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ABSTRACT

Global warming is causing changes in the food web structure and seasonal plankton dynamics.
The Baltic Sea is one of the fastest-warming sea areas and warming consequently affects the
timing and magnitude of phytoplankton blooms. Based on available Chlorophyll a data
from nine years between 1979 and 2018, from the entrance to the Gulf of Finland, we
studied the timing of the phytoplankton spring bloom in relation to spring seawater
temperature. We found the peak of the bloom to occur earlier in years with higher spring
seawater temperature. In warmer years, there was also a shorter time lag between
phytoplankton and zooplankton biomass peaks. In addition, it seems as the spring bloom
total biomass has decreased with time, with more extensive summer blooms during later
years, in line with the general trend observed in the Baltic Sea. The spring bloom has
traditionally been considered the most important part of the season, but we argue that the
whole growth season should be investigated since summer blooms appear to increase with
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warming.

Introduction

In temperate areas, the onset of the phytoplankton
spring bloom is determined by irradiance (Sommer
and Lengfellner 2008) and is therefore affected by
water column stability and in polar and high-latitude
areas to variable extent also by sea ice (Sommer et al.
2012). Seasonal dynamics are further affected by nutri-
ent availability and loss factors such as grazing by zoo-
plankton, sinking and mortality (Sommer et al. 1986).
Ocean temperature is increasing globally, and the
Baltic Sea is one of the fastest-warming sea areas
(Belkin 2009) with a projected change of 2-3°C
before the end of the century (Meier 2015). In addition,
a prevailing highly positive North Atlantic Oscillation
Index (NAO) over the Baltic Sea results in warmer
and more humid winters with less sea ice and
warmer seawater (BACC Il Author Team 2015).
Warming is causing changes to the pelagic food web
both directly by regulating light-saturated growth
rates of primary producers and indirectly through stra-
tification of the water column, affecting nutrient avail-
ability (Winder and Sommer 2012; Spilling et al. 2018).
The number of days with sea surface temperature
above 17°C almost doubled between 1983 and 2014

and between 1998 and 2013 both light attenuation
and near-surface Chlorophyll a (Chl a) increased in
the central Baltic Sea (Kahru et al. 2016). Earlier, more
prolonged spring blooms with lower average
biomass during the past 20 years have been observed
(Raateoja et al. 2005; Groetsch et al. 2016; Kahru et al.
2016; Hjerne et al. 2019; Wasmund et al. 2019).

Concurrent to the observed temperature increase,
eutrophication has progressed in the Baltic Sea and is
projected to accelerate since climate warming will
increase freshwater and nutrient runoff from land
(Meier etal.2011). The spring phytoplankton community
composition has shifted towards dominance of dinofla-
gellates over diatoms at least in eastern parts of the
Baltic Sea (Klais et al. 2013). These drivers of phytoplank-
ton production contribute to the magnitude and compo-
sition of organic matter available to pelagic grazers and
export to the seafloor, with potentially strong impact
on coastal food webs in areas characterized by strong
pelagic-benthic interactions such as the Baltic Sea
(Griffiths et al. 2017; Rodil et al. 2020).

A change in the timing of the spring bloom may
lead to trophic decoupling between phytoplankton
and zooplankton (Edwards and Richardson 2004).
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This was observed in a large temperate lake where
Daphnia resting eggs were unaffected by temperature
while the spring bloom occurred earlier (Winder and
Schindler 2004). In Arctic areas, the match or mismatch
between phytoplankton and copepods largely depend
on the response of phytoplankton to environmental
conditions (ice retreat, mixing depth) since the abun-
dance of Calanus copepods largely is determined by
the ascent of overwintering adults (e.g. Hansen et al.
2003). However, warming also affects zooplankton
life cycle events, leading to changes in phenology,
abundance and community structure at least in some
systems (Richardson 2008). A strong association
between mild winters (strong NAO) and high zoo-
plankton biomasses in spring and early summer has
been observed (Viitasalo et al. 1995; Hansson et al.
2010). Higher temperature in spring allows for earlier
hatching of copepod eggs from the sediments and
shorter development times (Feike et al. 2007),
leading to a potential tighter coupling between phyto-
plankton and zooplankton grazers.

Evidence of climate-induced changes on plankton
dynamics are accumulating, especially for the
western and southern Baltic Sea, but corresponding
analyses are lacking from the eastern Baltic Sea
coastal areas. In the northern Baltic Sea, seawater
temperature has increased, and ice cover has dimin-
ished during the past 85 years (Merkouriadi and Lep-
paranta 2014). The effects of rapid warming in recent
years has not been addressed in this area, and re-
evaluation of bloom timing and intensity under the
current environmental conditions is needed for an
improved understanding of marine ecosystem
responses to climate change. We, therefore, studied
the timing of the spring bloom in relation to spring
seawater temperature in a coastal area of the eastern
Baltic Sea, at the entrance to the Gulf of Finland. We
used available data from years with sufficient and com-
parable sampling frequency on phytoplankton and
zooplankton. We hypothesize that higher seawater
temperature in spring in combination with less exten-
sive sea ice cover leads to an earlier phytoplankton
spring bloom peak. We further expect a tighter
match between phytoplankton and zooplankton in
years with higher spring seawater temperature.

Methods

The study area is situated east of the Hanko peninsula,
at the Southwestern coast of Finland in the Baltic Sea.
The area has a variable morphology, with a narrow
depression leading from the open sea to the main
sampling station Storfjarden (59° 51,3'N, 23° 15,9'E).
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The area has stagnant deep-water during summer
and no tides or permanent halocline. Storfjarden
receives inflow of fresh water from the River Svartan
and periodically inflows of cold and saline water
from the open Gulf of Finland. Maximum depth at
Storfjarden sampling station is 34 m and at Storgadden
40 m (59°47,40'N, 23° 15,8'E), and the mean salinity is
6. Winter sea ice cover may last up to 4 months, with
high inter-annual variability. While coastal ice typically
forms annually in sheltered bays and the inner archipe-
lago, years with no sea ice at the main sampling station
occur regularly, reflecting the more exposed con-
ditions of the open Gulf of Finland.

The spring bloom in the Northern Baltic Sea is domi-
nated by cold-water diatoms and dinoflagellates.
Under-ice blooms of a haptophyte (Hallfors and
Niemi 1974) and dinoflagellates (Niemi and Astrom
1987; Spilling 2007) have been observed but are not
a regularly occurring phenomenon. Cyanobacteria
commonly occur during late summer (July, August),
in some years forming extensive surface blooms. The
most common genera are Aphanizomenon, Nodularia,
and Anabaena.

For analysing the timing of the spring bloom in
relation to temperature, data available in the literature
from the main station Storfjarden was assembled, cov-
ering the years 1979, 1983, 1984, 1985, 1992, 2000.
These were combined with new and previously unpub-
lished datafrom 2015, 2016 and 2018 (Tablel). Chl a was
used as a proxy for phytoplankton biomass to deter-
mine the date when the peak of the phytoplankton
spring bloom was observed, except for two years
when no chlorophyll data was available and the
timing of the bloom was determined from published
data on primary production instead (Table I). Sampling
depths varied slightly between years, yet all obser-
vations cover the upper mixed layer and did not vary
within the same year, which is most important for deter-
mining the peak of the spring bloom. One water sample
was collected from each depth. These were filtered in
triplicate samples through GF/F filters and Chlorophyll
a was extracted using either methanol (in 1983 and
1984) or ethanol (1985-2018) as a solvent and
measured with a spectrofluorometer or spectropho-
tometer. The methods did not vary within a year and
are comparable. For analysing the magnitude and dis-
tribution of Chl g at station Storfjarden between
spring and summer seasons, sufficient data were avail-
able from the years 1983, 1984, 1992, 2016 and 2018.

For analysing the time lag between phytoplankton
and zooplankton peaks, we included observations
from the Tvarminne area, Storfjarden (station XIl) and
Storgadden (station P3) from years when both
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Table I. Description of data on phytoplankton used in this study with information on collection year, sampling station, methods,

references and the time of ice retreat.

Year Station Unit Sampling depth Sampling frequency Ice retreat Reference

1979 Xl PP Whole water column Biweekly Mid-April Forsskahl et al. (1982)

1980 P3 mg Cm™  0-10 m integrated samples  2-3 times month™ Early April  Kuparinen et al. (1984)

1983 Xl Chl a 0-10 m 1-3 times month™' Mid-April Kivi (1986)

1984 Xl Chl a 0.2-2m Every second or third day Mid-April Niemi and Astrém (1987)

1985 Xl Chl a 0-5m 7 times during the vernal bloom late April Lignell (1990)

1988 P3 PP 02,1,2557,9m Weekly early April Lignell et at. (1993)

1992 Xl Chla 0,25,5 75, 10 m Weekly no ice Viitasalo et al. (1999)

2000 Xl Chl a 0-10 m integrated samples ~ Weekly no ice Tamelander and Heiskanen (2004)
2015 Xl Chl a Tm Weekly no ice Elovaara et al. (2020)

2016 Xl Chl a 0,2,4,7,15m Weekly January Elovaara et al. 2020

2018 Xl Chla 0.5,5,10, 15 m Weekly Mid-April Almén and Tamelander (unpub.)

Notes: Data were gathered from the Tvarminne area, Southwestern Finland, from sampling station XII (Storfjarden) and P3 (Storgadden). Detailed descrip-

tions of the methods can be found in the original publications.

phytoplankton and zooplankton data were available
from the same station. During spring, mesozooplank-
ton in the sampling area is comprised of the copepods
Acartia sp., Eurytemora affinis and Temora longicornis
(Koski et al. 1999). The peak of zooplankton occurrence
was determined as the date of observed maximum
biomass or abundance reported in the original data
depending on which parameter was reported in indi-
vidual years (Table Il). Data on biomass or abundance
of mesozooplankton were obtained from publications
for the years 1979, 1980, 1983, 1984, 1988, 1992 and
combined with own, unpublished data from 2016
(Table I1). Most studies were based on weekly measure-
ments (one net haul per occasion), with the exception of
1979 when biweekly measurements were applied and
in 1983 when the sampling frequency was scarcer in
early spring. Seawater temperature has been measured
at the main station three times per month from April to
December since 1926 (Merkouriadi and Lepparanta
2014). From 1970 to 2012 temperature was measured
at discrete depths (Finnish Meteorological Institute).
These data were supplemented by CTD data from
2013-2018 (Tvarminne Zoological Station). Measure-
ments earlier than April are not as frequent since the
main sampling station may be covered by ice. We
used temperature measurements from April (begin-
ning, middle and end of month at 0.5, 5, and 10 m
depth) to calculate averages for the years covered by

the biological parameters. The peak of the spring
bloom usually occurs in April, after the ice break-up.
Mean water temperature in April was therefore con-
sidered to adequately describe the water column con-
ditions at the time of the spring bloom.

We used linear regression to analyse the effect of
spring temperature on the timing of the spring
bloom peak, as well as the lag time (days) between
the peak of Chl a and zooplankton. Phytoplankton
biomass in spring and summer, respectively, was esti-
mated by time integration of Chl a for the five years
with available and comparable data from spring and
summer using the function Area under the curve in
Graph Pad Prism 8. The threshold for bloom conditions
was set to 3 pg Chl a 1" as previously applied by Kahru
et al. 2016 (i.e. not including summertime minimum in
calculations). This threshold effectively separated the
spring bloom from the summer bloom in all years.
The spring bloom was defined as the period from
March onwards when Chl a uninterruptedly exceeded
the threshold. The summer bloom included multiple
peaks above the threshold until Chl a finally did not
exceed 3 ug I™', typically in October.

Results

Average seawater temperature (0-10 m) in April
increased between 1970 and 2018. Although years

Table IlI. Description of data on zooplankton used in this study with information on collection year, sampling station, methods and

references.

Year Station Unit Sampling depth and net Sampling frequency Reference

1979 Xl cm3 Vertical net 25-0 m, 150 pm Biweekly Forsskahl et al. (1982)
1980 P3 cCm2 Vertical net 25-0 m, 150 pm 2-3 times month ' Kuparinen et al. (1984)
1983 Xl Ind m~3 Vertical net 25-0 m, 150 um Every tenth day Viitasalo et al. (1995)
1984 Xl Ind m™3 Vertical net 25-0 m, 150 um Every tenth day Viitasalo et al. (1995)
1988 P3 Cm™2 Vertical net 10-0 m, unknown net Weekly Lignell et al. (1993)
1992 XII Cm™2 Ind m™? Vertical net 25-0 m, 100 um Weekly Koski et al. (1999)
2016 Xl Ind m~3 Vertical net 25-0 m, 100 um Weekly Tamelander (unpubl.)

Note: Data were gathered from the Tvarminne area, from sampling station XII (Storfjarden) and P3 (Storgadden).
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Figure 1. Temperature and time (day of year) of the spring
bloom peak at Tvdrminne Storfjarden. Temperature is the
average seawater temperature between 0 and 10 m in April
(temperature for 1997 is missing).

with average April temperature around 2°C also
occurred early in the period, the frequency of warm
years increased after 1990 (Figure 1). Information on
the timing of sea ice cover in this area is restricted to
the years for which there are plankton observation
(Table I). Based on these observations, years with sea
ice cover lasting until April were common until the
late 1980s. Since the early 1990syears with no sea ice
cover at the main station or ice cover of very short dur-
ation (breakup in January) have been common.

Chl a revealed a seasonal pattern with highest con-
centrations typically occurring in April followed by a
sharp decline (Figure 2). In most years Chl a increased
again in June albeit to lower levels than in spring.
While the summer bloom terminated in September

45+ — 2018

50 75 100 125 150 175 200 225 250 275 300
Day of Year

Figure 2. Annual time series of Chlorophyll a in the Tvdarminne
region, Southwestern Finland, based on data retrieved from
publications listed in Table I.
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in 1983, concentrations around 5 pg Chl a I~ were
observed as late as October in more recent years.

The peak of the spring bloom occurred earlier in years
with warmer sea temperatures. We found a significant
negative relationship between average seawater temp-
erature in April and the time (day of year) of the spring
bloom peak, in the upper mixed layer (t = —-5.603, R%=
0.79, P=.001), based on observations from years with
available seasonal data from Tvdrminne Storfjarden
(1979, 1983, 1984, 1985, 1992, 2000, 2015, 2016 and
2018, Figure 1). Further, the bloom peak Chl a concen-
tration was lower during more recent years (2016 and
2018), than in the 1980s. The peak concentration was
29.6 and 40.9 ug Chla ™" in 1983 and 1984 respectively,
whereas below 20 ug Chl1~"in 2016 and 2018. The spring
in 2018 was cold whereas the summer was exceptionally
warm with high (above 20°C) sea surface temperatures
throughout the summer. The spring bloom Chl a concen-
tration maximum was 16.8 pg Chl a I”". Cyanobacteria
blooms were observed at Storfjarden in July, and
August and highest surface Chl a value for the whole
season, 39.3 ug Chlal™" was observed on September 5th.

In 1983 there was no summer bloom (no values
above 3 ug 7", in 1992 the summer bloom corre-
sponded to 27%, whereas in 2016, 63% of the total Chl
a. Of all the years included in this study, 2018 showed
exceptionally strong summer blooms that extended
into the autumn, comprising as much as 65% of total
Chl a (between April and October) (Figure 3).

1250 EE  spring
— B summer
ls 1000
e
8 750-

T
g 500-
®
< 250+
O
*
0_
1983 1984 1992 2016 2018
Year

Figure 3. Time integrated biomass for spring and summer
blooms in the Tvdrminne area. Bloom conditions were
defined as Chl a concentration exceeding 3 pg I™". The spring
bloom was defined as the period starting in March when Chl
a uninterruptedly exceeded the threshold, i.e. one peak. The
summer bloom included multiple peaks between June and
October after which Chl a did not exceed the threshold. The bio-
masses of these peaks were pooled into one summer bloom. In
1983 Chl a did not exceed the threshold after the spring bloom.
(* indicates missing summer data).
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Figure 4. Time lag (days) between phytoplankton and zoo-
plankton biomass peaks against average seawater tempera-
ture in April in Tvdrminne (@Storfjarden and €pStorgadden).

Using data from stations Storfjarden and Storgad-
den, we evaluated the coupling of phytoplankton
and their consumers depending on water temperature.
Although data from two stations were used in this
analysis, phytoplankton and zooplankton were
sampled at the same station in individual years.
There was shorter lag (days) between the peak of the
spring bloom Chl a concentration and the zooplankton
biomass peak with warmer sea temperature (t =
—3.047, R*=0.58, P=.03, Figure 4). The longest lag
was in 1984 (40 days) whereas there was no lag in
2016.

Discussion

In the Baltic Sea, the phytoplankton spring bloom is
affected by physical and hydrological factors such as
light conditions and water stability. Seawater tempera-
ture affects the stratification of the water column as
well as the metabolism of planktonic organisms. Ice
cover lowers the light conditions, and although the
bloom can start below the ice (Spilling 2007; Apollonio
and Matrai 2011), the peak mostly occurs soon after ice
breakup in the Baltic Sea. The warmer spring seawater
temperature and consequently earlier peak of the
spring phytoplankton bloom showed in this study, is
probably at least partly associated with less sea ice or
earlier ice break-up, indirectly affecting the light con-
ditions. Ice coverage (Lehmann et al. 2011), the
length of the ice season and maximum ice thickness
have decreased during the past century. In our study
area, the seawater temperature has increased on
average by 1°C in 85 years (Merkouriadi and Leppar-
anta 2014). In 1979 and 1983-1985 the ice broke up
in mid or late April whereas in 1992 and 2000 there

was no sea ice and in 2016 the ice broke up already
in January.

In the southwestern Baltic Sea, the spring bloom has
advanced by 1.4 d yr' and the growing season
increased by 127 days between 1988 and 2017
(Wasmund et al. 2019). The earlier start of the spring
bloom was related to increased sunshine duration
and the prolongation in autumn due to warmer sea-
water temperature. In the western Baltic Sea, off the
Swedish coast, the advancement of the spring bloom
was also likely caused by more sunshine and less
windy conditions (Hjerne et al. 2019), rather than sea
temperature (Hjerne et al. 2019). However, in the
Gulf of Finland, the temperature is strongly connected
to the prevailing climate forcing (Almén et al. 2017)
which may increase the inter-annual variability and
make temporal trends in plankton dynamics difficult
to detect.

From the presented Chl a record from the western
Gulf of Finland, it seems as the spring bloom total
biomass has decreased with time in the Tvdrminne
area (Figure 2), with more extensive summer blooms
during later years. Although the available data is
restricted for this area, it is in line with the general
trend observed in the Baltic Sea (HELCOM 2013). Satel-
lite observations suggest that Chl a maximum has
shifted from spring to summer (Kahru et al. 2016).
Although clouds and particulate organic matter can
disturb the satellite measurements, there are already
data from in situ measurements supporting these
observed changes. Chl a levels in spring increased in
the western Gulf of Finland between 1970s and the
1980s but decreased in the 1990s (Raateoja et al.
2005). Similarly, high spring bloom average biomass
was observed between 1977 and 1989, while spring
biomass was lower than the summer biomass after
1989, outside Askd, on the Swedish East coast
(Hjerne et al. 2019). Surprisingly, Raateoja et al.
(2018) did not find a relationship between the intensity
of the spring bloom and the wintertime DIN pool or
any significant temporal trends related to nutrients in
the western Gulf of Finland. Nutrients are available in
plenty after winter, and the intensity of the bloom is
probably more dependent on hydrography and
water stability, whereas nutrients are more important
for determining intensity and development of the
summer bloom.

Lower phytoplankton peak biomass and lower
mean biomass during the spring period can be
explained by both warming and higher zooplankton
densities due to a closer match in time and through
faster growth rates of zooplankton (Sommer and Leng-
fellner 2008; Sommer and Lewandowska 2011; Velthuis



et al. 2017). Temperature also affects zooplankton life
cycle events towards earlier hatching from the sedi-
ments and shorter development times. We found a
tighter match between the peak of the phytoplankton
and zooplankton biomass peaks, which is in line with
the experimental results of Aberle et al. (2012)
showing a shorter time lag between phyto- and micro-
zooplankton related to temperature during spring.
However, looking only at the peak date of Chl a and
the date at which copepod biomass or abundance
peaks does not fully reveal how well the two groups
match, in terms of resource availability, as it does not
consider the overlap of biomass over a longer period,
or the actual grazing pressure. Grazing increases with
warmer temperatures during the season, meaning
that the peak in zooplankton biomass occurs earlier
than the zooplankton-grazing peak. High biomass of
grazers could conceivably reduce the maximum Chl a
concentration during the course of the spring bloom
(Sommer and Lewandowska 2011). Higher tempera-
ture has also been found to increase parasitic infec-
tions in phytoplankton (Frenken et al. 2016).
Parasitism on phytoplankton has not been investi-
gated in this area, but Elovaara et al. (2020) observed
that living cells accounted for ca 20-100% of the
total phytoplankton community throughout the year,
with higher proportion of living cells in spring (65%)
than in summer (48%). These findings are comparable
to observations during spring in the open Baltic Proper
(Vanharanta et al. 2020).

Zooplankton is known to strongly regulate the
export of organic matter in more oceanic systems
(e.g. Wassmann 1998; Wexels Riser et al. 2002). Variable
stocks of zooplankton in winter and temperature-
related hatching of eggs may suggest variable top-
down control of the spring bloom also in the Baltic
Sea (Katajisto et al. 1998; Méllmann et al. 2000). Pre-
vious studies have emphasized phytoplankton com-
munity composition for regulating vertical export of
particulate organic matter in the Baltic Sea (Heiskanen
et al. 1998; Tamelander and Heiskanen 2004). A shift
from diatom to dinoflagellate dominated spring
blooms, caused by changes in winter harshness (Klais
et al. 2013), could decrease sedimentation and
increase nutrient recycling (Tamelander et al. 2017;
Spilling et al. 2018). These studies together suggest
that while phytoplankton community affects the com-
position of organic matter export, zooplankton may, to
a variable extent impact the magnitude of particulate
organic carbon export. The magnitude of the vertical
flux of organic matter is highly dependent on the
coupling between pelagic primary and secondary pro-
ducers (Wassmann 1998). Furthermore, pelagic trophic
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interactions are strong drivers of the composition of
the downward organic matter flux (Wexels Riser et al.
2002; Tamelander et al. 2012). Warming causes
increased respiration (Lewandowska and Sommer
2010); however, more for zooplankton than for phyto-
plankton, further enhancing the effect of heterotrophic
processes (Maar and Hansen 2011).

Organic matter derived from phytoplankton are
important for benthic communities below the eupho-
tic zone that strongly contribute to remineralization
of carbon and nutrients in shallow coastal areas. In
the Baltic Sea, the coupling between the pelagic and
benthic food webs tend to be strong (Kopp et al.
2015; Griffiths et al. 2017; Rodil et al. 2020). Changes
in community composition and timing of phytoplank-
ton production may affect the food supply and food
quality for benthic communities (Tamelander and Heis-
kanen 2004; Spilling and Lindstrom 2008). The spring
bloom, mainly consisting of diatoms is crucial for
benthic communities, whereas the toxic cyanobacteria
N. spumigena do not improve food conditions for soft
bottom fauna in the Baltic Sea (Nascimento et al. 2009).
Another aspect of the changes in the composition and
timing of phytoplankton is the effect on geochemical
cycling of nutrients and carbon chemistry (Spilling
et al. 2018). Decomposition of organic matter pro-
duced during summer and autumn that has settled
to the seafloor consumes oxygen and releases
carbon dioxide, leading to decreased pH, i.e. acidifica-
tion of bottom waters (Sunda and Cai 2012). Hypoxic
conditions during winter and high load of organic
material and nutrients will then likely affect spring con-
ditions and next year's phytoplankton production,
which is usually not considered in models. The study
site has not been affected by hypoxia due to regular
wintertime mixing of the entire water column in near
shore waters (Gammal et al. 2017). In deeper parts of
the open Baltic Sea the permanent halocline at ca 70
m depth effectively reduces deep mixing, making
deep-water hypoxia widespread (Carstensen et al.
2014). Deeper, sub-halocline areas are therefore likely
to be particularly vulnerable to excessive organic
matter loading of the sediment.

We acknowledge that only a limited number of years
with comparable data were available for this synthesis.
Frequency and resolution of the data vary between
publications making more advanced or detailed ana-
lyses difficult. Models are increasingly used in manage-
ment efforts to determine the impact of environmental
change and human activities on ecosystem dynamics
and are useful in a scientific context for evaluating the
guantitative importance of ecosystem drivers.
However, observations of key parameters from the
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system under study are required to validate such
results, and to furtherimprove model parameterization.

Conclusions

Our study of the timing of the phytoplankton spring
bloom in a coastal area in the eastern Baltic Sea indi-
cates similar trends as generally found for the northern
parts of the Baltic Sea. Warmer sea temperature in
spring advances the timing of the spring bloom.
However, we also observed a shorter lag between
phyto- and zooplankton in warm years. Although
warming is causing a shorter lag between primary
and secondary producers that could lead to less POC
being sedimented to the seafloor, the changes in phy-
toplankton dynamics may counteract the effects when
looking at the whole season as warming is causing a
shift in primary production and phytoplankton
biomass towards summer.

For a better assessment of the changes in coastal
ecosystems, resources towards well-planned monitor-
ing are needed. Long continuous datasets based on
frequent enough sampling, are required to delineate
not only the timing of biomass peaks but also bloom
duration (amplitude and modality). Traditionally, the
spring bloom has been thought of as the main
carbon input to the pelagic (and benthic) system,
and therefore the focus of most studies has been on
the spring period, often ignoring the summer
months. Our results point towards a shift in total
biomass production towards the summer. However,
in order to evaluate trophic and biogeochemical feed-
backs in a system strongly affected by human-induced
environmental change requires monitoring of pro-
duction, grazing and export of organic matter in
addition to stocks, as well as their dynamics over the
whole seasonal cycle.
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