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Abstract For 2 years, a baseline investigation was car-
ried out to collect reference information of the present
environmental status in the Fehmarn Belt and adjacent
area. The temporal and spatial variability of phytoplank-
ton was monitored by a combination of monitoring
buoys, pigment analysis and fast screening microscopy.
The overall phytoplankton succession in the Fehmarn
Belt area was found to be influenced primarily by the
seasonal changes, where various diatoms dominated the
spring and autumn blooms and flagellates like
Chrysochromulina sp.,Dictyocha speculum and various
dinoflagellates were occasionally abundant in late
spring and summer. The phytoplankton groups were
remarkably uniform horizontally in the investigation
area while large differences in both biomasses and com-
position of individual phytoplankton groups were seen
vertically in the water column, especially in the summer
periods, in which the two-layer exchange flow between
the North Sea and the Baltic Sea is showing a particu-
larly strong stratification in the Fehmarn Belt. The chlo-
rophyll a concentrations ranged continuously from 1 to
3 μg/L at the three permanent buoy stations during the
2 years of monitoring, except for the spring and autumn
blooms where chlorophyll a increased up to 18 μg/L in

the spring of 2010 and up to 8 μg/L in the autumn of
2009. Recurrent blooms of filamentous cyanobacteria
are common during the summer period in the Baltic Sea
and adjacent areas, but excessive blooms of
cyanobacteria did not occur in 2009 and 2010 in the
Fehmarn Belt area. The combination of the HPLC pig-
ment analysis method and monitoring buoys continu-
ously measuring fluorescence at selected stations with
fast screening of samples in the microscope proved
advantageous for obtaining information on both the
phytoplankton succession and dynamic and, at the same
time, getting information on duration and intensity of
the blooms as well as specific information on the dom-
inant species present both temporally and spatially in the
large Fehmarn Belt area.
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Introduction

Estuarine and coastal areas are very dynamic and chal-
lenging when it comes to determining status and trends
in water quality and ecological conditions. Freshwater
runoff interacts with the exchange of marine water,
winds and currents, leading to complex circulation and
mixing patterns. Furthermore, the chemical and biolog-
ical characteristics and responses of such ecosystems to
environmental changes and perturbations are strongly
influenced by seasonal forcing.
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The Fehmarn Belt, in the south-eastern Baltic Sea
between Denmark and Germany, is an example of
such an ecosystem located in a transitional area
between the Baltic Sea and the North Sea, and the
estuary is characterized by horizontal variations and
vertical gradients in salinity-driven water level dif-
ferences (Jakobsen et al. 2010). In the upper layer,
water from the Baltic rivers flows into the area
towards the North Sea while high saline water from
the North Sea flows through the Fehmarn Belt along
the sea bed into the Baltic Sea.

In 2008, it was decided to construct a fixed link
between Denmark and Germany in the Fehmarn
Belt, and the process of identifying, describing and
assessing the environmental impacts of the construc-
tion project was commenced. For this purpose, it
was necessary to carry out a 2-year baseline inves-
tigation to collect reference information of the pres-
ent status and trends of the environmental status in
the area. The baseline investigation was needed to
be able to predict the environmental impact of the
construction work, sediment spill, introduction of
new surfaces such as bridge pillars and alterations
of hydrodynamic conditions. For this purpose, the
existing large-scale environmental condition had to
be investigated by a comprehensive monitoring pro-
gramme, the baseline investigation, of the major
marine flora and fauna components. The coastal
areas of the Fehmarn Belt and the adjacent sea and
lagoons are important breeding and feeding grounds
for fish populations and a large numbers of migrat-
ing birds. Fish and benthic invertebrates depend on
plankton for food during their larval phases, and
some species, e.g. mussels, continue to consume
plankton in their entire lives. Phytoplankton sup-
ports the food webs and plays a central role in the
carbon, nutrient and oxygen cycling in estuaries and
is an important ecological indicator. This paper pre-
sents the baseline investigation of the phytoplankton
communities in the Fehmarn Belt area. Given the
dynamic nature of estuarine ecosystems, it was nec-
essary to use efficient and cost-effective means for
detecting the natural fluctuations and blooms of
phytoplankton with sensitive and high temporal
and spatial resolution methods. The microscopy
method traditionally used for identifying phyto-
plankton species and estimating biomasses is a
time-consuming and generally imprecise method
(Schlüter et al. 2000; Higgins et al. 2011) and does

not allow for high-frequency data acquisition. Fur-
thermore, the quantitative results obtained by mi-
croscopy, where only a limited number of cells are
counted and size-determined in a small subsample,
can provide results that are severely flawed
(Schlüter et al. 2000). Coefficients of variation on
the volumes of the individual algal groups of up to
50 % have been demonstrated (Wilhelm et al. 1991).

In recent years, pigment analysis by high-
performance liquid chromatography (HPLC) has proven
suitable for determining large-scale phytoplankton dy-
namics (e.g. Barlow et al. 2007; Wright et al. 2010;
Schlüter et al. 2011). Pigment analysis is a fast, very
sensitive and objective method for determining the phy-
toplankton composition and estimating the biomass of
the different algal groups. By applying the CHEMTAX
program, the biomass of the individual phytoplankton
groups can be calculated as chlorophyll a (Chl a) units
(Mackey et al. 1996; Schlüter et al. 2000; Higgins et al.
2011), and Chl a has been found to be a more precise
and dynamic biomass parameter than the carbon bio-
mass derived from microscopic countings (Schlüter and
Møhlenberg 2003). However, the pigment method
only provides results on the overall class level. In
the baseline investigation, it was desirable to obtain
specific information on the phytoplankton species
present, i.e. determining the species constituting the
spring bloom, the potential toxic species of a late
summer bloom and also to obtain knowledge on the
overall dominating species present throughout the
year as basic food for the higher trophic levels in
the Fehmarn Belt estuary. In order to obtain this
information, the traditional microscopy method was
used as well but only for identifying the most im-
portant species present throughout the year by fast
screening of the samples in the microscope. During
the 2 years of baseline investigation, samples for
HPLC analyses and microscopy screening were taken
on monthly monitoring cruises. Furthermore, we
combined these methods with continuous in vivo
fluorescence measurements obtained by automated
measuring buoys moored in the baseline area. The
in vivo fluorescence measurements were included to
obtain information on the development of the phyto-
plankton populations in between the in situ sam-
plings, thus achieving the needed information on
the temporal and spatial variability of phytoplankton
populations at species level in the large investigation
area of at Fehmarn Belt.
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Materials and methods

Sampling in the investigation area

In order to obtain detailed information on the phy-
toplankton communities for the baseline investiga-
tion in the Fehmarn Belt and surrounding areas
assumed to be affected by the building work of the
fixed link, the investigation area was composed of
12 phytoplankton sampling stations (Fig. 1). Moored
buoys were positioned at several stations (Fig. 1),
where MS01, MS02 and MS03 were monitoring
buoys equipped with automated water quality mon-
itors (Aquaguard, recording time series of different
parameters, such as salinity, temperature, turbidity,
fluorescence of Chl a and oxygen). Chl a fluores-
cence was recorded at three depths, surface, 15 m
and bottom. MS01 and MS02 were located in the
alignment area close to the plankton sampling sta-
tions H033 and H037, respectively, and station
MS03 was located towards the Baltic Sea (Fig. 1).
Chl a fluorescence data collection started in March
2009.

For 22 months starting in February 2009, water sam-
ples were collected monthly at the 12 plankton sampling
stations (Fig. 1) by the vessel M/S JHC Miljø equipped
with a Seabird CTD (dual SBE911) collecting samples
at the surface and at 15 m depth. Within 20 min after
sampling, samples were filtered onto 25-mm Whatman
GF/F filters at a vacuum of approximately 25 kPa and
immediately frozen in liquid nitrogen and stored until

analysis. Another set of subsamples was fixed in
Lugol’s iodine solution and stored in a dark and cool
place. All samples were brought to the laboratory for
analysis.

Pigment analyses

Filters for pigment analysis by HPLC were extracted
with 95 % acetone containing vitamin E as internal
standard, sonicated on ice and extracted at 4 °C for
20 h. The filters and cell debris were filtered from
the extracts using disposable syringes and 0.2-μm
Teflon syringe filters directly into HPLC vials, and
the vials were placed in the cooling rack of the HPLC
together with a parallel set of vials with the injection
buffer (90:10, 28 mM aqueous Tetrabutyl ammonium
acetate (TbAA), pH 6.5:methanol). The samples were
analyzed by a Shimadzu LC-10ADVP (HPLC) com-
posed of a pump (LC-10ADVP), a photodiode array
detector (SPD-M10A VP), a SCL-10ADVP System
controller with Lab Solution software, a temperature-
controlled auto sampler (set at 4 °C), a column oven
(CTO-10ASVP) and a degasser. The samples and
buffer were injected using the auto-injector by pro-
gramming it to make a ‘sandwich’ injection of buffer
and sample in the ratio 5:2 and analyzing according to
the van Heukelem and Thomas (2001) method slightly
modified to local conditions. The column was an
Eclipse XDB C8, 4.6 mm×150 mm (Agilent Technol-
ogies). Solvent A: (70:30) methanol: 28 mM aqueous
TbAA, pH 6.4; solvent B: 100 % methanol. The time
programme was 0 min: 95 % A, 5 % B; 2 min: 95 %
A, 5 % B; 27 min: 5 % A, 95 % B; 30 min: 95 % A,
5 % B; 31 min: 100 % A, 0 % B; 34 min: 100 % A,
0 % B; 35 min: 5 % A, 95 % B; 41 min: stop. The
flow rate was 1.1 mL min−1, and the temperature of
the column oven was set at 60 °C. The HPLC was
calibrated with pigment standards from DHI, Lab
Products, Denmark. Peak identities were routinely
confirmed by on-line photodiode array. A QA thresh-
old procedure, application of limit of quantitation
(LOQ) and limit of detection (LOD), was applied to
the pigment data as described by Hooker et al. (2005)
to reduce the uncertainty of pigments found either in
low concentrations or not detected at all, causing false
positives or false negatives, which frequently occurs
when pigments are quantified closed to the detection
limit (Schlüter et al. 2011).

Fig. 1 Map of the Fehmarn Belt area showing the 12 sampling
stations for phytoplankton and the location of mooring stations, of
which, three were monitoring buoys: MS01 and MS02 located in
the alignment and MS03 located southeast of the alignment

Environ Monit Assess (2014) 186:5167–5184 5169



Microscopic screening of samples

The Lugol-fixed samples were concentrated by settling
50 mL in sedimentation chambers for 24 h, after which,
the samples were screened rapidly in an inverted micro-
scope for determining the most abundant algal species
present. Using this microscopy method, some of the
smallest algal cells could, however, not be identified to
species level and were grouped according to class or
genus.

CHEMTAX calculations

The biomass in units of Chl a of the individual phyto-
plankton groups detected by the pigments was calculat-
ed by CHEMTAX (Mackey et al. 1996). Information on
the dominant algal groups present determined by mi-
croscopy and the diagnostic pigments determined by
HPLC pigment analysis was used to determine which
phytoplankton groups to load into CHEMTAX using
the relevant pigment ratios from Schlüter et al. (2000,
2004) . Ca lcu la t ion of the p igment ra t ios :
prasinoxanthin/Chl b and lutein/Chl b (Schlüter and
Møhlenberg 2003) helped in determining whether
prasinophytes without prasinoxanthin and chlorophytes
were present in the samples as these phytoplankton
species are often too small to be properly identified by
the inverted microscopy method. The data set was sep-
arated into two depths and four seasons during each of
the 2 years of sampling prior to the CHEMTAX calcu-
lations. The CHEMTAXprogram version 1.95was used
to construct 60 ratio matrices from the initial ratios for
each of the four data sets, and 10 % (n=6) of the ratios
creating the lowest residual root mean square was aver-
aged and run repeatedly until the ratios became stable as
described in Higgins et al. (2011).

Results

The mean surface salinity in the Fehmarn Belt area
varied between 8 and 20 PSU in the spring and the
autumn and between 8 and 17 PSU during the summer.
From spring to early autumn, a pycnocline was located
at 13–15 m, separating surface water from the more
saline bottomwater. In the late autumn and in the winter,
most often, the water column was completely mixed.

Fluorescence measurements

The water quality monitors recorded fluorescence
quenching (i.e. the reduction in the fluorescence quan-
tum yield often observed during daylight hours
(Sackmann et al. 2008; Kinkade et al. 1999)), which
caused a daily systematic oscillation in the in situ Chl a
concentrations. Neglecting the quenched fluorescence
data, the monitoring buoys showed that, in between
blooms in 2009, the overall Chl a concentrations in the
surface waters were between 1 to 3 μg Chl a/L (Fig. 2,
station MS01, surface) with some minor peak values of
shorter duration, indicating drifting macro-algae or mi-
nor pulses of algae flushed into the area (e.g. March
2009 in Fig. 2). In the autumn of 2009, only a minor
increase in Chl a can be discerned in October at station
MS01 (Fig. 2) whereas a major increase in Chl a con-
centrations was detected in November and December at
station MS02 and particularly at station MS03 where a
bloom was formed, causing an increase in the Chl a
concentration to almost 8 μg Chl a/L for a period of
2 weeks (Fig. 3). An intrusion of less saline water from
the Baltic Sea caused the sudden decline in Chl a values
on 8 December 2009 in Fig. 3 and terminated the bloom.
During the winter of 2009/2010, the fluorescence mea-
surements at the measuring buoys were around 1–2 μg
Chl a/L (results not shown). In the beginning of March
2010, the phytoplankton spring bloom developed and
reached almost 18 μg Chl a/L in mid-March at both 1
and 15 m depth (station MS03, Fig. 4). In between
blooms, the Chl a concentrations were generally in the
same range as in 2009, though the summer 2010 values
at station MS01 were slightly lower (stations MS01 and
MS02, 2010, in Fig. 5 and station MS01, 2009, in
Fig. 2). In the autumn of 2010, the Chl a concentrations
increased to approximately 4–5 μg Chl a/L in October
and November (results not shown). Occasionally, the
water quality monitors recorded a subsurface bloom,
e.g. in July 2009 when values of up to 8 μg Chl a/L
were detected at 15 m whereas the Chl a concentration
at the surface was only 1–2 μg/L (data not shown).

Phytoplankton groups detected by pigments

The pigment analyses showed the composition of the
phytoplankton groups at the monthly monitoring
cruises: the diagnostic pigments for dinoflagellates
(per idinin) , cryptophytes (al loxanthin) and
prasinophytes (prasinoxanthin as well as other pigments
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Fig. 3 Chlorophyll a
measurements recorded by
monitoring buoys in the surface in
the autumn of 2009 (corrected for
non-photochemical fluorescence
quenching) at Station MS02
(upper) and MS03 (lower)
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Fig. 2 Chlorophyll ameasurements recorded by monitoring buoy (corrected for non-photochemical fluorescence quenching) in the surface
at Station MS01 during 2009
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present in prasinophytes and/or chlorophytes such as
chlorophyll b, lutein, violaxanthin and neoxanthin) were
present in most samples throughout the year. Occasion-
ally, zeaxanthin concentrations were high, and pigment
ratios calculated according to Schlüter and Møhlenberg
(2003) showed the presence of cyanobacteria, e.g.
Synechococcus sp. Furthermore, during the summer
months, varying amounts of canthaxanthin, 4-keto-
myxoxanthophyll, echinenone and myxoxanthophyll
measured in the samples indicated that chain-forming
cyanobacteria, e.g. Nodularia spumigena and
Aphanizomenon sp. (Schlüter et al. 2004) were present
as well. Fucoxanthin was continually present in a rela-
tively large amount, indicating that diatoms and possi-
bly also other chromophyte algal classes were abundant
in the Fehmarn Belt area. The occurrence of chlorophyll
c3 as well as 19′-butanoyloxyfucoxanthin (19′-but), 19′-
hexanoyloxyfucoxanthin (19′-hex) and 4-keto-19′-
hexanoyloxyfucoxanthin (4-k-hex) in almost all sam-
ples indicated the presence of haptophytes and/or

chrysophytes. Occasionally (March and April 2009), a
gyroxanthin-diester was detected in the samples, indi-
cating occurrence of dinoflagellates type 3 (Zapata et al.
2012).

Quantification of phytoplankton groups and dominant
algae

The fast screening of all samples in microscope for
identifying dominant species present confirmed the
presence of the groups identified by pigment analysis
though the smallest algal cells could rarely be identified
by the applied microscopic method. The results of mi-
croscopy and pigment analyses were used for setting up
the different ratio matrices for the CHEMTAX program.
Accordingly, diatoms, peridinin-containing dinoflagel-
lates, cryptophytes, including the autotrophic ciliate
Mesodinium rubrum (=Myrionecta rubra) containing
cryptophycean symbionts, prasinophytes type 3
(Higgins et al. 2011) and prasinophytes without

Fig. 4 Chlorophyll a
measurements recorded by a
monitoring buoy at station MS03
in the surface (upper) and at 14 m
depth (lower) during the first part
of 2010 (corrected for non-
photochemical fluorescence
quenching)
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prasinoxanthin (prasinophytes type 1, Higgins et al.
2011) including chlorophytes as well as euglenophytes
were included in all CHEMTAX calculations. Further-
more, two types of cyanobacteria were included:
synechococcus-like cyanobacteria, identified by zea-
xanthin only, and the chain-forming cyanobacteria,
where the pigment /Chl a ra t ios of 4-keto-
myxoxanthophyll, echinenone, myxoxanthophyll and
zeaxanthin were loaded into the ratio matrices of
CHEMTAX (Schlüter et al. 2004). A group of
haptophytes with chrysochromulina-like pigments in-
cluding 4-k-hex (Zapata et al. 2004) and a group of
chrysophytes, possibly also containing pelagophytes
although not detected in the microscope, were loaded
into CHEMTAX as well. In the spring of 2009, when
gyroxanthin-diester was present in the samples, an extra
group of dinoflagellates with gyroxanthin-diester and
19′-acyloxyfucoxanthins was loaded as well and

subsequently added to the dinoflagellate group. The
pigment/Chl a-ratios used for setting up the ratio matri-
ces were mainly from species present in coastal areas
(Schlüter et al. 2000, 2004; Higgins et al. 2011).

The CHEMTAX calculations showed that, horizon-
tally in the investigation area, the phytoplankton group
composition was relatively uniform, and generally, the
most abundant species detected by the microscopy
screenings were the same at all stations and at the two
depths as indicated in Figs. 6, 7, 8, 9, 10 and 11.
However, large differences were often seen in the total
biomass when comparing the individual stations for
each month (Figs. 6, 7, 8, 9, 10 and 11).

The 2009 spring bloom started in February with a
dominance of diatoms (Fig. 6, only four stations sam-
pled). In 2010, the spring bloom started 1 month later in
March, and while Skeletonema costatum was dominat-
ing the spring bloom in 2009, various diatom species
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were constituting the spring bloom of 2010 (Fig. 9). In
late spring and summer, the biomasses decreased, and
phytoplankton were mostly dominated by smaller fla-
gellates, e.g. Chrysochromulina sp. were common both
years in the early summer as well as other unidentifiable
flagellates, but larger species of diatoms and various
species of dinoflagellates were also present (Figs. 6, 7,
9, and 10). Occasionally, the biomasses of some of the
phytoplankton groups were higher at 15 m depth; in
March 2009, chrysophytes were abundant in a subsur-
face bloom where the microscopic screenings showed
that the species Dictyocha speculum was dominating
(Fig. 6); in June 2009, haptophytes were detected by
pigment analysis and Chrysochromulina sp. were

identified in the microscope (Fig. 7) and a generally
increased abundance of dinoflagellates (Ceratium
sp., Gyrodinium sp. and Dinophysis sp.) was seen
in July and August in both 2009 (Fig. 7) and 2010 at
15 m depth (Fig. 10). Furthermore, the toxic
cyanobacteria N. spumigena as well as the non-
toxic Aphanizomenon sp. became abundant in June
2009 at the easternmost station towards the Baltic
Sea (Fig. 7). In July 2010, Aphanizomenon sp. de-
veloped in the surface, while in August 2010,
N. spumigena became abundant in the surface wa-
ters (Fig. 10). Small Synechococcus sp.-like cells
were often numerous at 15 m depth during the
summer periods (Figs. 7 and 10).
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In both years, diatoms such as Leptocylindrus
minimus, Chaetoceros sp. and Cerataulina pelagica
dominated the phytoplankton communities in autumn
(Figs. 8 and 11). Other phytoplankton species identifi-
able in the microscope, i.e. the euglenophyte
Eutreptiella sp., the autotrophic ciliate M. rubrum as
well as different dinoflagellates, e.g. Gyrodinium sp.,
were abundant in the autumn of 2009 (Fig. 8) while
different Ceratium species, e.g. Ceratium longipes,
were present in the 2010 autumn samples (Fig. 11).

Fewer stations were sampled during the winter pe-
riods due to storm incidents in the sampling periods.
The phytoplankton biomass was generally low, i.e. 1–
2 μg Chl a/L and the HPLC measurements

documented presence of all phytoplankton groups,
but diatoms were the most abundant group (results
not shown).

When the stations were pooled in groups of three
representing four main areas: the Great Belt (sta. H111,
360, 361), the Fehmarn Belt (sta. H033, H036, H037),
the Mecklenburg Bight (sta. 11, 12, 22) and Darss Sill
area (sta. 46, DS1, H131) (Fig. 1) and averaged for each
survey year, a high community similarity was confirmed
(ANOVA, P=0.38 and P=0.15 for surface and P=0.07
and P=0.40 for 15 m for 2009 and 2010, respectively)
(Fig. 12). However, the distribution showed some non-
significant differences from the western (more saline)
part to the eastern (less saline) part of the investigation
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Fig. 7 Phytoplankton group composition and biomass determined by pigment analysis, summer 2009 at two depths. The dominant species
identified by microscopy are indicated (the arrows indicate phytoplankton class or group relationship)
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area, where particularly diatoms and chrysophytes ap-
peared to be more abundant in the western part of the
area while chlorophytes, prasinophytes, cryptophytes
and chain-forming cyanobacteria became increasingly
important toward the eastern part of the investigation
area (Fig. 12).

When considering the seasonal variation, the phy-
toplankton composition changed markedly from
month to month (Figs. 6, 7, 8, 9, 10 and 11), and
multidimensional scaling (MDS) analysis of the
phytoplankton groups showed clustering of the
monthly cruises for the surface samples with at least
four clusters of monthly cruises (Fig. 13; only 2009
shown).

Discussion

Phytoplankton is irregularly distributed horizontally and
vertically in estuaries due to the varying strength of
physical forcing, nutrient loads and biological processes
(Cloern 1996; Mouritsen and Richardson 2003;
Gameiro et al. 2007). In the Fehmarn Belt area, water
level, wind and density differences are the main driving
forces for the exchange flow between the freshwater-
influenced Baltic Sea and the marine North Sea
(Jakobsen et al. 2010). Furthermore, nutrient enrichment
from land is affecting the Baltic Sea and the Fehmarn
Belt area (Andersen et al. 2011; Korpinen et al. 2012),
and large variations in the phytoplankton populations,
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Fig. 8 Phytoplankton group composition and biomass determined by pigment analysis, autumn 2009 at two depths. The dominant species
identified by microscopy are indicated (the arrows indicate phytoplankton class or group relationship)
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both spatially and temporally, were thus expected. Mon-
itoring phytoplankton is challenging due to their short
generation times and the large turnover of populations,
and in order to achieve knowledge on the phytoplankton
dynamics at group level as well as at species level in the
whole investigation area, a combination of in situ and
automated monitoring methods was chosen to achieve
high resolution data with a limited sampling and ana-
lyzing strategy.

The monitoring buoys provided valuable information
on the overall levels of Chl a concentrations, and in
between the blooms, the Chl a concentrations were in
the range of 1–3 μg/L at the three permanent buoy
stations during the 2 years of monitoring (e.g. Figs. 2

and 4). These continuous fluorescencemeasurements on
the fixed positions further facilitated distinction between
patches of increased algal biomasses transported
through the area and actual blooms building up inside
the area. An example of a transitory increase was seen in
March 2009 (Fig. 2). Such a Chl a biomass increase of
very short duration is difficult to distinguish from a
bloom when sampled by periodic monitoring cruises.
The continuous measurements were also valuable for
determining the duration and intensity of the blooms
developing in the area. An example is the large spring
bloom in March 2010 that lasted 1 month (Fig. 4). The
monthly monitoring cruise took place on 8–11 March
2010 and coincided with a small decline of Chl a in the
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beginning of the bloom (Fig. 4). Consequently, the
concentrations measured by the in situ samplings were
only showing biomasses of approximately 5 μg Chl a/L
in the surface waters and slightly higher at 15 m depth
(Fig. 9) whereas the bloom recorded by the monitoring
buoys continued the following days and reached a bio-
mass of approximately 18 μg Chl a/L (Fig. 4).

The spatial variation of the phytoplankton groups
measured by pigments showed that in each month, the
composition of the phytoplankton groups was remark-
ably uniform horizontally in the investigation area
(Figs. 6, 7, 8, 9, 10 and 11), and a high community
similarity was confirmed statistically for each of the two
layers sampled (Fig. 12). However, the distribution of

phytoplankton groups shows some non-significant dif-
ferences from the outermost western part to the outer-
most eastern part of the investigation area, where par-
ticularly diatoms, chrysophytes and dinoflagellates ap-
peared more abundant in the Great Belt area, which is
relatively more influenced by oceanic water from the
North Sea, while prasinophytes/chlorophytes,
cryptophytes and chain-forming cyanobacteria became
increasingly important toward the freshwater-influenced
Baltic Sea. Such a horizontal distribution pattern of
phytoplankton has previously been described by
Henriksen (2009) for two stations located in the Belt
Sea and in the western Baltic Sea respectively just
outside the present investigation area in 0–10 m depth
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Fig. 10 Phytoplankton group composition and biomass determined by pigment analysis, summer 2010 at two depths. The dominant species
identified by microscopy are indicated (the arrows indicate phytoplankton class or group relationship)
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integrated samples and microscopy enumerations as part
of the Danish national monitoring programme. For the
last three decades, dinoflagellates and diatoms have
dominated the phytoplankton populations in the Katte-
gat and the Belt Sea area just north of the investigation
area while, in the western Baltic Sea, east of the inves-
tigation area, apart from cyanobacteria, cryptophytes
(includingM. rubrum) and unidentified flagellates (pos-
sibly prasinophytes/chlorophytes) dominated the 0–
10 m depth integrated samples (Henriksen 2009).

The largest variation in the phytoplankton popula-
tions was caused by the seasonal change, which created
marked changes in the phytoplankton composition from
month to month (Figs. 6, 7, 8, 9, 10 and 11).

Multidimensional scaling analysis (MDS) confirmed
that the temporal variation was more important than
spatial variation in the Fehmarn Belt area (Fig. 13),
which emphasizes the strong impact seasonality has on
the development of phytoplankton. The impact of sea-
sonal changes is also evident from the onset of the
phytoplankton spring bloom that was delayed for a
whole month in 2010 compared with 2009 (Figs. 6
and 9) due to a prolonged and cold winter period
2009–2010; a winter that had one of the most negative
NAO (North Atlantic Oscillation) indexes measured
during the almost 190-year records (Jung et al. 2011).
The overall phytoplankton succession in the Fehmarn
Belt is thus primarily influenced by the annual cycle in
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Fig. 11 Phytoplankton group composition and biomass determined by pigment analysis, autumn 2010 at two depths. The dominant species
identified by microscopy are indicated (the arrows indicate phytoplankton class or group relationship)
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physical factors, i.e. light, temperature, water column
stratification and mixing of the water column, which
have the decisive effect on the development of the
different groups influenced by other environmental pa-
rameters such as nutrient input and availability, grazing
pressure, etc.

The pigment analyses revealed large differences of
both biomasses and the composition of the groups ver-
tically in the water column particularly in the summer
periods (Figs. 7 and 10) where the mixing by wind is
typically weak, and the two-layer exchange flow be-
tween the North Sea and the Baltic Sea, present most
of the year, is showing a particularly strong stratification

in the Fehmarn Belt (Jakobsen et al. 2010, and own
unpublished results). Blooms of the dinoflagellates,
e.g. Ceratium sp., Dinophysis sp. and Gyrodinium sp.,
were forming at the deepest sampling depth at the west-
ernmost stations in July 2009 (Fig. 7). Motile phyto-
plankton organisms like dinoflagellates adjust their po-
sition in the water column by means of vertical migra-
tions to benefit from the availability of nutrients in deep
waters and light towards the surface (e.g. Blasco 1978;
Figueroa et al. 1998; Brunet and Lizon 2003). Another
subsurface bloom was the massive occurrence of
D. speculum in March 2009 (Fig. 6). D. speculum was
detected as a new subsurface bloom-forming species in
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the eastern part) of the investigation area averaged over each year of the investigation
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the Kiel Bight area west of the investigation area in the
1980s (Jochem and Babenerd 1989) and has established
as a bloom-forming species in this area (Wasmund et al.
2008). Large vertical differences in total biomasses of
the individual groups were also seen in September and
October 2010 when diatoms dominated at the deepest
sampling depth whereas the phytoplankton community
was more diverse at the surface and especially
M. rubrum and Eutreptiella sp. were abundant
(Fig. 11).M. rubrum and Eutreptiella sp. have also been
shown to migrate in the water column when nutrients
are depleted from surface waters (Villarino et al. 1995;
Figueroa et al. 1998).

Whereas the flagellates take advantage of a stable
water column, the diatoms bloom in the spring when the
water column is well mixed and light and nutrients
become available and in the autumn when the water
column once again becomes well mixed (Wasmund
and Uhlig 2003). Diatoms have been shown to be the
predominant phytoplankton group in estuaries (Lemaire
et al. 2002; Schlüter and Møhlenberg 2003) and were
the most common group in the Fehmarn Belt. Although
most abundant in spring and autumn, the diatoms also
formed a large part of the phytoplankton population all
year round and constituted 33 and 28 % of the total
phytoplankton community biomass in the surface in
2009 and 2010, respectively, and a larger part at 15 m
depth: 44 and 42 % in 2009 and 2010, respectively.

S. costatum dominated the spring bloom of 2009, and
in 2010, also Chaetoceros sp., Thalassiosira sp. and
Rhizosolenia sp. were abundant at both depths at the
sampled stations (Figs. 6 and 9). These species are
common in spring blooms in the nearby areas measured
in the Danish national monitoring programme
(Henriksen 2009) and in the HELCOM programme in
the southern Baltic Sea (Wasmund et al. 1998). The
2009 diatom spring bloom was followed by a period in
March 2009 with dominance of flagellates (e.g. the
dinoflagellates Peridinium sp. and Gyrodinium sp.),
the prymnesiophyte Chrysochromulina sp. and the
abovementioned D. speculum in March 2009, while
the autotrophic ciliate M. rubrum was abundant in the
surface in April 2010 (Figs. 6, 7, 9 and 10). This pattern
was common for the whole baseline area and has previ-
ously been described for the Baltic Sea area (Hadju et al.
2007 and references herein).

Su r f a c e b l ooms o f cy anobac t e r i a , e . g .
Aphanizomenon sp. and N. spumigena, occur regularly
in the Baltic Sea and adjacent areas in late summer when
surface waters warm up and the water column becomes
calm (Kononen 1992; Kahru et al. 1994; Schlüter et al.
2004). These cyanobacterial blooms have never been
observed in the Kattegat north of the Great Belt area
(Kahru et al. 1994; Wasmund 1997; Henriksen 2009).
N. spumigena is toxic; it produces a hepatotoxin,
nodularin, which poses a health risk to humans and
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animals (Kononen 1992; Rzymski et al. 2011). This
toxic species has been shown to contain a diagnostic
pigment, 4-ketomyxoxanthophyll, which is specific for
N. spumigena in the Baltic Sea, and consequently, 4-
ketomyxoxanthophyll can be used to detect the presence
of N. spumigena in the Baltic Sea (Schlüter et al. 2004,
2008). 4-Ketomyxoxanthophyll was detected by the in
situ samplings in the surface waters in June 2009 and in
August 2010 by use of HPLC, and subsequently,
N. spumigena was also detected by microscopy (Figs. 7
and 10). The non-toxic chain-forming cyanobacteria
Aphanizomenon sp. was present as well, particularly at
the easternmost stations in July 2010 (station DS1,
Fig. 10). Blooms of the chain-forming cyanobacteria
are due to their buoyancy primarily located in the sur-
face and are patchier than those of other common
bloom-forming algal groups, e.g. diatoms and dinofla-
gellates (Wasmund and Uhlig 2003). Actually, larger
blooms of cyanobacteria can thus remain undetected
by in situ samplings if the patches are not sampled at
the station actually visited. In the present study, the
chlorophyll fluorescence in the surface waters recorded
by the measuring buoys provided the additional infor-
mation needed to conclude that excessive blooms of
cyanobacteria were not occurring during 2009 and
2010 in the investigation area. This agrees with the
observations recorded by satellite of surface waters in
the Baltic Sea proper where, in 2010, a cyanobacterial
bloom of normal intensity, as defined by Hansson and
Håkansson (2007), was restricted to the first 3 weeks of
July and mostly affected the south-eastern parts of the
Baltic Sea proper adjacent to the present investigation
area whereas only minor surface blooms were detected
in August (Hansson and Öberg 2010). Cyanobacterial
blooms in the summer of 2009 were categorized as well
below average in comparison with previous years
(Hansson and Öberg 2009).

Conclusion

In large monitoring programmes, the HPLC pigment
analytical method is ideally suited as an alternative to
the cumbersome and time-consuming enumerations of
algal cells and measurements for biovolume calculation
when determining the spatial and temporal resolution of
phytoplankton (Sarmento and Descy 2008), and in par-
ticular, it is also well suited for detecting pico- and nano-

phytoplankton that are difficult to identify microscopi-
cally (Higgins et al. 2011; Schlüter et al. 2011).

The combination of the HPLC pigment analysis
method and monitoring buoys continuously measuring
fluorescence at selected stations with fast screening of
samples in the microscope proved advantageous. The
fast screening of samples in the microscope provided
information on the dominant phytoplankton species
present in the samples and, furthermore, aided the set-
ting up of the pigment:Chl a ratios for CHEMTAX
calculations of the biomass of the phytoplankton groups.
This combination of methods was effective for provid-
ing the required information on both the phytoplankton
succession and dynamic in the Fehmarn Belt area and, at
the same time, getting information on duration and
intensity of the blooms as well as specific information
on the dominant species present both temporally and
spatially in the large investigation area. Subsequently,
the results of this survey were used for an environmental
impact assessment in which the potential impact on the
plankton communities of sediment spill, introduction of
new surfaces and alterations of hydrodynamic condi-
tions due to the construction of a fixed link between
Denmark and Germany in the Fehmarn Belt was
evaluated.
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