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ABSTRACT: Phenology of phytoplankton was investi-
gated at a coastal station in the western Baltic Sea
from 1988 to 2017 by means of microscopically deter-
mined biomass and chlorophyll a (chl a) data. The pro-
longation of the growing season in this marine area is
much stronger than that known from terrestrial areas.
The growing season, defined by biomass or chl a
thresholds, increased by 125 or 129 d, respectively,
and extends recently from February to December. The
spring bloom started earlier at a rate of 1.4 d yr ! and
the end of the autumn bloom was delayed by 3.1 d
yr 1. The duration of the growing season increased at
arate of 4.5 d yr™!. The earlier start of the growing sea-
son was correlated with a slight increase in sunshine
duration during spring, whereas the later end of the
growing season was correlated with a strong increase
in water temperature in autumn. The period with sea
surface temperature >10°C shifted towards the end of
November. Correlations of the duration of the growing
season with the phosphate and nitrate concentrations
were probably not causative. The shifts in the spring
and autumn blooms led to a prolongation of the sum-
mer biomass minimum. The earlier spring bloom was
caused, among other factors, by a shift of the biomass
maximum of the dominant diatom Skeletonema mari-
noi from May to February/March. The delay in the
autumn bloom was induced by a retardation of domi-
nant dinoflagellates and diatoms, such as Ceratium
spp. and Dactyliosolen fragilissimus.
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In a 29-yr study, an extended phytoplankton growing season
has been observed in the western Baltic Sea.
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1. INTRODUCTION

Coastal seas and oceans with all their organisms
are a vital resource for the growing human popula-
tion. Climate change and other anthropogenic pres-
sures endanger these ecosystems, and make man-
agement measures essential (Reusch et al. 2018). As
a precondition, scientific analysis of the status of
these ecosystems, and ongoing changes within them,
are necessary. It is common knowledge that anthro-
pogenic input of carbon dioxide and other green-
house gases is leading to a worldwide climate
change (IPCC 2014). A doubling of the atmospheric
CO, concentration and a global ocean surface tem-
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perature rise of 2 to 4.5°C have been predicted for the
21st century (IPCC 2014).

The resulting effects on ecosystems have received
increasing attention in studies of terrestrial systems
(e.g. Ibaniez et al. 2010, Cleland et al. 2012, Richard-
son et al. 2013), but reports of the impacts of climate
change in marine ecosystems have been underrepre-
sented in comparison with terrestrial studies, as shown
in the compilations by Parmesan & Yohe (2003) and
Rosenzweig et al. (2008). Within marine ecosystems,
the majority of climate-related studies have been on
zooplankton, fish and sea birds, and only rarely on
phytoplankton (see Sydeman & Bograd 2009 and ref-
erences within).

Global warming provokes the establishment of
invading species, changes in productivity, shifts in
species succession and, finally, changes in the food
web structure (Nehring 1998, Nixon et al. 2009,
Hallegraeff 2010, Smith et al. 2010). The food web
structure may be altered because increased temp-
erature enhances heterotrophic processes more
strongly than autotrophic processes, and may en-
hance consumer biomass relative to producer bio-
mass despite increases in primary productivity
(O'Connor et al. 2009, Sommer & Lewandowska
2011). A much more important factor is the shift in
bloom timing. An earlier phytoplankton spring
bloom may lead to a mismatch with consumers if
they are not habituated to the change and therefore
not able to feed on this unexpected bloom (Edwards
& Richardson 2004, Sommer et al. 2012a, Thackeray
2012). Earlier spring blooms can be anticipated if
accelerated warming in spring leads to earlier strat-
ification (Wasmund et al. 1998). Indeed, Kahru et
al. (2016) found a trend of earlier onset of sea sur-
face temperatures (SSTs) >212°C in spring in the
Baltic Sea and, therefore, also an earlier increase in
spring chlorophyll a (chl a) concentration. More-
over, the end of the high chl a period in the autumn
bloom was also delayed. Consequently, the period
with a satellite-estimated chl a concentration >3 mg
m~ has doubled from approximately 110 d in 1998
to 220 d in 2013. Kahru et al. (2016) obtained these
data from the central Baltic Sea, excluding the
shallow coastal areas.

Effects in coastal areas may be even greater,
because impacts of anthropogenic changes are parti-
cularly strong along coastlines where human pop-
ulations are concentrated and where there are
considerable influences from terrestrial catchment
areas (Cloern et al. 2016). In this study, we concen-
trate on the potential prolongation of the growing
season of phytoplankton at a coastal station in the

western Baltic Sea. The duration of the growing sea-
son can only be reliably estimated using data series
of at least weekly sampling, which cannot be realized
by monitoring programmes based on research ves-
sels. However, coastal stations are easily accessible
even without ships. For this study, we used coastal
monitoring data of the Leibniz Institute of Baltic Sea
Research Warnemiinde (IOW). This data series is
long enough (available from June 1988) to assess
long-term changes.

We determined the phytoplankton biomass and the
chl a concentration in water samples. We used ‘grow-
ing season’ as a pragmatic technical term to describe
the main growth period of the entire phytoplankton
biomass. This is the duration between the first and
last day that a threshold value is reached, as previ-
ously applied by Kahru et al. (2016). The threshold is
defined so that the period extends from the start of
the spring bloom to the end of the autumn bloom.
Similar to terrestrial plant growth, periods of nega-
tive net growth which may occur in summer are
included in the growing season. The period outside
the growing season is more or less restricted to win-
ter when phytoplankton growth is limited primarily
by light. This ‘resting period’ is characterized by per-
manently low phytoplankton biomass. We must
admit that some growth may also occur during this
resting period, but this minor growth is excluded
from the growing season.

Our hypothesis is that water temperature will have
increased and, correspondingly, the growing season
of the phytoplankton will have started earlier and
extended for longer. We are aware that other factors,
such as irradiation, salinity and nutrients may like-
wise have an influence, and therefore have also
taken them into account.

2. MATERIALS AND METHODS
2.1. Study site

The Baltic Sea is a shallow intra-continental shelf
sea with only a narrow connection to the fully marine
North Sea. Dense saltwater flows sporadically from
the North Sea into the Baltic Sea near the sea bottom,
whereas brackish Baltic water flows out at the surface.
The Belt Sea, including the Danish Belts, Kiel Bay
and the Bay of Mecklenburg, is a highly dynamic
system concerning water mass transport. It is sepa-
rated from the Baltic Proper by the Darss Sill. The
Arkona Basin is the westernmost basin of the Baltic
Proper.
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The study site is situated at the 55.0°%
southern banks of the Bay of Mecklen- |
burg. The time series started on
1 June 1988 with weekly samplings at 54 g°
a pier west of Rostock-Warnemiinde
(564°11'N, 12°03'E). The pier was
demolished at the end of 1998. To
allow continuation of the time series,
the sampling position was shifted to
the next pier situated 14.5 km west of
the original position at Heiligendamm 54 8°
(54°08.76'N, 11°50.58'E). The condi-
tions at these 2 positions (Fig. 1) are
similar. They are sheltered from the
south and exposed to the north. Water
depth is 3 to 4 m. The bottom is sandy.
The average salinity over all data (n =
1231) is 12.0 with a high variability
ranging from 6.6 to 21.1, depending on the situation
of inflowing marine water from the west (Kiel Bay) or
outflowing brackish water from the east (Arkona
Basin). Tides do not occur, but wind pressure may
temporally change the water level at the station.

54.2°

10.5°E

2.2. Meteorological variables

The weather conditions (wind direction, wind
speed in Beaufort, cloud cover) were noted down
during every sampling. As we have no directly meas-
ured data for irradiance from the sampling area, we
used the monthly sum of sunshine duration as a
proxy. These data were obtained from the Climate
Data Center of the Deutscher Wetterdienst (DWD) for
the Rostock-Warnemiuinde Station. The seasonal data
are the sum of the monthly values for the seasons as
defined in Section 2.8.

Besides the directly measured temperature during
sampling, we also made use of the SST data deliv-
ered by the German Federal Maritime and Hydro-
graphic Agency (Bundesamt fur Seeschifffahrt und
Hydrographie, BSH). Values of SST were derived
from data of the Advanced Very High Resolution
Radiometer (AVHRR) of the National Oceanic and
Atmospheric Administration (NOAA) and the Euro-
pean Meteorological Operational Satellite (METOP)
in a 3 x 3 pixel area in the Bay of Mecklenburg
(M in Fig. 1). SST in the central Bay of Mecklenburg
is more representative for the area than the
strongly fluctuating temperature data taken during
the sampling, which are subject to dynamical pro-
cesses like upwelling or diurnal heating in this
shallow water.

Arkona Basin

11.5° 12.5° 13.5° 14.5°

Fig. 1. The locations of the sampling stations in the Bay of Mecklenburg.
(M) SST data collection (provided by NOAA-AVHRR)

2.3. Water sampling

Surface water samples for phytoplankton and chl a
were taken by means of a bucket at about 10:00 h.
The water was filled directly into 1000 ml glass bot-
tles for nutrient analysis. During the sampling, water
temperature and salinity were measured by means of
a TS probe (WTW; Xylem Analytics).

2.4. Nutrients

Nutrient samples were filtered through pre-com-
busted (450°C, 4 h) GF/F filters immediately after
sampling and stored frozen (-20°C) until analysis.
Inorganic nutrient concentrations (phosphate, nitrite,
nitrate, silicate) were measured with standard colori-
metric methods (Rohde & Nehring 1979, Grasshoff et
al. 1983) using different autoanalyzer systems (Evo-
lution IIT and FlowSys; Alliance Instruments).

2.5. Chl a

Chl a is a universal plant pigment and can be used
as a proxy for phytoplankton biomass. Because of
variable conversion factors, a calculation of biomass
from chl a concentrations is usually omitted and chl a
is taken as a separate variable. We followed the
guidelines of the Baltic Marine Environment Protec-
tion Commission — Helsinki Commission (HELCOM
1988), which were slightly modified during the
course of the study period without noticeable conse-
quences for the analytical results (HELCOM 2017).
Accordingly, we shifted from the spectrophotometric
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to the fluorometric method at the beginning of 1995.
From 2003, 96% ethanol was used as extraction
agent instead of 90 % acetone, which allowed homo-
genization of the filters and centrifugation of the
extract to be omitted, as recommended by Wasmund
et al. (2006). Up until 2010, the chl a data were cor-
rected for pheopigment a according to the principles
of Yentsch & Menzel (1963) and Lorenzen (1967). In
2010, we also applied the method of Welschmeyer
(1994) in parallel analyses. This does not correct the
chl a data for pheopigments, but for chl b. A large
survey conducted in the open sea (n = 653) revealed
that the data of both methods deviate by only 1%
(Wasmund et al. 2011). Therefore, from 2011 on-
wards, we used the data analysed with the method of
Welschmeyer (1994) without corrections, using a 10-
AU-005-CE fluorometer (Turner).

2.6. Phytoplankton biomass

The quantitative and qualitative analysis of phyto-
plankton was determined by microscopic counting
according to the guidelines for the Baltic Monitoring
Programme of HELCOM (HELCOM 1988), which
have not changed over the 29 yr that the monitoring
programme has been running. Each water sample
(250 ml) was preserved with 1 ml acetic Lugol's solu-
tion. Sedimentation in combined plate chambers
(usually 25 ml) and the counting of 2500 objects
under an inverted microscope with appropriate
magnification (100x, 400x) were conducted following
the principles of Utermohl (1958). Cell counting and
biomass calculations were carried out using the
counting programme OrgaCount (AquaEcology), and
based on the HELCOM biovolume factors which are
annually updated at www.ices.dk/
marine-data/vocabularies/Documents/
PEG_BVOL.zip (for a basic description 4
see Olenina et al. 2006).

2.7. Definition of the thresholds

We applied the first 3 phenological

Chla (mg m™)

reached (DD: day duration), which can roughly be
considered as the 'growing season'. As we were pri-
marily interested in the extension of the total period,
we disregarded the occurrence of sub-periods of low
biomass within the growing season.

As these periods are calculated for phytoplankton
biomass and chl a independently, they may deviate.
Therefore, the specific values for phytoplankton bio-
mass and chl a are marked with the additional letters
‘-B" and '-C’, respectively.

In order to define the thresholds we had to find
the most suitable value to differentiate between the
growing season and the resting period. Kahru et al.
(2016) adopted a threshold of 3 mg m™ for near-
surface chl a concentrations derived from satellite
images in open Baltic Sea waters. That value could
not be applied to our data. In some years (1991, 1997,
2001, 2002, 2003, 2005, 2015), the chl a concentra-
tions in summer and autumn did not even exceed
3 mg m~3, which would make it impossible to identify
DL-C. We had to reduce the chl a threshold to 2.3 mg
m~ as a best fitting value. The biomass threshold
related to the chl a threshold was derived from the
regression curve shown in Fig. 2. This figure com-
pares monthly means of phytoplankton biomass and
chl a concentration from October to March of all
investigation years up to a biomass level of 1000 mg
m~, These data include the end and the beginning of
the growing season (DL, DF) but exclude the highly
variable bloom peaks that would disturb the spring
and autumn data of interest. According to the regres-
sion curve, the chl a value of 2.3 mg m~ is related to
a biomass value of 750 mg m~3, which we adopted as
a biomass threshold.

The principle of 'DF’, 'DL' and ‘DD’ was also ap-
plied to the ambient water temperature at the sam-

indicators used previously by Kahru et e R - Y= 0.58In() - 1.58
al. (2016): PR R2 = 0.501

(1) Day of year when a threshold 0 ° ; . . T )
value is first reached (DF: day first) 0 200 400 600 800 1000

(2) Day of year when a threshold
value is last reached (DL: day last)

(3) Duration between the first and
last days on which a threshold value is

Biomass (mg m)

Fig. 2. Relationship between phytoplankton biomass and chl a concentration.
Monthly mean values from October to March up to a biomass of 1000 mg m~>

with a logarithmic regression curve
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pling station and SST, using the additional letters '-T'
and '-SST', respectively. The number ‘10" was added
because we adopted a threshold of 10°C for evalua-
tion of trends in spring and autumn temperature.
Seip (2015) also used an SST threshold of 10°C for
defining the growing season in the Gulf of Maine.

2.8. Definition of seasons

For some calculations, the seasons are considered
separately (Figs. S1-S3 in the Supplement at www.
int-res.com/articles/suppl/m622p001_supp.pdf). These
are defined by months as in the HELCOM commu-
nity (e.g. HELCOM 1996) and are mainly based on
the occurrence of the spring, summer and autumn
blooms. Accordingly, in the Bay of Mecklenburg,
spring extends from February to April, summer from
May to August and autumn from September to No-
vember. As winter extends from December to Janu-
ary we define, for example, ‘winter 1989’ as the
months December 1988 and January 1989. Monthly
means were calculated first as the basis for further
calculations of seasonal mean values.

2.9. Statistical analyses

We applied the non-parametric Mann-Kendall test
(Kendall 1975) for monotonic downward or upward
trends together with the non-parametric Sen method
(Sen 1968) for the slope estimate. This test allows out-
liers and does not need any particular distribution of
the data. It cannot be applied for highly non-linear

trends. The calculation spreadsheet and a manual are
supplied by Salmi et al. (2002). Since n > 10, the Z-
statistic (normal approximation) could be applied. The
results are shown in Table 1. The coefficients of deter-
mination (rz) given in Figs. 3, 4, 7, 8 and S1-S4 were
derived from the linear trend lines provided by Excel,
and were used to calculate t. The correlations shown in
Table 2 are significant if ¢ > p for p-levels 0.05 and 0.01.
The contour graphs in Figs. 9-11 were produced
from monthly means of phytoplankton biomass in
SigmaPlot10.0 with interpolation of missing data.

3. RESULTS
3.1. Abiotic variables

The measurement and evaluation of physical and
chemical data were not the primary aim of our study,
but they were necessary for the interpretation and
discussion of the biological results. The local salinity,
temperature and nutrient conditions at the time of
sampling were highly variable and dependent on the
wind-induced mixing, upwelling processes and cur-
rents. Seasonal averages, as presented in the Supple-
ment (Figs. S1-S4), smooth these variations. More
stable and representative temperature data can be
gained from weekly averages derived from daily SST
data covering the central Bay of Mecklenburg, which
form the basis for the estimates shown in Fig. 3.

As an indicator for warming, the seasonal advance-
ment of DF-SST10 and the delay of DL-SST10 are
shown in Fig. 3a. The period between these threshold
days (DD-SST10) expanded over the study period

Table 1. Significance of trends for 1989 to 2017 —*p < 0.1, *p <0.05, **p<0.01, ***p <0.001. (+) Increase; (-) decrease; Temp.:
temperature at sampling station; DL-SST10: end of the annual period with SST > 10°C; empty cells: non-significant. Winter
data of the variables shown did not reveal significant trends

Season Salinity Temp. Sunshine duration Nitrate Silicate Phosphate DL-SST10
Spring +# —** -*

Summer +* _# i #

Autumn +* e s e e

Table 2. Coefficient of determination (r?) for correlations of seasonal means of different variables in spring and autumn, 1989 to
2017 (silicate since autumn 1994), with the duration of the chl a-based growing season (DD-C). *p <0.05, **p < 0.01. The number
of days with SST > 10°C (DD-SST10) covers the entire year (i.e. all seasons). Temp.: temperature at sampling station

Season Salinity Temp. Sunshine duration Nitrate Silicate Phosphate DD-SST10
Spring 0.076 0.016 0.298** 0.217* 0.097 0.432** 0.268°*
Autumn 0.220* 0.349** 0.002 0.160* 0.142 0.411** '
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Fig. 3. Trends for 1990 to 2017 of the (a) start (DF-SST10) and end (DL-SST10) and (b) duration of the period (DD-SST10) with
SST > 10°C in the Bay of Mecklenburg
600 Spring ber 2017 are shown in Figs. 5 & 6, re-
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1988 1990 1992 1994 1996 1998 2000 2002 2004 2006 2008 2010 2012 2014 2016

Fig. 4. Trends for 1988 to 2017 in the cumulative sum of sunshine duration

in spring and autumn in the Bay of Mecklenburg

(Fig. 3b). The significance of trends is shown in Table 1.
Increasing or decreasing trends are marked with '+’
and '-', respectively, and can also be seen from the re-
gression lines in the corresponding figures (Figs. 3, 4,
S1 & S2). The increase in DL-SST10 is significant
(Table 1), but the decrease in DF-SST10 is not.

The cumulative sum of sunshine duration increa-
sed in the spring data from 1988 to 2017 (Fig. 4). This
trend is only weakly significant due to strong fluctu-
ations (Table 1). The autumn data for sunshine dura-
tion show no trend at all. Significant trends in local
temperature and salinity data occurred in autumn
but not in spring (Fig. S1). Nitrate and phosphate
showed decreasing trends both in spring and
autumn, whereas silicate concentrations increased in
summer (Fig. S2, Table 1).

3.2. Biotic variables

The complete time-series of phytoplankton bio-
mass and chl a data taken from June 1988 to Decem-

tioned that phytoplankton data from
September to December 1994 and from
the whole of 1997 are lacking, but chl a
data are available. In the period from
1999 to 2003, spring blooms occurred
already between Days 50 and 100 and autumn
blooms could extend to Day 336 (Figs. 5c¢ & 6¢). The
last biomass value available for 2003 was from 2
December (Day 336; 756 mg m~2) and was accepted
as DL because chl a data from the following sampling
days showed a strong decrease. The same strategy
was applied in 2008 when the last biomass value of
that year (on 16 December, Day 351) was still high
but was assumed as the biomass DL because chl a
was already decreasing below the threshold. Neither
biomass nor chlorophyll samples were taken in 2006
after 23 October. Therefore, the end of the growing
season could not be reliably identified in 2006. Many
phytoplankton samples from spring 2013 could not
be analysed because of a high proportion of sediment
particles. There was not enough biomass data from
this year for a realistic representation of the spring
situation, and a calculation was not possible for that
season. However, chl a data were present.

In general, earlier spring blooms and later autumn
blooms (Fig. 7) led to an expansion of the growing
season (Fig. 8). All linear trends shown in Figs. 7 & 8
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Fig. 5. Phytoplankton biomass (wet weight) data from the coastal station for every investigation year. (a) 1988-1992,
(b) 1993-1998, (c) 1999-2003, (d) 2004-2008, (e) 2009-2013, (f) 2014-2017

by dashed lines are highly significant. The increase
in the duration of the growing season, expressed in
number of days, is of special interest. We prefer using
regression line estimates of the trends instead of the
discrete values measured at the beginning and the
end of the data series, because they are more repre-

sentative than single measuring points. The estimate
based on the regression lines suggests an increase in
DD from 159 d in 1989 to 284 d in 2017 for the bio-
mass data, and from 163 d in 1989 to 292 d in 2017 for
the chl a data. Thus, the duration of the growing sea-
son increased by 125 or 129 d based on biomass or
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Fig. 6. Chl a data from the coastal station for every investigation year. (a) 1988-1992, (b) 1993-1998, (c) 1999-2003, (d) 2004—
2008, (e) 2009-2013, (f) 2014-2017

chl a data, respectively. The 29 yr period relates to 28
inter-annual time-steps. Division of the total number
of days by 28 results in a rate of 1.4 d yr~! for the ear-
lier spring bloom and 3.1 d yr! for the delay to the
end of the autumn bloom. The growing season thus
extended by 4.5 d yr! in the period from 1989 to
2017.

The extension of the growing season did not neces-
sarily lead to higher annual phytoplankton produc-
tion or biomass, because the spring and autumn
blooms did not increase in length but tended to shift
from summer to spring and autumn. Therefore, the
biomass trends in the fixed spring and autumn peri-
ods did increase, whereas the summer biomass data
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Fig. 9. Seasonal and long-term development of total phytoplank-

ton biomass

showed a decreasing trend (Fig. S3). A prolongation
of the summer minimum period becomes obvious
from the successive graphs presented in Figs. 5 & 6
and from Fig. 9. This primarily shows a shift in the
autumn bloom.

The question is whether the change in timing is
related to shifts in species composition. The most im-
portant classes are the Bacillariophyceae and Dino-
phyceae, contributing 68% to total phytoplankton
biomass if all data are considered. Bacillariophyceae
and Dinophyceae contributed 40 and 24 %, respec-
tively, to total phytoplankton biomass during the
spring months and 54 and 31 % during the autumn
months. They were the only classes that showed a

clear shift in their distribution (Fig. 10),
whereas the remaining classes showed scat-

Biomass  tered patterns.

(mg m™) The dominating spring species was Skele-
= ?OOO tonema marinoi, with 15 % of the total phyto-
[ 2000 plankton biomass. This was the only abun-
— %> dant spring species that showed a clear

tendency towards earlier blooms, shifting
from May to February/March (Fig. 11la).
Other species appeared sporadically in high
biomass, as for example an unidentified
small Chaetoceros species on 30 March 1998
(not shown). A diatom that formed summer
blooms up until 2005, Dactyliosolen fragilis-
simus, tended to occur in autumn after 2005
(Fig. 11b). Some diatoms (Cerataulina pela-
gica, Pseudosolenia calcar-avis) appeared as
new bloom-forming species in autumn (Fig.
11c,d). Other taxa, such as Rhizosolenia
setigera and Actinocyclus spp., could occur
both in spring and in autumn (Fig. 11e,f). The
autumn diatom species mentioned, except
Actinocyclus spp., are marine species that
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Fig. 10. Seasonal und long-term development of biomass of (a) Bacillariophyceae and (b) Dinophyceae. Note the different
colour scales

may become progressively established in the Bay of
Mecklenburg with a corresponding increase in salinity
(Table 1).

The Dinophyceae were predominantly represented
by Ceratium spp., with a maximum in October 1998.
The distribution pattern of this genus was almost
identical to that shown in Fig. 10b.

4. DISCUSSION

The relationship between phytoplankton biomass
and chl a concentration is variable. Therefore, inde-
pendent calculations based on these 2 parameters
may not always agree. For example, no autumn bloom
was identified in the biomass data in 1990, whereas
the chl a data suggest a small autumn bloom (Days
291 to 305; Figs. 5a & 6a). Raising the chl a threshold
would bring the biomass and chl a calculations for
1990 into agreement. On the other hand, if we re-
duced the chl a threshold to 2.0 mg m~3, we could har-
monize the deviating DL-B with DL-C and DD-B with
DD-C for 1998 (Figs. 7b & 8). The chl a maximum of
the spring bloom in 2002 (2.95 mg m~ on Day 70) cor-
responded to a phytoplankton biomass of only 695 mg
m~3, which was slightly below the threshold, but was
accepted as the first high biomass value (DF-B) of the
season as this agreed with DF-C. Adopting different
thresholds for different years depending on the mag-
nitude of the annual chl a data would be a theoretical
solution, but appears rather subjective and was not
applied. Instead, we preferred to use a constant

threshold, as was applied by Kahru et al. (2016). Con-
sequently, we kept the discrepancies shown in Figs. 7
& 8 in order to indicate the spread of our estimates.

The threshold level should exclude small pre-
bloom and post-bloom biomass peaks that could be
caused by sediment resuspension after storm events.
This was not always realized. For example, chl a
peaks occurred on 1 February 2011 and 24 January
2017 without corresponding biomass peaks, and may
be considered as outliers. In order to exclude subjec-
tive decisions on outliers, we generally kept all data
including these ‘outliers’, even if they disturbed the
smooth outlook of the data series. They indicate some
degree of uncertainty in the results.

Using diverse data of terrestrial organisms (herbs,
shrubs, trees, birds, butterflies, amphibians), Parme-
san & Yohe (2003) estimated a mean shift towards an
earlier occurrence of spring events of 2.3 d per de-
cade. This is very little in comparison to reports con-
cerning aquatic systems (e.g. Edwards & Richardson
2004). For phytoplankton, we found a much higher
trend for earlier spring blooms of approximately 14 d
per decade and a delay to the end of the autumn
blooms of 31 d per decade in the period from 1989 to
2017. Obviously, the extension of the growing season
is due much more to the longer autumn blooms than
the earlier spring blooms. Kahru et al. (2016) found a
similar phenomenon: trends towards an earlier start
and later end of the growth season. Their data re-
vealed an advance of 16 d per decade in the spring
bloom and a delay to the end of the high chl a period
at a mean rate of 19 d per decade.
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Our study ascertained a clear extension of the
phytoplankton growing season by 127 d (mean of
biomass- and chl a-based data) within 28 yr, which
corresponds to 4.5 d yr'!. Kahru et al. (2016) detected
a 110 d prolongation from 1998 to 2013 in the open
Baltic Sea, which is equivalent to 7.3 d yr'. The data
presented by Kahru et al. (2016) and our conservative
estimate represent a range of past developments. It
is, however, important to note that these linear trends
cannot be projected into the future.

The extension of the growing season is more or less
correlated with the variables tested (salinity, tem-
perature, sunshine duration, nutrient concentrations;
Table 2). Variables with increasing trends correlated
with the extension of the growing season. Salinity
showed a significant increase only in the autumn
data (Fig. S1d, Table 1). Increasing salinity indicates
inflow of water from the Kattegat, and probably a
long-term increase in autumn storms. The inflowing
water contains species of marine origin, whose addi-
tional biomass may prolong the growing season.
Generally, we consider salinity to be less important
for the phenological changes

The winter season is preferred for long-term ana-
lyses of nutrient concentrations, as this represents the
most stable situation with highest concentrations and
minimum biological activity (Nausch et al. 2008).
However, no significant trends in winter nutrient con-
centrations were found, i.e. the ‘'winter’ row would be
empty in Table 1. In the phytoplankton growth phase,
dissolved inorganic nutrients are consumed, leading
torapid changes. The high pre-bloom and the low post-
bloom nutrient concentrations should be separated
within a season. However, even our weekly data are
too approximate for detailed analyses of the nutri-
ent—phytoplankton relationship and kinetics during
the bloom development, particularly as short-term
resuspension and advection processes cause high vari-
ability. Therefore, we simply present the seasonal
means of nutrients which include the wide range
from pre-bloom and post-bloom situations (Fig. S2).
Nevertheless, some correlations between nitrate and
phosphate concentrations and duration of the grow-
ing season could be detected (Table 2, Fig. S4d). The
consumption of dissolved inorganic nutrients during
phytoplankton growth generally leads to a negative
correlation between nutrient concentrations and phyto-
plankton biomass on a short-term scale. We believe
that the statistical correlations between nutrient con-
centrations and the duration of the growing season do
not indicate decisive causal relationships.

Usually, light and temperature are considered to be
stimulants of phytoplankton growth as long as nutri-

ents are available, which is the case in early spring
(Sommer et al. 2012a, Edwards et al. 2016). Light is
a basal resource for phytoplankton, whereas light-
saturated growth rates depend largely on tempera-
ture. Temperature also influences growth indirectly,
e.g. via stratification, which increases the mean light
exposure of phytoplankton cells in the mixed surface
layer. Several field data suggest that the onset of the
spring bloom in shallow water bodies, in contrast to
stratified deeper waters, is independent of the onset
of thermal stratification (Sommer & Lengfellner 2008).
In mesocosm experiments simulating shallow, well-
mixed systems, the timing of the spring bloom was
found to be strongly coupled to the external light
regime, with an almost 1.5 mo earlier spring peak at
high light in comparison with the low-light treatment,
whereas higher temperature accelerated the spring
peak by only 1 to 1.4 d °C™! (Sommer & Lengfellner
2008). Another mesocosm experiment conducted in
the same area (Kiel Fjord) confirmed the importance
of light: high-light treatment shifted the spring bloom
to the end of January, whereas it usually occurs in
February (Sommer et al. 2012b). The evaluation of an
extended set of mesocosm experiments with water
from Kiel Fjord showed lower and less consistent ef-
fects of light on spring-bloom timing (Winder et al.
2012).

We have no data for irradiance and turbidity from
our sampling station. As a proxy for irradiance, we
used sunshine duration, which showed an increase in
spring data (Fig. S4c), probably because of reduced
cloudiness, although according to Kahru et al. (2016),
cloudiness has increased in a long-term comparison
of winter data. The incoming shortwave irradiation
showed typical annual cycles without any trend, but
its cumulative daily sum was reached earlier in
spring and summer over the whole investigation
period, indicating slightly higher irradiation after
mid March over the Baltic Sea (Kahru et al. 2016). In
addition, underwater light intensity may have in-
creased because of increased water transparency, as
reported, for example, by Fleming-Lehtinen & Laa-
manen (2012) for the southern Baltic Sea. Usually,
light limitation of growth is assumed in early spring
and late autumn (Hegseth & Sakshaug 1983). There-
fore, the large extension of the autumn bloom is sur-
prising. Mixotrophic species, such as Ceratium spp.,
are however largely independent of light (Tunin-Ley
et al. 2009). They may become more dominant with
climate change (Flynn et al. 2013). If they are not
grazed and do not sink out, they may stay in the water
column with low metabolic activity and only appear
to be undergoing a longer growth phase in autumn.
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A longer warming period in summer leads to a
longer warm phase in autumn. Therefore, the tem-
perature increase in autumn, in contrast to that in
spring, was strongly significant (Fig. S1, Table 1),
and the end of the annual period with SST > 10°C
(DL-SST10) shifted significantly towards the end of
November (Fig. 3, Table 1). A later autumn bloom
and a shorter resting period in winter may allow sur-
vival of a higher phytoplankton biomass as an early
starting population for the following spring (Thack-
eray et al. 2008, Schliter et al. 2012).

A temperature effect on the phenology of the
spring bloom has been described in the literature,
but could not be confirmed with our data. In meso-
cosms filled with water from Kiel Fjord, Sommer &
Lewandowska (2011) found that the spring phyto-
plankton peak occurred 1 d earlier per 1°C warming.
The mesocosm experiments of Feuchtmayr et al.
(2010) showed an advance of the chl a peak by 15 to
19 d with a 4°C temperature increase. Seip (2015)
ascertained that an increase of 1°C starts the ‘grow-
ing season' 8 d earlier and lengthens the season by
13 d (for SST > 10°C) in the Gulf of Maine. The rea-
sons for this temperature effect are hard to explain,
because phytoplankton growth is primarily depend-
ent on light and nutrients, and much less affected by
temperature than zooplankton.

Higher temperature stimulates zooplankton more
than phytoplankton because of their higher meta-
bolic response to temperature (O'Connor et al. 2009,
Winder et al. 2012). Zooplankton cannot grow before
its food source has developed (Thackeray 2012). As
temperature increase stimulates zooplankton activity
more strongly than phytoplankton activity, the time
lag between the phytoplankton peak and microzoo-
plankton biomass is reduced (Aberle et al. 2012).
This indicates that the mismatch hypothesis should
be rejected (Atkinson et al. 2015). Grazing might be
an important factor in the termination of the bloom,
but not in preventing its initiation if light and nutri-
ents are adequate (Nixon et al. 2009). We may as-
sume that the phenological shift in spring phyto-
plankton is rather independent of zooplankton (cf.
Sommer & Lewandowska 2011). Englund et al. (2011)
showed a clear increase in zooplankton attack rate
on phytoplankton and maximum ingestion rate with
temperature increase within the natural temperature
range. Correspondingly, raised temperature may lead
to a decrease in phytoplankton biomass (Sommer &
Lewandowska 2011, Paul et al. 2015, 2016).

Phenological changes may depend on the appear-
ance of species which may react in different manners
(Thackeray et al. 2008). Warm-stenothermic species

may invade warmer waters, whereas cold-stenother-
mic species may escape to colder areas, greater
depths or colder seasons. Shifts in seasonal occur-
rence can be identified clearly by comparison with
historical data sources. The dinoflagellates, primarily
represented by Ceratium spp. such as C. tripos (= Tri-
pos muelleri), C. fusus, C. lineatum and C. furca, had
maximum biomass in Kiel Bay in August 1905 and
1906 (Lohmann 1908), in August to October 1949
(Gillbricht 1951) and in September to November
2001 to 2003 (Wasmund et al. 2008). A shift from
summer to late autumn occurred within a century.
Historical literature for Ceratium spp. has also been
used for long-term studies in the northwestern Medi-
terranean Sea by Tunin-Ley et al. (2009). The aver-
aged annual cycles of SST in that study again
showed a longer warm season at present in compari-
son to those in the past. C. tripos, C. fusus and
C. furca were more or less perennial, but they had a
minimum in the warm season in the Monaco vertical
sampling data (Tunin-Ley et al. 2009).

Skeletonema marinoi, previously named S. costa-
tum, is currently the most abundant diatom in the
Bay of Mecklenburg and in the Arkona Basin. It can
form spring blooms even in the Gulf of Finland, but
with great year-to-year fluctuations which cannot be
directly connected with changes in environmental
conditions (Kononen & Niemi 1984). In Kiel Bay, its
biomass was highest within the period from May to
October in 1905 and 1906 (Lohmann 1908), shifted to
March in 1950 (Gillbricht 1951) and even to February
in 2003 (Wasmund et al. 2008). This shift from a sum-
mer/autumn species to an early spring species is
remarkable. However, Borkman & Smayda (2009)
and Nixon et al. (2009) found the opposite trend in
Narragansett Bay from 1959 to 1997 or 2006: a long-
term decline in the winter/spring populations and an
increase in summer/autumn populations of S. costa-
tum, related to trends from cold winters to warmer
winters. This discrepancy with our findings may be
explained by a recent reassessment of the species
after the taxonomic revision by Sarno et al. (2005).
This revealed that the winter species in Narragansett
Bay is S. japonicum and the summer species is
S. grethae (Nixon et al. 2009). Perhaps the Skele-
tonema species of historic summer/autumn blooms in
Kiel Bay was also different from the recent spring
species S. marinoi.

Concerning historical data of diatoms that are cur-
rently important in Kiel Bay, Dactyliosolen fragilis-
simus (=Rhizosolenia fragilissima) and R. setigera
had their relatively low biomass peaks in July to Sep-
tember, whereas Cerataulina pelagica (C. bergonii)
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was unimportant and Pseudosolenia calcar-avis
(R. calcar-avis) and Actinocyclus spp. were not men-
tioned at all in 1905 and 1906 (Lohmann 1908). From
these 5 taxa, Gillbricht (1951) mentioned only D. frag-
ilissimus and C. pelagica, mainly from June to
August and from October 1949, respectively. In 2002
and 2003, R. setigera became a spring species but
C. pelagica an autumn species, whereas D. fragilis-
simus stayed a summer species in Kiel Bight (Was-
mund et al. 2008). In our recent data from the Bay of
Mecklenburg, D. fragilissimus shifted its blooms from
summer to autumn after 2005. According to Ignati-
ades & Smayda (1970), D. fragilissimus does not grow
below 9°C, which explains why it was originally a
summer species and may shift to autumn with increas-
ing temperature. While D. fragilissimus occurs pri-
marily in summer in Narragansett Bay, R. setigera is
a species of winter/spring (Karentz & Smayda 1984).
The latter finding is supported by our data, and it
may also apply to Actinocyclus spp., which are pri-
marily represented by A. octonarius.

P. calcar-avis has formed strong autumn blooms in
some recent years (cf. Kaiser et al. 2016). Historical
data from the North Sea show that P. calcar-avis used
to occur mainly in autumn and winter, but it prefers
warmer regions, e.g. the Adriatic and the Gulf of
Mexico (Kraberg et al. 2015). This species seems to
be now extinct in the North Sea as Kraberg et al.
(2015) could not find any recent records after those
from 1906 to 1908. Therefore, its recent entry from
the North Sea is unlikely. However, this species has
been found to be present in sediments of the Baltic
Sea (Tuovinen et al. 2008). This sudden appearance
in the Baltic Sea was surprising because no simulta-
neous environmental changes occurred. It shows that
trends on the species level cannot be well explained
on the basis of the limited set of environmental data
available.

In general, we found a shift of some abundant taxa
from summer to spring (Skeletonema sp.) or autumn
(Ceratium spp., D. fragilissimus, C. pelagica) or even
to both spring and late autumn (R. setigera). New
species may further enhance the biomass in autumn
(P. calcar-avis). The appearance of some bloom-
forming species is scattered and remains difficult to
predict because it may also depend on biotic interac-
tions, including conditions for encystment/excystment.
Unravelling the complicated patterns on the species
level would need additional extensive research.

We conclude that phytoplankton has extended its
growing season to February-December in coastal
waters of the western Baltic Sea. It is much more sub-
ject to phenological changes than terrestrial plants.

A problem in comparison with rooted terrestrial
plants is the high variability in data due to the motil-
ity of the water bodies containing phytoplankton.
Biomass changes may misleadingly be interpreted as
real growth or loss processes if different water bodies
are drifting past a fixed station, which is a general
problem in dynamic systems (Atkinson et al. 2015).

Light is a primary resource, whereas temperature
is of secondary importance for primary production.
The increased sunshine duration during spring may
have caused an earlier spring bloom. The correspon-
ding earlier nutrient exhaustion, probably together
with higher grazing activity due to increased summer
temperature, caused a longer summer gap for phyto-
plankton biomass. The higher temperatures in autumn
enabled longer autumn blooms, probably induced by
changes in species composition, altered grazing
activity, a prolonged remineralization phase and/or
reduced settling rates. A larger overwintering popu-
lation may give rise to earlier development in the
spring.
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