lected during summer cyanobacteria blooms to select marker
carotenoids characteristic for heterocysteous cyanobacteria
in this area. Correlation of cyanobacterial marker carote-
noids in sediments with diatom percentage of different
salinity preferences has been tested, to confirm marine/
brackish origin of cyanobacteria.

2. Material and methods

2.1. Study areas

2.1.1. Gulf of Gdańsk
The Gulf of Gdańsk (area — 4940 km2

[55_TD$DIFF], water volume —

291 km3 (Majewski, 1994)) is situated in the south-eastern
part of the Baltic Sea and is part of the Gdańsk Basin. It has an
average depth of 59 m and a maximum of 110 m (Gdańsk
Deep). The input of nutrients from the waters of the Wisła
(Vistula), the largest Polish river (�39 km3

[62_TD$DIFF] yr�1), leads to a
high level of primary production (up to 225 g C�1 yr�1) (Pas-
tuszak and Witek et al., 2012). High sedimentation/accumu-
lation rates and limited water exchange favour intensive
blooms of algae and cyanobacteria (including species produ-
cing toxins) (Conley et al., 2011). The Gdańsk Deep is a sink
for particulate matter both autochthonous (originating from
marine primary production) (Maksymowska et al., 2000) and
allochthonous (carried [64_TD$DIFF]by the Wisła). The salinity varies
between 7 and 8 in the surface water, except for an area
close to the Wisła mouth. The salinity of deeper water is
higher, [60_TD$DIFF]ca 10—15. At depth 60—80 m a halocline is formed
resulting in hypoxic/anoxic conditions in the bottom waters
(IMGW, 2013). The sediments in the Gulf of Gdańsk are
diverse: from sand near the coast to silty clay in the Gdańsk
Deep. Stations P110, P116, M1 and P1 were situated along the
pathway of Wisła water inflow into the Gulf. Stations BMPK10
and P104 were located in the shallow, western part of the
basin (Puck Bay), the latter near the shore but also close to
the open sea.

2.1.2. Oslofjord/Drammensfjord
Oslofjord/Drammensfjord, the northward extension of the Ska-
gerrak, lies at theentrance to theBaltic. The twomain, inner and
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outer fjord basins are separated by a sill at 19.5 mdepth (Drobak
Sound). Stations A and B were located in Drammensfjord, sepa-
rated from the Greater Oslofjord by a sill at Svelvik. The other
four stations were located in the inner Oslofjord: station C in the
deepest, southernmost part of the Vestfjord, and stations D, E, F
in the Bunnefjord. The water depths were from 113 to 152 m at
stations A—D, and 77—78 m at stations E and F. The surface
salinity ranged from 0 (stations A, B) to nearly 20 (Oslofjord).
The halocline lay at depth 10—20 m at all stations.

2.2. Sample collection

Sediment samples were collected at six stations in the Gulf of
Gdańsk and at six in the Oslofjord/Drammensfjord (Fig. 1).
Sediments were collected with a Niemistö core sampler
(F = 10 cm) during a cruise of r/v 'Oceania' in April 2014
(Gulf of Gdańsk) and in June 2014 (Oslofjord/Drammensf-
jord). Immediately after collection, the cores were divided
into layers (0—1, 1—5, 5—10, 10—15, 15—20 cm) and frozen
at �208C on board ship and next preserved frozen until
pigment and diatom analyses.

Phytoplankton samples were collected from the surface
seawater at the Sopot pier during the exceptionally intensive
cyanobacteria bloom in August 2015 and amuch less intensive
one in July 2016. The seawater samples were passed through
Whatman GF/F filters, which were then stored at�208C until
HPLC analysis. The water samples were analysed under the
microscope in order to identify cyanobacteria taxa.

2.3. Cyanobacteria cultures

The strains originated from the Culture Collection of Northern
Poland (CCNP) at the Institute of Oceanography University of
Gdańsk. The cyanobacteria had been isolated from the littoral
and pelagic zones of the Baltic Sea (Table 1). Additionally, one

strain of Aphanizomenon flos-aquae (CCAP 1401/2), isolated
from a freshwater lake in the U.K., was analysed. The cyano-
bacteria cultures were passed through a Whatman GF/F glass-
fibre filter and next analysed for pigment content.

2.4. Pigment analysis

Pigments (carotenoids and chloropigments) were analysed in
sediment samples, cyanobacteria cultures and seston sam-
ples. Extraction and analysis of pigments were carried out by
HPLC, according to the procedures described in detail else-
where (Krajewska et al., 2017a; Szymczak-Żyła and Kowa-
lewska, 2007, Szymczak-Żyła et al., 2017).

2.5. Diatom analysis

Samples for diatom analyses ( [65_TD$DIFF]ca 0.1—0.2 g dry sediment)
were prepared following the standard procedure for diatom
observation under a light microscope (Battarbee, 1986). The
diatom samples were treated with 10% HCl to remove calcium
carbonate. Next, the organic matter was digested using 30%
H2O2, after which mineral matter was removed by decanta-
tion. To estimate the concentration of siliceous microfossils
per unit weight of dry sediment (absolute abundance), a
random settling technique was used (Bodén, 1991). Perma-
nent diatom preparations were mounted in Naphrax1 [63_TD$DIFF]

(refractive index nD = 1.73). The analysis was performed
with a NIKON microscope under a 100� oil immersion objec-
tive; 500 to 800 valves were counted in each sample to
estimate the percentage abundance of particular taxa.
The raw counts were transformed into relative abundance
of the total frustules counted. The taxonomy and ecological
information with respect to habitat and salinity preferences
was based primarily on Krammer and Lange-Bertalot (1986),
Denys (1991), Hasle and Syvertsen (1996).

[(Fig._1)TD$FIG]

Fig. 1 Location of the sediment sampling sites.
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2.6. Statistical analysis

The results were statistically processed using STATISTICA
12.5 software (StatSoft, Poland); correlation analysis was
used. A non-parametric method (R-Spearman correlation
analysis) was applied as the basic conditions necessary for
using parametric methods were not fulfilled. A correlation of
p < 0.05 was regarded as significant.

3. Results

3.1. Carotenoid distribution in sediments

The highest concentration of sum of carotenoids (S11Cars) in
the Gulf of Gdańsk was in the first (0—1 cm) sediment layer at
each station, and varied from minimum concentration
15 nmol/g at station BMPK10 (5—10 cm) to [66_TD$DIFF]�860 nmol/g
dw of sediment, at station P1 (0—1 cm) and were higher
at the Deep of Gdańsk than at the coastal stations; the
corresponding results from Oslofjord were from [67_TD$DIFF]�11 nmol/
g at station F (15—20 cm) to 500 nmol/g at station D (5—
10 cm) (Fig. 2a). The carotenoid content was the highest at
stations D and E. Moreover, the carotenoid content in the 0—
1 cm layer of the cores from all the fjord stations was not the
highest: in fact it was sometimes even lower than in the
deeper core layers.

Besides b-carotenes in sediments, there were markers of
the main phytoplankton groups occurring in the southern
Baltic: zeaxanthin (Zea), canthaxanthin (Cantha) and echi-
nenone (Echin) — cyanobacteria; lutein (Lut) — green algae;
alloxanthin (Allo) and a-carotene (a-Car) — cryptomonads;
fucoxanthin (Fuco) and diatoxanthin (Diato) — diatoms and
dinoflagellates. The percentage of three cyanobacteria pig-
ments (zeaxanthin, echinenone and canthaxanthin) in the
sum of 11 carotenoids was the lowest in the 0—1 cm layer
owing to the high percentage of fucoxanthin, an unstable
pigment (Appendix 1). In the deeper layers it was around 20%
of the sum at all stations, although both the amounts and
proportions of particular cyanobacteria carotenoids differed
between stations and with depth in sediments (Fig. 2b,
Appendix 2). Generally, all three carotenoids were present
in distinctly higher concentrations in the sediments of the
Gdańsk Deep stations than in the coastal ones. In particular,
the zeaxanthin concentration rose towards the Deep and was
highest in the sediments at P1. Canthaxanthin was very
similarly distributed in the sediments of the four stations
P1—P110, although there were differences in particular
layers, while echinenone occurred in lower concentrations
than zeaxanthin and canthaxanthin (Appendix 2). The three
carotenoids were present in the following percentages of
their sum: zeaxanthin (57—85%), canthaxanthin (10—30%)
and echinenone (2—18%) (Fig. 2b). The average percentage
of zeaxanthin in the sum ranged from 70 to 80% in the Gdańsk

Table 1 Marker cyanobacteria carotenoids in laboratory cultures and field samples.

Cyanobacteria Myxo Zea Cantha Echin

Nostocales — planktic
Nodularia spumigena CCNP1401 (a) myxo-like (16.4 min) � + +
Nodularia spumigena CCNP 1401 (b) � � + +
Nodularia spumigena CCNP 1403 myxo-like (16.7 min) � + +
Nodularia spumigena CCNP 1430 � � + +
Nodularia spumigena CCNP 1440 � � + +
Aphanizomenon flos-aqua CCAP1401/2a + � + +

Nostocales — benthic
Anabaena sp. CCNP1417 (a) myxo-like (17.1 min) � + +
Anabaena sp. CCNP 1417 (b) myxo-like (17.3 min) � + +
Trichormus variabilis CCNP 1404 myxo-like (17.4 min) � + +

Chroococcales
Synechocystis sp. CCNP1108 (a) myxo-DHI standard (20.1 min) + � +
Synechocystis sp. CCNP 1108 (b) myxo-DHI standard (20.1 min) + � +
Synechocystis salina CCNP1104 (a) myxo-DHI standard (20.2 min) + � +
Synechocystis salina CCNP 1104 (b) myxo-DHI standard (20.1 min) + � +
Cyanobium sp. CCNP 1109 � + � +
Synechococcus sp. CCNP 1110 � + � +
Microcystis aeruginosa CCNP1101 (a) myxo-like (17.5 min) + � +
Microcystis aeruginosa CCNP 1101 (b) myxo-like (17.1 min) + � +

Pseudoanabaenales
Pseudoanabaena galeata CCNP1313 (a) myxo-DHI standard (20.1 min) + � +
Pseudoanabaena galeata CCNP 1313 (b) � + � +

Oscillatoriales
Lyngbya aestuari CCNP 1315 myxo-like (18.6 min) + � +

Blooms — Gulf of Gdańsk
Cyanobacteria bloom — August 2015 (Nostocales) myxo-like (17.4 min) + + +
Cyanobacteria bloom — July 2016 (Nostocales) myxo-like (17.3 min) + + +

a The UK National Culture Collection (UKNCC).
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Deep to 60—75% in the Oslofjord. Station C had the smallest
zeaxanthin percentage and an exceptionally high percentage
of canthaxanthin, [60_TD$DIFF]ca 60%. The percentage of canthaxanthin
was higher in the Oslofjord than in the Gulf of Gdańsk, while
that of echinenone was lower in the Oslofjord compared to
the Gulf of Gdańsk.

3.2. Diatoms

The results of the diatom analysis indicate that the sum of
valves was about ten times higher in the Gulf of Gdańsk than
in the Oslofjord and rarely highest in the 0—1 cm layer. At
stations C and F the valves occurred only in the surface layers
(0—1 and 0—5, respectively). The percentage of marine
diatoms in the sum of all diatom valves in the Gulf of Gdańsk
was the highest at station P110 and the lowest at station
P116, generally lower in the Deep of Gdańsk sediments than
in the coastal ones (Fig. 3). In the fjord sediments the content
of marine planktic diatoms was much higher in the inner
Oslofjord than in Drammensfjord.

3.3. Baltic cyanobacteria laboratory cultures
and field samples

In order to elucidate the results for sediments, nineteen
cyanobacteria cultures were analysed to determine their
carotenoid composition (Table 1). Eight were of the order
Nostocales: five of planktic Nodularia spumigena, three of
the benthic Anabaena sp. and Trichormus variabilis, isolated
from the Baltic Sea, and one of Aphanizomenon flos-aquae —

isolated from a lake. The cyanobacteria cultures of the order

Nostocalescontainedcanthaxanthinandechinenone (Table1).
These cultures contained also different myxol glucoside car-
otenoids. The next cultures analysed were non-colonial cya-
nobacteria of the order Chroococcales: Synechocystis,
Synechococcus and Cyanobium sp. (all non-toxic). The Syne-
chocystis, Synechococcus and Cyanobium are included in the
planktic picocyanobacteria which, according to literature
data, may constitute as much as [68_TD$DIFF]80% of the cyanobacteria
biomass in the Baltic Sea (Stal et al., 2003). The next one
culture was also included in Chroococcales a freshwater toxic
strain of the nanocyanobacteria Microcystis aeruginosa
CCNP1101, isolated from the Wisła Lagoon, although M. aer-
uginosa occurs in the Gulf of Gdańsk and other parts of the
Baltic coastal zone where the salinity is low (Belykh et al.,
2013; Łotocka, 1998; Stoń et al., 2002). The last cultures were
Pseudanabaena, a benthic cyanobacteria of the order Pseu-
doanabaenales and a representative ofOscillatoriales— Lyng-
bya aestuari. The analyses indicated that Chroococcales,
Pseudanabaena sp. and Oscillatoriales contained echinenone
and zeaxanthin but did not contain canthaxanthin. Different
myxoxanthophyll-type carotenoids occurred in majority of
cultures (Table 1).

The seawater samples collected from the Sopot pier
during cyanobacteria blooms contained mainly canthax-
anthin and echinenone of the three cyanobacteria carote-
noids, characteristic of Nostocales (Fig. 4, Appendix 3).
Microscopic analysis showed that during the blooms one
cyanobacteria taxa, of the order Nostocales, Nodularia
was predominant ( [69_TD$DIFF]ca 90%), Aphanizomenon and small
amounts of Dolichospermum were also present. These sam-
ples contained small quantities of zeaxanthin and myxox-

[(Fig._2)TD$FIG]

Fig. 2 (a) Sum of 11 carotenoids in recent sediments from the Gulf of Gdańsk and Oslofjord/Drammensfjord (in nmol/g). (b)
Percentage of three cyanobacteria carotenoids in their sum.
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anthin-type pigments; the letter were under limit of detec-
tion in sediments (Fig. 4, Appendix 3).

4. Discussion

4.1. Cyanobacteria marker carotenoids

Based on the laboratory culture and field sample analyses,
one may infer that canthaxanthin is a marker of heterocys-
tous cyanobacteria in the Gulf of Gdańsk. Of course, there
are different cyanobacteria species in the Baltic and its
coastal zone and even more numerous strains, some of which
may have other sets of marker carotenoids. Nevertheless,
when looking for markers of the most abundant species of
filamentous diazotrophic cyanobacteria forming massive
blooms in Baltic seawater, canthaxanthin seems to be the
best. This carotenoid has already been considered as a
marker of filamentous heterocystous cyanobacteria for Baltic
seawater (Henriksen, 2005; Schlüter et al., 2004; Wojtasie-
wicz and Stoń-Egiert, 2016), Baltic coastal lakes (Freiberg
et al., 2011), and also other aquatic basins in the world, such
as an urban lake in Canada (Desphande et al., 2014). The
present results disagree with those of Bianchi et al. (2000) for
the Baltic, who showed that zeaxanthin is a marker of atmo-
spheric nitrogen-fixing cyanobacteria. However, those
authors stated also that zeaxanthin occurred in minor
amounts in Aphanizomenon sp. and was absent in Nodularia
spumigena (Bianchi et al., 2000, 2002), and they did not
determine canthaxanthin. In those papers zeaxanthin and
echinenone were presented as markers of filamentous atmo-
spheric nitrogen-fixing cyanobacteria; like other authors
(Desphande et al., 2014), we did not observe this. Wojtasie-
wicz and Stoń-Egiert (2016) also confirmed that zeaxanthin
was absent in the toxic N.spumigena and in Anabaena sp.

Zeaxanthin, in turn, appears to be the best marker of
picocyanobacteria which contain higher ratio [70_TD$DIFF]Zea/

SChlns-a than other cyanobacteria (Appendix 3) and are
most abundant among cyanobacteria (Stal et al., 2003). In
fact, zeaxanthin has already been used as a marker of non-
colonial cyanobacteria for sediments from a Canadian
lake (Desphande et al., 2014). Although some authors
have described the occurrence of zeaxanthin in Nosto-
cales samples and from the Baltic Sea, e.g. in small
amounts, in some laboratory cultures of Nodularia spu-
migena (Schlüter et al., 2008) or the sole available Baltic
strain culture of Apanizomenon flos-aquae — KAC15
(Schlüter et al., 2004; Wojtasiewicz and Stoń-Egiert,
2016), one should treat these reports with caution. Such
samples are not axenic cultures and may contain an
admixture of other species, e.g. picocyanobacteria,
which contain zeaxanthin. The seawater samples col-
lected during filamentous cyanobacteria blooms on the
Sopot coast also contained small amounts of zeaxanthin
(Fig. 4, Appendix 3), besides small amounts of diatom and
green algae markers. Moreover, zeaxanthin has a very
similar structure to lutein (it differs in the location of
just one double bond); because of this, it is often co-
eluted with lutein in HPLC (Tse et al., 2015). Finally, not
only genetic traits but also environmental conditions can
considerably influence the carotenoid pattern. Intensive
irradiation, light spectrum change, can enhance produc-
tion of canthaxanthin and zeaxanthin as photo-protective
carotenoids or convert other carotenoids to zeaxanthin
(Grant and Louda, 2010; Jeffrey et al., 1997; Schlüter
et al., 2000). This is very probably why Nostocales strains
in field samples and laboratory cultures differ in their
zeaxanthin content. In addition, zeaxanthin may origi-
nate from green phytoplankton algae, macroalgae or
higher plants (Hall et al., 1997), but in the southern Baltic
their input in total primary production is rather small and
concentrating at the seashore, due to turbidity caused by
eutrophication (HELCOM, 2009); in coastal Baltic waters it
may also be derived from Microcystis sp.

[(Fig._3)TD$FIG]

Fig. 3 Percentage of diatoms of different salinity groups.
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Finally, it can be inferred from the culture analysis that
echinenone in sediments could be a marker of all cyanobac-
teria, as was proposed for Baltic (Henriksen, 2005), provid-
ing that there is hypoxia, as it is evidently the least stable of
the three cyanobacteria marker carotenoids even though it
has been included, along with canthaxanthin and zeax-
anthin, in the first pigment stability class (Leavitt and
Hodgson, 2001). This is clear in the surface sediments at
stations P116 and P1, where the level of hypoxia was the
highest and echinenone occurred in the largest concentra-
tion. It may decompose already in water column as its ratio
to chloropigment-a in laboratory cultures was evidently
higher than in sediments. When deposited in sediments,
canthaxanthin and zeaxanthin can remain stable for millen-
nia, preserved in spite of very harsh environmental condi-
tions (Watts and Maxwell, 1977).

As a 4-keto-myxoxanthophyll-like carotenoid was sug-
gested as a specific marker of toxic Baltic cyanobacteria
(Schlüter et al., 2004), it should be highlighted that myxol

glucoside carotenoids, generally referred to asmyxoxantho-
phylls (Roy et al., 2012), make up a whole group of com-
pounds, some of which are even strain-specific (Schlüter
et al., 2008). Analysis of these compounds in a culture
extract or even an extract from monoclonal bloom in lakes
is a much simpler task than their identification in coastal
marine sediments. Above all, they are less stable than the
other cyanobacteria marker carotenoids (zeaxanthin,
canthaxanthin and echinenone) (Leavitt and Hodgson,
2001). Myxoxanthophylls were determined mainly in lake
water samples in the past, often by thin-layer chromato-
graphy (TLC) (Hickman and Schweger, 1991). This implies
that they might have been mistaken for other carotenoids or
their derivatives. In HPLC analysis, separation of the parti-
cular glucoside derivatives requires chromatographic
mobile and stationary phases different from those used
for non-glycoside carotenoids. We extract these pigments
from the sediments using method (Krajewska et al., 2017a),
which gives a very high yield (98%), as can be judged from

[(Fig._4)TD$FIG]

Fig. 4 HPLC chromatograms at 450 nm of (a) Nodularia spumigena culture, (b) Cyanobacteria bloom — 2015, at the Sopot coast, (c)
sediment sample from the Gulf of Gdańsk.
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tests with the myxoxanthin DHI standard. However, natural
myxoxanthin-type pigments in [71_TD$DIFF]marine samples are difficult
to quantify because they have a variety of structures (ana-
logues) and there are no standards for all of them. The HPLC
retention time of this group of compounds was between
16 and 20 min (Fig. 4, Table 1); Rt of the available myxox-
anthin standard (DHI) was 20.1 min.

4.2. Cyanobacteria origin

Correlation of cyanobacteria carotenoids in sediments with
diatoms (Appendix 4) let us conclude on cyanobacteria ori-
gin. A positive correlation with planktic marine and brackish
diatom percentage suggests that they are of marine not of
freshwater origin. This is in agreement with the statements
that N. spumigena can grow at salinities between 5 and 20
(Lehtimäki et al., 1997), and the fact that the surface salinity
is around 7—8 in the Gulf of Gdańsk and <20 in the Oslofjord
(Szymczak-Żyła et al., 2017) and they inflow to the Gulf of
Gdańsk from the open sea, where very intensive blooms are
observed (Stal et al., 2003).

The concentrations of particular carotenoids in sediments
depend not only on their sources but also on their stability
(Leavitt and Hodgson, 2001). However, the very high percen-
tage of zeaxanthin in sum of the three cyanobacteria car-
otenoids (Fig. 2b), much higher than in algae cultures of both
colonial and non-colonial species (Fig. 2b, Appendix 3),
suggests that zeaxanthin in sediments originates not only
from cyanobacteria. Zeaxanthin correlated well with echi-
nenone and canthaxanthin (r = 0.90 and 0.83, respectively,
p < 0.05), but the best correlation was with lutein (r = 0.96,
p < 0.05), a marker of green algae (zeaxanthin also occurs in
green algae including macroalgae) (Hall et al., 1997; Kra-

jewska et al., 2017b) or may be formed as a photo-protective
pigment at intensive irradiation (Chen et al., 2015). The
comparatively low percentage of echinenone supports the
hypothesis presented above regarding the lower stability of
this carotenoid than canthaxanthin and zeaxanthin.

4.3. Estimation of heterocystous cyanobacteria
share in total chlorophyll-a production

Based on marker cyanobacterial carotenoid (canthaxanthin)
and chloropigment- [3_TD$DIFF]a results the percentage of heterocystous
cyanobacteria in the total chlorophyll-a production in the
Gulf of Gdańsk ( [72_TD$DIFF]Chl-aCYAN), averaged over the last 30 years,
was calculated from the following formula (Table 2):

ChlaCYAN ¼ Car0�5=RCULTP
Chlnsa0�5=Fd

� 100%;

[75_TD$DIFF]where Chl-aCYAN — percentage of heterocystous cyanobac-
teria in the total chlorophyll-a production; [76_TD$DIFF]Car0—5 — concen-
tration of canthaxanthin (in nmol) in the [77_TD$DIFF]0-5 cm sediment
layer;

P
[78_TD$DIFF]Chlns-a 0—5 — concentration of the sum of chloropig-

ments- [79_TD$DIFF]a (in nmol) in the 0—5 cm sediment layer; RCULT = 0.10
— canthaxanthin/sum of chloropigments- [3_TD$DIFF]a mean ratio in N.
spumigena cultures; Fd = 0.1 — coefficient of chlorophyll-a
preservation in sediments of the Gulf of Gdańsk.

The assumptions underlying the above are: 1) the sum
of chloropigments- [79_TD$DIFF]a (in nmol) is equal to the initial
amount of chlorophyll-a, both in sediments and in labora-
tory cultures; 2) canthaxanthin does not decompose dur-
ing organic matter sedimentation and burial in sediments;
3) 90% of the initial amount of chlorophyll-a produced in
the Gulf of Gdańsk decomposes to colourless products and
only 10% is preserved in sediments (Szymczak-Żyła and

Table 2 Concentration of canthaxanthin (Cantha), sum of chloropigments-a (SChlns-a) and estimated percentage of heterocys-
tous cyanobacteria in the total chlorophyll-a production [51_TD$DIFF](Chl-aCYAN) in the Gulf of Gdańsk ( [52_TD$DIFF]P1-P110) and Oslofjord (E), averaged over
the last 30 years.

Station Cantha [nmol/g]
P

Chlns-[53_TD$DIFF]a [nmol/g] Chl-aCYAN [%] Averaged Chl-aCYAN [%]

P1
0—1 cm

12.09 794.60 4.01 4.64

P1
1—5 cm

16.03 345.70

M1
0—1 cm

15.87 604.86 4.98

M1
1—5 cm

14.85 266.87

P116
0—1 cm

16.07 616.36 3.75

P116
1—5 cm

10.96 271.48

P110
0—1 cm

12.31 353.98 5.82

P110
1—5 cm

16.23 253.27

[54_TD$DIFF]E
0—1 cm

11.80 324.71 5.75 5.75

E
1—5 cm

15.63 248.65
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Kowalewska, 2007); 4) 0—5 cm layer of sediments in the
Deep of Gdańsk, was accumulated during the last [60_TD$DIFF]ca
30 years, as the sediment accumulation rate for the four
stations P1—P110 was about 0.16 cm/a (Szymczak-Żyła
et al., 2017).

The calculated value, averaged for the four stations
where laminated sediments occurred (P1—P110) was [80_TD$DIFF]4.6%.
This means that on average 4.6% of chlorophyll-a production
in the Gulf of Gdańsk during the last 30 years originated from
heterocystous cyanobacteria. An estimate based on the same
assumptions, done for station E in Oslofjord, where there
were also laminated sediments and a similar accumulation
rate as that in the Deep of Gdańsk (0.17 cm/year by Szymc-
zak-Żyła et al., 2017) yielded 5.8% for heterocystous cyano-
bacteria. We realize, of course, that this is only a very rough
estimate. However, it is of a similar order as the cyanobac-
teria species composition of blooms determined for estuarine
and coastal sites in Europe and North America by Carstensen
et al. (2015). The occurrence of diazothrophic cyanobacteria
Nodularia spumigena in Oslofjord is quite probable, as this
species was discovered at the North Sea coast (Nehring,
1993), in the Lindaspollene fjord near Bergen, western Nor-
way, in the Kattegat (Henriksen, 2005; Lehtimäki et al., 1997)
and in the Baltic entrance area (Henriksen, 2005). One can
imagine, therefore, that as a result of the periodic great
abundance of Nodularia, this species could be transferred
from the Baltic by water currents via the Danish Sound and
Skagerrak to Oslofjord, where the surface salinity is between
10 and 20 (they grow best at salinities from 7 to 18) (Lehti-
mäki et al., 1997). In Oslofjord, picocyanobacteria (Synecho-
coccus sp.) were also found to be one of the most common
groups (Ypma and Throndsen, 1996).

5. Conclusions

Summing up, zeaxanthin in sediments cannot be used as a
universal marker of cyanobacteria in the Baltic Sea. Instead,
echinenone may serve as a universal marker of cyanobac-
teria, though not quantitative as is less stable than zeax-
anthin and canthaxanthin. Myxoxanthophylls are even less
stable than these three carotenoids and are strain-specific,
occur also in Chroococcales and other cyanobacteria, so are
not good markers for sediments of cyanobacteria groups. It is
canthaxanthin, a very stable compound, that is a best marker
of heterocystous cyanobacteria. These filamentous cyano-
bacteria flow into the Gulf of Gdańsk from the open sea and
their abundance has increased in the last thirty years com-
paring to the previous time. In the Gulf of Gdańsk, they made
up to [60_TD$DIFF]ca 4.6% of phytoplankton chlorophyll-a production.
Similar estimate done for Oslofjord, on the same assump-
tions, suggests that heterocystous cyanobacteria also
occurred there ( [81_TD$DIFF]ca 5.8% of total chlorophyll-a production
in the inner Oslofjord), and were also of marine origin, but
their abundance, in contrast to the Gulf of Gdańsk, has
decreased during the last thirty years. Such an estimate
can be applied to other coastal areas of enhanced sedimen-
tation and laminated sediments, once the marker pigments
of the major cyanobacteria species occurring there have
been identified and the percentage of total chlorophyll-a
produced in a basin, which is preserved in sediments, has
been determined for such area [82_TD$DIFF].

Acknowledgements

This work was carried out within the framework of the Polish-
Norwegian Research programme operated by the National
Centre for Research and Development under the Norwegian
Financial Mechanism 2009—2014, grant CLISED no 196128, M.
Krajewska received a fellowship from the Leading National
Research Centre (KNOW), Centre for Polar Studies 2014—
2018. The authors would like to thank to Dr Anna Filipkowska
and Dr Ludwik Lubecki of the Institute of Oceanology, PAN,
Sopot, Poland, and Dr Tomasz Ciesielski from NTNU, Trond-
heim, Norway, for their help in organizing cruises and for
their assistance in sample collection, Dr Gijs D. Breedveld
and Amy M.P. Oen of NGI, Oslo, Norway, for their help in
organizing the cruise to Oslofjord/Drammensfjord. Finally,
we thank the crew of 'Oceania' for their assistance during
cruises to the Gulf of Gdańsk and Oslofjord/Drammensfjord.
We are grateful to Prof. Hanna Mazur-Marzec for her com-
ments to the manuscript.

Appendix A. Supplementary data

Supplementary material related to this article can be
found, in the online version, at doi: [8 3_ TD$ DI FF] [4 8_ TD$ DI FF ]https://doi.org/10.
1016/j.oceano.2018.07.002.

References

Battarbee, R.W., 1986. The eutrophication of Lough Erne inferred
from changes in the diatom assemblages of 210Pb- and 137CS-
dated sediment cores. Proc. R. Irish Acad. Sect. B 86 B (6), 141—
168.

Belykh, O.I., Dmitrieva, O.A., Gladkikh, A.S., Sorokovikova, E.G.,
2013. Identification of toxigenic cyanobacteria of the genus
Microcystis in the Curonian Lagoon (Baltic Sea). Oceanology 53
(1), 71—79, http://dx.doi.org/10.1134/S0001437013010025.

Bianchi, T.S., Dibb, J.E., Findlay, S., 1993. Early diagenesis of plant
pigments in Hudson River sediments. Estuar. Coast Shelf S. 36 (6),
517—527, http://dx.doi.org/10.1006/ecss.1993.1031.

Bianchi, T.S., Engelhaupt, E., Westman, P., Andrèn, T., Rolf, A.,
Elmgren, R., 2000. Cyanobacterial blooms in the Baltic Sea:
natural or human-induced? Limnol. Oceanogr. 45 (3), 716—
726, http://dx.doi.org/10.4319/lo.2000.45.3.0716.

Bianchi, T.S., Rolff, C., Widbom, B., Elmgren, R., 2002. Phytoplank-
ton pigments in Baltic Sea seston and sediments: seasonal vari-
ability, fluxes and transformations. Estuar. Coast Shelf. S. 55 (3),
369—383, http://dx.doi.org/10.1006/ecss.2001.0911.

Bodén, P., 1991. Reproducibility in the random settling method for
quantitative diatom analysis. Micropaleontology. 37 (3), 313—
319, http://dx.doi.org/10.2307/1485893.

Carstensen, J., Klais, R., Cloern, J.E., 2015. Phytoplankton blooms in
estuarine and coastal waters: seasonal patterns and key species.
Estuar. Coast Shelf S. 162, 98—109, http://dx.doi.org/10.1016/j.
ecss.2015.05.005.

Chen, Q., Nie, Y., Liu, X., Xu, L., Emslie, S.V., 2015. An 800-year
ultraviolet radiation record inferred from sedimentary pigments
in the Ross Sea area, East Antarctica. Boreas 44 (4), 693—705,
http://dx.doi.org/10.1111/bor.12130.

Conley, D.J., Cartensen, J., Aigars, J., Axe, P., Bonsdorff, P., Ere-
mina, T., Haahti, B.M., Humborg, C., Jonsson, P., Kotta, J.,
Lännegren, C., Larsson, U., Maximov, A., Rodriguez Medina,
M., Łysiak-Pastuszak, E., Remeikaitè-Nikienè, N., Walve, J.,

86 M. Krajewska et al./Oceanologia 61 (2019) 78—88

https://doi.org/10.1016/j.oceano.2018.07.002
https://doi.org/10.1016/j.oceano.2018.07.002
http://refhub.elsevier.com/S0078-3234(18)30088-5/sbref0005
http://refhub.elsevier.com/S0078-3234(18)30088-5/sbref0005
http://refhub.elsevier.com/S0078-3234(18)30088-5/sbref0005
http://refhub.elsevier.com/S0078-3234(18)30088-5/sbref0005
http://dx.doi.org/10.1134/S0001437013010025
http://dx.doi.org/10.1006/ecss.1993.1031
http://dx.doi.org/10.4319/lo.2000.45.3.0716
http://dx.doi.org/10.1006/ecss.2001.0911
http://dx.doi.org/10.2307/1485893
http://dx.doi.org/10.1016/j.ecss.2015.05.005
http://dx.doi.org/10.1016/j.ecss.2015.05.005
http://dx.doi.org/10.1111/bor.12130


Wilhelms, S., Zillèn, L., 2011. Hypoxia increasing in the coastal
zone of the Baltic Sea. Environ. Sci. Tech. 45 (16), 6777—6783,
http://dx.doi.org/10.1021/es201212r.

Cook, P.L.M., Jennings, M., Holland, D.P., Beardall, J., Briles, C.,
Zawadzki, A., Doan, P., Mills, K., Gell, P., 2016. Blooms of
cyanobacteria in a temperate Australian lagoon system post
and prior to European settlement. Biogeosciences 13 (12),
3677—3686, http://dx.doi.org/10.5194/bg-13-3677-2016.

Denys, L., 1991. A check-list of the diatoms in the Holocene deposits
of the western Belgian coastal plain with a survey of their
apparent ecological requirements. I. Introduction, ecological
code and complete list. Profession. Paper Belgium Geol. Surv.
246, 1—41.

Desphande, B.N., Tremblay, R., Pienitz, R., Vincent, W.F., 2014.
Sedimentary pigments as indicators of cyanobacterial dynamics
in hypereutrophic lake. J. Paleolimnol. 52 (3), 171—184, http://
dx.doi.org/10.1007/s10933-014-9785-3.

Freiberg, R., Nõmm, M., Tõnno, I., Alliksaar, T., Nõges, T., Kisand, A.,
2011. Dynamics of phytoplankton pigments in water and surface
sediments of a large shallow lake. Est. J. Earth Sci. 60 (2), 91—
101, http://dx.doi.org/10.3176/earth.2011.2.03.

Grant, C.S., Louda, J.W., 2010. Microalgal pigment ratios in relation
to light intensity: implications for chemotaxonomy. Aquat. Biol.
11, 127—138, http://dx.doi.org/10.3354/ab00298.

Hall, R.I., Leavitt, P.R., Smol, J.P., Zirnhelt, N., 1997. Comparison of
diatoms, fossil pigments and historical records as measures of
lake eutrophication. Freshw. Biol. 38 (2), 401—417, http://dx.
doi.org/10.1046/j.1365-2427.1997.00251.x.

Hasle, G.R., Syvertsen, E.E., 1996. Marine diatoms. In: Tomas, C.R.
(Ed.), Identifying marine diatoms and dinoflagellates. Academic
Press, San Diego, 5—385.

HELCOM, 2009. Eutrophication in the Baltic Sea, Baltic Sea Environ.
Proc. Np 115B, 45—52.

Henriksen, P., 2005. Estimating nodularin content of cyanobacterial
blooms from abundance of Nodularia spumigena and its character-
istic pigments-a case study fromBaltic entrance area. Harmful Algae
4 (1), 167—178, http://dx.doi.org/10.1016/j.hal.2004.02.003.

Hickman, M., Schweger, C.E., 1991. Oscillaxanthin and myxoxantho-
phyll in two cores from Lake Wabamun, Alberta, Canada. J. Paleo-
limnol. 5 (2), 127—137, http://dx.doi.org/10.1007/BF00176874.

IMGW — Instytut Meteorologii I Gospodarki Wodnej, Miętus, M.,
Łysiak-Pastuszak, E., Zalewska, T., Krzymiński, W., 2013. Bałtyk
Południowy w 2012 r. Charakterystyka wybranych elementów
środowiska. IMGW, PIB, Warszawa, 196 pp.

Jeffrey, S.W., Mantoura, R.F.C., Wright, S.W., 1997. Phytoplankton
pigments in oceanography. SCOR-UNESCO Publ., Paris, 661 pp.

Kahru, M., Elmgren, R., 2014. Multidecadal time series of satellite-
detected accumulations of cyanobacteria in the Baltic Sea. Bio-
geosciences 11 (13), 3619—3633, http://dx.doi.org/10.5194/bg-
11-3619-2014.

Karlson, K.M., Kankaanpaa, H., Huttunen, M., Meriluoto, J.A.O.,
2005. First observation of microcystin LR in pelagic cyanobacter-
ial blooms in the northern Baltic Sea. Harmful Algae 4 (1), 163—
166, http://dx.doi.org/10.1016/j.hal.2004.02.002.

Kowalewska, G., Lubecki, L., Szymczak-Żyła, M., Bucholc, K., Filip-
kowska, A., Gogacz, R., Zamojska, A., 2014. Eutrophication
monitoring system near the Sopot beach (southern Baltic). Ocean
Coast. Manage. 98, 51—61, http://dx.doi.org/10.1016/j.ocecoa-
man.2014.06.007.

Krajewska, M., Szymczak-Żyła, M., Kowalewska, G., 2017a. Caroten-
oid determination in recent marine sediments — practical pro-
blems during sample preparation and HPLC analysis. Curr. Chem.
Lett. 6, 91—104, http://dx.doi.org/10.5267/j.ccl.2017.4.003.

Krajewska, M., Szymczak-Żyła, M., Kowalewska, G., 2017b. Algal
pigments in Hornsund (Svalbard) sediments as biomarkers of Arctic
productivity and environmental conditions. Pol. Polar Res. 38 (4),
423—443, http://dx.doi.org/10.1515/popore-2017-0025.

Krammer, K., Lange-Bertalot, H., 1986. Bacillariophyceae. 1. Teil:
Naviculaceae. In: Ettl, H, Gerloff, J, Heynig, H, Mollenhauer, D
(Eds.), Süsswasser flora von Mitteleuropa, Band 2/1. Gustav
Fischer Verlag, Stuttgart, New York, 876 pp.

Laamanen, M.J., Forsström, L., Sivonen, K., 2002. Diversity of Apha-
nizomenon flos-aquae (cyanobacterium) populations along a Baltic
Sea salinity gradient. Appl. Environ. Microb. 68 (11), 5296—5303,
http://dx.doi.org/10.1128/AEM.68.11.5296—5303.2002.

Laamanen, M.J., Gugger, M.F., Lehtimäki, J.M., Haukka, K., Sivonen,
K., 2001. Diversity of toxic and nontoxic nodularia isolates (cya-
nobacteria) and filaments from the Baltic Sea. Appl. Environ.
Microb. 67 (10), 4638—4647, http://dx.doi.org/10.1128/
AEM.67.10.4638-4647.2001.

Leavitt, P.R., 1993. A review of factors that regulate carotenoid and
chlorophyll deposition and fossil pigment abundance. J. Paleo-
limnol. 9 (2), 109—127, http://dx.doi.org/10.1007/BF00677513.

Leavitt, P.R., Hodgson, D.A., 2001. Sedimentary pigments. In: Smol,
J.P., Birks, J.B., Last, W.M. (Eds.), Tracking Trends Environmental
Changes Using Lake Sediments. Kluwer Academy Publisher, Dor-
drecht, 295—325.

Lehtimäki, J., Moisander, P., Sivonen, K., Kononen, K., 1997. Growth,
nitrogen fixation, and nodularin production by two Baltic Sea
cyanobacteria. Appl. Environ. Microb. 63 (5), 1647—1656.

Łotocka, M., 1998. Carotenoid pigments in Baltic Sea sediments.
Oceanologia 40 (1), 27—38.

Majewski, A., 1994. Naturalne warunki środowiskowe Zatoki Gdańs-
kiej i jej obrzeża. In: Majewski, A (Ed.), Zatoka Gdańska. IMGW
Wyd., Geologiczne, Warszawa, 10—19.

Maksymowska, D., Richard, P., Piekarek-Jankowska, H., Riera, P., 2000.
Chemical and isotopic composition of the organic matter sources in
the Gulf of Gdansk (Southern Baltic Sea). Estuar. Coast Shelf S. 51
(5), 585—598, http://dx.doi.org/10.1006/ecss.2000.0701.

Mazur-Marzec, H., Żeglińska, L., Pliński, M., 2005. The effect of
salinity on the growth, toxin production, and morphology of
Nodularia spumigena. J. Appl. Phycol. 17 (2), 171—179,
http://dx.doi.org/10.1007/s10811-005-5767-1.

Mazur-Marzec, H., Pliński, M., 2009. Do toxic cyanobacteria blooms
pose a threat to the Baltic ecosystem? Oceanologia 51 (3), 293—
319, http://dx.doi.org/10.5697/oc.51-3.293.

Mazur-Marzec, H., Sutryk, K., Kobos, J., Hebel, A., Hohlfeld, N.,
Błaszczyk, A., Toruńska, A., Kaczkowska, M.J., Łysiak-Pastuszak,
E., Kraśniewski, W., Jasser, I., 2013. Occurrence of cyanobacteria
and cyanotoxin in the Southern Baltic Proper. Filamentous cyano-
bacteria versus single-celled picocyanobacteria. Hydrobiologia
701 (1), 235—252, http://dx.doi.org/10.1007/s10750-012-1278-7.

Nehring, S., 1993. Mortality of dogs associated with a mass develop-
ment of Nodularia spumigena (cyanophyceae) in a brackish lake
at the German North Sea coast. J. Plankton. Res. 15 (7), 867—872,
http://dx.doi.org/10.1093/plankt/15.7.867.

Paerl, H.W., Valdes, L.M., Pinckney, J.L., Piehler, M.F., Dyble, J.,
Moisander, P.H., 2003. Phytoplankton photopigments as indicators
of estuarine and coastal eutrophication. Biosciences 53 (10), 953—
964, http://dx.doi.org/10.1641/0006-3568(2003)053[0953:PPAIOE]
2.0.CO;2.

Pastuszak, M., Witek, Z., 2012. Discharges of water and nutrients by
the Vistula and Oder rivers draining Polish territory. In: Pastuszak,
M., Igras, J. (Eds.), Temporal and Spatial Differences in Emission
of Nitrogen and Phosphorus from Polish Territory to the Baltic Sea.
National Mar Fisher Res/Fertilizer Research Institute (INSOL),
Gdynia/Puławy, 311—353.

Roy, S., Llewellyn, C.A., Egeland, E.S., Johnsen, G., 2012. Phyto-
plankton Pigments. Cambridge Univ. Press, Cambridge, 845 pp.

Sahindokuyucu Kocasari, F., Gulle, I., Kocasari, S., Pekkaya, S., Mor,
F., 2015. The occurrence and levels of cyanotoxin nodularin from
Nodularia spumigena in the alkaline and salty Lake Burdur,
Turkey. J. Limnol. 74 (3), 530—536, http://dx.doi.org/
10.4081/jlimnol.2015.1097.

M. Krajewska et al./Oceanologia 61 (2019) 78—88 87

http://dx.doi.org/10.1021/es201212r
http://dx.doi.org/10.5194/bg-13-3677-2016
http://refhub.elsevier.com/S0078-3234(18)30088-5/sbref0055
http://refhub.elsevier.com/S0078-3234(18)30088-5/sbref0055
http://refhub.elsevier.com/S0078-3234(18)30088-5/sbref0055
http://refhub.elsevier.com/S0078-3234(18)30088-5/sbref0055
http://refhub.elsevier.com/S0078-3234(18)30088-5/sbref0055
http://dx.doi.org/10.1007/s10933-014-9785-3
http://dx.doi.org/10.1007/s10933-014-9785-3
http://dx.doi.org/10.3176/earth.2011.2.03
http://dx.doi.org/10.3354/ab00298
http://dx.doi.org/10.1046/j.1365-2427.1997.00251.x
http://dx.doi.org/10.1046/j.1365-2427.1997.00251.x
http://refhub.elsevier.com/S0078-3234(18)30088-5/sbref0080
http://refhub.elsevier.com/S0078-3234(18)30088-5/sbref0080
http://refhub.elsevier.com/S0078-3234(18)30088-5/sbref0080
http://refhub.elsevier.com/S0078-3234(18)30088-5/sbref0085
http://refhub.elsevier.com/S0078-3234(18)30088-5/sbref0085
http://dx.doi.org/10.1016/j.hal.2004.02.003
http://dx.doi.org/10.1007/BF00176874
http://refhub.elsevier.com/S0078-3234(18)30088-5/sbref0100
http://refhub.elsevier.com/S0078-3234(18)30088-5/sbref0100
http://refhub.elsevier.com/S0078-3234(18)30088-5/sbref0100
http://refhub.elsevier.com/S0078-3234(18)30088-5/sbref0105
http://refhub.elsevier.com/S0078-3234(18)30088-5/sbref0105
http://dx.doi.org/10.5194/bg-11-3619-2014
http://dx.doi.org/10.5194/bg-11-3619-2014
http://dx.doi.org/10.1016/j.hal.2004.02.002
http://dx.doi.org/10.1016/j.ocecoaman.2014.06.007
http://dx.doi.org/10.1016/j.ocecoaman.2014.06.007
http://dx.doi.org/10.5267/j.ccl.2017.4.003
http://dx.doi.org/10.1515/popore-2017-0025
http://refhub.elsevier.com/S0078-3234(18)30088-5/sbref0135
http://refhub.elsevier.com/S0078-3234(18)30088-5/sbref0135
http://refhub.elsevier.com/S0078-3234(18)30088-5/sbref0135
http://refhub.elsevier.com/S0078-3234(18)30088-5/sbref0135
http://dx.doi.org/10.1128/AEM.68.11.5296&ndash;5303.2002
http://dx.doi.org/10.1128/AEM.67.10.4638-4647.2001
http://dx.doi.org/10.1128/AEM.67.10.4638-4647.2001
http://dx.doi.org/10.1007/BF00677513
http://refhub.elsevier.com/S0078-3234(18)30088-5/sbref0155
http://refhub.elsevier.com/S0078-3234(18)30088-5/sbref0155
http://refhub.elsevier.com/S0078-3234(18)30088-5/sbref0155
http://refhub.elsevier.com/S0078-3234(18)30088-5/sbref0155
http://refhub.elsevier.com/S0078-3234(18)30088-5/sbref0160
http://refhub.elsevier.com/S0078-3234(18)30088-5/sbref0160
http://refhub.elsevier.com/S0078-3234(18)30088-5/sbref0160
http://refhub.elsevier.com/S0078-3234(18)30088-5/sbref0165
http://refhub.elsevier.com/S0078-3234(18)30088-5/sbref0165
http://refhub.elsevier.com/S0078-3234(18)30088-5/sbref0170
http://refhub.elsevier.com/S0078-3234(18)30088-5/sbref0170
http://refhub.elsevier.com/S0078-3234(18)30088-5/sbref0170
http://dx.doi.org/10.1006/ecss.2000.0701
http://dx.doi.org/10.1007/s10811-005-5767-1
http://dx.doi.org/10.5697/oc.51-3.293
http://dx.doi.org/10.1007/s10750-012-1278-7
http://dx.doi.org/10.1093/plankt/15.7.867
http://dx.doi.org/10.1641/0006-3568(2003)053[0953:PPAIOE]2.0.CO;2
http://dx.doi.org/10.1641/0006-3568(2003)053[0953:PPAIOE]2.0.CO;2
http://refhub.elsevier.com/S0078-3234(18)30088-5/sbref0205
http://refhub.elsevier.com/S0078-3234(18)30088-5/sbref0205
http://refhub.elsevier.com/S0078-3234(18)30088-5/sbref0205
http://refhub.elsevier.com/S0078-3234(18)30088-5/sbref0205
http://refhub.elsevier.com/S0078-3234(18)30088-5/sbref0205
http://refhub.elsevier.com/S0078-3234(18)30088-5/sbref0205
http://refhub.elsevier.com/S0078-3234(18)30088-5/sbref0210
http://refhub.elsevier.com/S0078-3234(18)30088-5/sbref0210
http://dx.doi.org/10.4081/jlimnol.2015.1097
http://dx.doi.org/10.4081/jlimnol.2015.1097


Schlüter, L., Møhlenberg, F., Havskum, H., Larsen, S., 2000. The use of
phytoplanktonpigments for identifyingandquantifyingphytoplankton
groups in coastal areas: testing the influence of light and nutrients on
pigment/chlorophyll a ratios. Mar. Ecol. Prog. Ser. 192, 49—63.

Schlüter, L., Garde, K., Kaas, H., 2004. Detection of the toxic
cyanobacteria Nodularia spumigena by means of a 4-keto-myx-
oxanthophyll-like pigment in the Baltic Sea. Mar. Ecol. Prog. Ser.
275, 69—78, http://dx.doi.org/10.3354/meps275069.

Schlüter, L., Lutnæs, B.F., Liaaen-Jensen, S., Garde, K., Kaas, H.,
Jameson, I., Blackburn, S., 2008. Correlation of content of hepa-
totoxin nodularin and glycosidic carotenoids, 4-ketomyxol-20-fuco-
side and novel 10-O-methyl-4-ketomyxol-20-fucoside, in 20 strains
of the cyanobacterium Nodularia spumigena. Biochem. Syst. Ecol.
36 (10), 749—757, http://dx.doi.org/10.1016/j.bse.2008.08.002.

Sivonen, K., Kononen, K., Carmichael, W.W., Rinehart, K., Kivitanta,
J., Niemela, S.I., 1989. Occurrence of the hepato-toxic cyano-
bacterium Nodularia spumigena in the Baltic Sea and structure of
the toxin. Appl. Environ. Microb. 55 (8), 1990—1995.

Stal, L.J., Albertano, P., Bergman, B., von Bröckel, K., Gallon, J.R.,
Hayes, P.K., Sivonen, K., Walsby, A.E., 2003. BASIC: Baltic Sea
cyanobacteria. An investigation of the structure and dynamics of
water blooms of cyanobacteria in the Baltic Sea-responses to a
changing environment. Cont. Shelf Res. 23 (17—19), 1695—1714,
http://dx.doi.org/10.1016/j.csr.2003.06.001.

Stoń, J., Kosakowska, A., Łotocka, M., 2002. Pigment composition in
relations to phytoplankton community structure and nutrient
content in the Baltic Sea. Oceanologia 44 (4), 419—437.

Szymczak-Żyła, M., Kowalewska, G., 2007. Chloropigmnents-a in the
Gulf of Gdańsk (Baltic Sea) as markers of the state of this
environment. Mar. Pollut. Bull. 55 (10—12), 512—528, http://
dx.doi.org/10.1016/j.marpolbul.2007.09.013.

Szymczak-Żyła, M., Krajewska, M., Winogradow, A., Zaborska, A., Breed-
veld, G.D., Kowalewska, G., 2017. Tracking trends in eutrophication
based on pigments in recent coastal sediments. Oceanologia 59 (1),
1—17, http://dx.doi.org/10.1016/j.oceano.2016.08.003.

Tse, T.J., Doig, L.E., Leavitt, P.R., Quinones-Rivera, Z.J., Codling, G.,
Lucas, B.T., Liber, K., Giesy, J.P., Wheater, H., Jones, P.D., 2015.
Long-term spatial trends in sedimentary algal pigments in a narrow
river-valley reservoir, Lake Diefenbaker, Canada. J. Great Lakes Res.
41 (2), 56—66, http://dx.doi.org/10.1016/j.jglr.2015.08.002.

Watts, C.D., Maxwell, J.R., 1977. Carotenoid diagenesis in a marine
sediment. Geochim. Cosmochim. Acta 41 (4), 493—497, http://
dx.doi.org/10.1016/0016-7037(77)90287-3.

Wojtasiewicz, B., Stoń-Egiert, J., 2016. Bio-optical characterization
of selected cyanobacteria strains present in marine and freshwa-
ter ecosystem. J. Appl. Phycol. 28 (4), 2299—2314, http://dx.doi.
org/10.1007/s10811-015-0774-3.

Ypma, J.E., Throndsen, J., 1996. Seasonal dynamics of bacteria,
autotrophic picoplankton and small nanoplankton in the inner
Oslofjord and the Skagerrak in 1993. Sarsia 81 (1), 57—66, http://
dx.doi.org/10.1080/00364827.1996.10413611.

88 M. Krajewska et al./Oceanologia 61 (2019) 78—88

http://refhub.elsevier.com/S0078-3234(18)30088-5/sbref0220
http://refhub.elsevier.com/S0078-3234(18)30088-5/sbref0220
http://refhub.elsevier.com/S0078-3234(18)30088-5/sbref0220
http://refhub.elsevier.com/S0078-3234(18)30088-5/sbref0220
http://dx.doi.org/10.3354/meps275069
http://dx.doi.org/10.1016/j.bse.2008.08.002
http://refhub.elsevier.com/S0078-3234(18)30088-5/sbref0235
http://refhub.elsevier.com/S0078-3234(18)30088-5/sbref0235
http://refhub.elsevier.com/S0078-3234(18)30088-5/sbref0235
http://dx.doi.org/10.1016/j.csr.2003.06.001
http://refhub.elsevier.com/S0078-3234(18)30088-5/sbref0245
http://refhub.elsevier.com/S0078-3234(18)30088-5/sbref0245
http://refhub.elsevier.com/S0078-3234(18)30088-5/sbref0245
http://dx.doi.org/10.1016/j.marpolbul.2007.09.013
http://dx.doi.org/10.1016/j.marpolbul.2007.09.013
http://dx.doi.org/10.1016/j.oceano.2016.08.003
http://dx.doi.org/10.1016/j.jglr.2015.08.002
http://dx.doi.org/10.1016/0016-7037(77)90287-3
http://dx.doi.org/10.1016/0016-7037(77)90287-3
http://dx.doi.org/10.1007/s10811-015-0774-3
http://dx.doi.org/10.1007/s10811-015-0774-3
http://dx.doi.org/10.1080/00364827.1996.10413611
http://dx.doi.org/10.1080/00364827.1996.10413611

	Canthaxanthin in recent sediments as an indicator of heterocystous cyanobacteria in coastal waters
	1 Introduction
	2 Material and methods
	2.1 Study areas
	2.1.1 Gulf of Gdan¨sk
	2.1.2 Oslofjord/Drammensfjord

	2.2 Sample collection
	2.3 Cyanobacteria cultures
	2.4 Pigment analysis
	2.5 Diatom analysis
	2.6 Statistical analysis

	3 Results
	3.1 Carotenoid distribution in sediments
	3.2 Diatoms
	3.3 Baltic cyanobacteria laboratory cultures and field samples

	4 Discussion
	4.1 Cyanobacteria marker carotenoids
	4.2 Cyanobacteria origin
	4.3 Estimation of heterocystous cyanobacteria share in total chlorophyll-a production

	5 Conclusions
	Acknowledgements
	SectionApp20
	References


