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Changes in environmental conditions may have an effect on the occurrence and intensity
of phytoplankton blooms. However, few studies have been carried out on this subject,
mainly due to the lack of long-term in situ observations. We study the inter-annual
variability and phenology of spring and summer blooms in the eastern Baltic Sea using a
physical-biological model. The one-dimensional NPZD model simulates the development
of both blooms in the water column with realistic atmospheric forcing and initial conditions
representative of the eastern Baltic Sea between 1990 and 2019. On average, the spring
bloom started on day 85 + 7, reached its maximum biomass on day 115 + 6 and declined
after day 144 + 5. The summer bloom started on day 158 + 5, had its maximum biomass
on day 194 + 9 and ended after day 237 = 8. The results showed that the summer
bloom occurs 9 days earlier and last 15 days longer over the 30-year simulation period,
but changes in the phenology of the spring bloom were not statistically significant.
There is strong evidence that warmer periods favor both blooms, but in different ways.
Warmer periods caused spring blooms to peak earlier, while summer blooms reached
higher abundance. Additionally, a higher energy gain by the ocean led to longer summer
blooms of greater abundance and higher biomass maxima. Overall, summer blooms are
more sensitive to changes in the environment than spring blooms, being therefore more
vulnerable to changes generated by climate change in the Baltic Sea.

Keywords: cyanobacteria, diatoms, bloom, phenology, Baltic Sea, modeling approach

INTRODUCTION

The phytoplankton growing season plays an integral role in the marine food web and ecosystem
functioning, as phytoplankton comprises the base of the marine food web and represents 90% of
ocean productivity (Smith and Hollibaugh, 1993). Phenology studies describe the key stages of the
life cycle of species, e.g. seed sprouting, bird migration or phytoplankton growth. Many phenological
events are seasonal and therefore they provide insight about the sensitivity of an ecosystem to
environmental change. Alteration in phytoplankton phenology may influence the survival of higher
trophic levels due to variations in the timing of food availability (match-mismatch hypothesis)
(Smith and Hollibaugh, 1993; Winder and Schindler, 2004). Regular phytoplankton blooms occur
in all sub-basins of the Baltic Sea, frequently during spring and summer seasons. However, there is
still uncertainty about the phenology and factors governing the development of those blooms.
Overall, diatoms dominate the spring bloom but in the Baltic Sea diatoms and dinoflagellates
occur at the same time and build up the spring bloom biomass (Klais et al., 2011). The last decades
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have shown a highly variable proportion of diatoms and
dinoflagellates in the spring bloom of the Baltic Sea in both time
and space (Klais et al., 2011). Therefore, no common pattern can
be defined for all sub-basins, indicating a strong influence of
local mechanisms driving the bloom. The conditions, factors and
mechanisms promoting the success of cold-water dinoflagellates
in dominating the spring phytoplankton community remain
poorly understood, as well as their conspicuous dominance in the
ice-free central part of the Baltic Sea (Klais et al., 2011). Diatom
and dinoflagellate blooms are difficult to track independently
with low frequency data due to the co-occurrence of both species,
diatom blooms growth faster, but dinoflagellate blooms may last
longer (Lips et al., 2014).

The decrease in availability of dissolved silica (DSi) and the
reduction of DSi:N ratios associated with eutrophication (Rahm
et al., 1996; Papush and Danielsson, 2006) have been suggested
to limit diatom growth in the Baltic Sea, indirectly supporting
the expansion of dinoflagellate blooms. However, it was shown
that spring bloom species in the Baltic Sea are well adapted to
low DSi availability and are not directly affected by reduced
surface concentrations of DSi (Spilling et al., 2010). Diatoms are
effectively seeded even from minor inocula of resting propagules
(McQuoid and Godhe, 2004), as in the Gotland Basin where the
permanent halocline (at 60-80 m depth) is a strong barrier for
local cyst re-suspension from the sediment to the euphotic layer.
Additionally, the anoxic sediments and bottom waters are not
favorable for cyst germination (Rengefors and Anderson, 1998;
Kremp and Anderson, 2000). Small fast-growing diatoms thrive
in unstable, turbulent conditions giving them a competitive
advantage through building a superior head-start biomass over
slow-growing, large and motile dinoflagellates that require a
specific habitat setting for bloom formation (Klais et al., 2011).

Spring blooms develop from the south to the north of the
Baltic Sea, with the first blooms peaking in mid-March in the Bay
of Mecklenburg and the last blooms occurring in mid-April in
the Gulf of Finland (Groetsch et al., 2016) and in May/June in the
Bothnian Bay with biomass much lower than in most other parts
of the Baltic Sea (Spilling et al., 2018). Despite the phenological
changes by sub-basin, the bloom length is similar between basins
(43 + 2 day), except for the Bay of Mecklenburg (36 + 11 day)
(Groetsch et al., 2016). Summer blooms are dominated by the
cyanobacteria species Nodularia spumigena, Aphanizomenon sp.
and Dolichospermum spp. Studies in the Baltic Sea have observed
an increase in the intensity and duration of cyanobacteria blooms
since the 1960s (Bianchi et al., 2000; Poutanen and Nikkila, 2001;
Kahru and Elmgren, 2014; Kahru et al., 2016; HELCOM/Baltic
Earth, 2021). Cyanobacteria blooms give rise to environmental
concern due to their ability to fix molecular nitrogen from the
atmosphere and the production of toxins by some species that
may lead to the death of mammals, fish and filtering organisms
in the water (Paerl, 2014). Cyanobacteria blooms usually begin in
June and reach their maximum biomass during July and August
(Kahru et al., 2020; Beltran-Perez and Waniek, 2021).

Although environmental management programs (e.g.
Helsinki Convention, EU Marine Strategy Framework Directive,

Baltic Sea Action Plan) have been in place in the Baltic Sea to
monitor and control its environmental state for decades, massive
blooms continue to occur especially those that produce toxins
(Paerl, 2014; Munkes et al., 2020). Eutrophication by nutrients
entering the Baltic Sea through rivers, nitrogen fixation from
the atmosphere by cyanobacteria species, the organic material
subsequently sinking to depth and the turnover of phosphorus
from sediments (Vahtera et al., 2007; Paerl and Scott, 2010)
are still the major concerns of the environmental authorities
in the Baltic Sea (HELCOM/Baltic Earth, 2021). Subsequent
remineralization at depth by bacteria depletes oxygen
concentration and creates low-oxygen conditions that are lethal
to fish (Gustafsson, 2012; Breitburg et al., 2018). Another concern
are increasing temperatures, which have been linked to changes
in phytoplankton dynamics in terms of abundance, composition
and phenology (Carey et al., 2012; HELCOM/Baltic Earth, 2021).

Despite the regular occurrence of spring and summer blooms
in the Baltic Sea and their role in the ecosystem, species-specific
life cycles, succession and bloom alterations under changing
environmental conditions are still not well understood, partly
due to the lack of long-term in situ data sets. In recent decades,
coupled biological-physical models have been used to define how
the phenology of blooms is affected by environmental forcing in
different coastal (Sharples et al., 2006; Ji et al., 2008) and marine
environments (Hashioka et al., 2009; Henson et al., 2009; Gittings
et al., 2018), including the Baltic Sea (Neumann et al., 2012;
Dzierzbicka-Glowacka et al., 2013; Daewel and Schrum, 2017).
Models include processes on different spatial and temporal scales,
their complexity increases depending on the number of processes
included and parametrization used. One-dimensional models
may provide insight into the mechanisms driving phytoplankton
phenology when the dynamics are dominated by local forcing
(Sharples et al., 2006) such as in the Baltic Sea, where there are
significant changes in the environmental conditions (e.g. in terms
of temperature, stratification, mixing) from one basin to another
(Schneider and Miiller, 2018; Hjerne et al., 2019; HELCOM/
Baltic Earth, 2021) regulating the bloom.

Usually phenological studies and models include temperature,
solar radiation and wind among other factors as the main bloom
drivers, but not heat flux. It has recently been observed that heat
flux plays an important role in bloom phenology (Gittings et al.,
2018; Beltran-Perez and Waniek, 2021). Our model seeks to
define the influence of atmospheric forcing on bloom phenology.
Therefore, realistic atmospheric forcing (wind, air temperature,
solar radiation, relative humidity, cloud cover) was used in the
simulation of the heat budget and energy transfer from the
atmosphere to the water column and vice versa. In this study,
we hypothesize that (1) the inter-annual variability of spring and
summer blooms can be reproduced by a one-dimensional (water
column) model including the main forcing affecting bloom
formation and biological interactions between phytoplankton,
zooplankton, detritus and nutrients, and (2) the phenology of
spring and summer blooms has changed, leading to longer and
more intense bloom as a consequence of changes in heat flux in
the Gotland Basin.
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METHODS
Study Site

The Baltic Sea is a shallow, semi-enclosed brackish sea in northern
Europe (Figure 1). Its drainage basin is shared by 14 countries
(around 84 million people), which exerts pressure on all the Baltic
Sea ecosystem by increasing eutrophication, pollution and pressure
on fish stocks (HELCOM, 2018). The limited water exchange with
the North Sea results in a long residence time and a large seasonal and
spatial variation in the biological, physical and chemical properties
of the water column and the distribution of phytoplankton species
(Schneider and Miiller, 2018). The high buffer capacity of the system
has led to a slow response to nutrient load reductions implemented
for decades by the Baltic Sea countries (Savchuk, 2018; Murray et al,,
2019). Furthermore, climate change affects the entire ecosystem
causing increasing temperatures, declining ice cover and increasing
annual precipitation in the Baltic Sea (HELCOM)/Baltic Earth,
2021). Therefore, human-induced environmental pressures coupled
with climate change may exacerbate changes in the phytoplankton
community, especially in the Baltic Sea where the sea surface
temperature is increasing faster than the average for the global ocean
(HELCOM/Baltic Earth, 2021).

The Baltic Sea is divided into 17 basins, each basin with its
own complexity and particular characteristics (Hjerne et al,
2019; HELCOM/Baltic Earth, 2021). The Gotland Basin is the
deepest basin in the Baltic Sea with a maximum depth of 249 m,
characterized by a permanent halocline at 60-80 m depth which
functions as a barrier between anoxic sediments and bottom waters
and the euphotic layer (Klais et al., 2011). Low oxygen levels lead
to the production of hydrogen sulphide and release of phosphate
from the sediments to the water column which further amplifies
primary production and consequently oxygen demand (Vahtera
et al., 2007; Murray et al., 2019). This study focuses on the Gotland
Basin, specifically the station TF271 (Figure 1) located in the eastern
part of the Baltic Sea at 57°19°12” N, 20°3°0” E. This station has been
monitored since 1979 in the frame of the HELCOM monitoring
program (HELCOM, 2012). However, regular monitoring of
blooms began only in 1990 (Wasmund, 1997).

18°E 19°E 20°E 21°E 22°E

FIGURE 1| Location of the monitoring station TF271 (black dot) in the
Gotland Basin, Baltic Sea.

Model-Based Approach

We used a coupled physical-biological model to understand the
interactions between the physical and biological conditions of the
water column that affect the development of spring and summer
blooms in the Gotland Basin. This model is an adaptation of an
early version developed by Waniek (2003) to study the physical
factors controlling phytoplankton growth in the northeast
Atlantic and the Irminger Sea (Waniek, 2003; Waniek and
Holliday, 2006). The physical model basically consists of an
integrated mixed-layer model for the surface layer embedded
into an advective-diffusion model for the thermocline. The
model is therefore able to estimate the changes in temperature
with depth from kinetic energy and thermal budgets solving
wind mixing, convection, upwelling and turbulent diffusion
processes in the water column, giving a reliable approach to the
physical processes that influence bloom formation. In addition
to the changes in the water column, the model incorporates the
feedback between the water surface and the atmosphere through
the net heat flux terms (incoming solar radiation, long-wave
radiation, sensible and latent heat flux) calculated from standard
bulk formulae for each time step. A detailed description of the
physical model can be found in Waniek (2003).

The biological model is a simplified representation of the
phytoplankton cycle conceived primarily to describe the
dynamics of six state variables (Figure 2): nitrogen concentration
as limiting nutrient, two functional groups of phytoplankton
composed of diatoms (Diatoms) and cyanobacteria (Cyano),
zooplankton (Zoo) fueled by grazing on mainly diatoms,
and detritus, which sinks at two different velocities and is
remineralized or lost to the sediment (see Figure 2). In this study
the spring bloom was modeled on the basis of diatoms because
they usually begin the spring bloom and are considered superior
to dinoflagellates as competitors because of their relatively high
growth rates and nutrient uptake capacities (Suikkanen et al.,
2011). Furthermore, reliable, high frequency data to identify
and validate the beginning and end of each bloom individually
are still scarce in the Gotland Basin (Klais et al., 2011; Lips
et al., 2014). Therefore, the results may combine the behavior
of diatoms and dinoflagellates, as both species have basically
comparable nutrient requirements (excluding the need for silica)
and appear to provide similar ecosystem services with respect to
the annual new production and nutrient uptake (Kremp et al,,
2008; Klais et al, 2011). All concentrations in the biological
model are expressed in terms of nitrogen, i.e. mmol N m=, as
nitrogen is usually the limiting nutrient in the ocean and the
common unit in coupled models (Janssen et al., 2004; Beckmann
and Hense, 2007; Sonntag and Hense, 2011; Hense et al., 2013).
Carbon and phosphate concentrations were transformed into
nitrogen using the Redfield ratio between carbon, nitrogen and
phosphorus (C:N:P) of 106:16:1 (Redfield, 1958).

The growth rate of phytoplankton is determined by a
“Michaelis-Menten” equation, which depends on the availability
of nutrients and light (Tables 1, 2). The light term depends on
the maximum growth rate of phytoplankton (,,), on the slope
of the growth-light curve (a) and the light intensity in the water
column. The light in the water column is given by the fraction
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of photosynthetically active radiation (PAR), the incoming solar
radiation (Qg,) and the attenuation of light through the water
column due to water (k,) and chlorophyll a (k). The sink terms
for phytoplankton are grazing by zooplankton, leaching and
mortality including viral lysis and extracellular release (,,).

Zooplankton is included in the model for the sole purpose of
closing the trophic food chain and to provide the grazing pressure
on diatoms, given the limited reliable data regarding zooplankton
and their interaction with phytoplankton e.g. in terms of growth,
grazing and assimilation rates. Therefore, zooplankton equation
does not reflect its life cycle nor the complete interactions of
zooplankton with other organisms in the water column. The
grazing pressure on diatoms is determined by the maximum
grazing rate (l,,) and the catching rate of zooplankton (y). Thus,
the grazing rate is given by the grazing pressure, the assimilation
efficiency (y,), the excretion rate (y,) and the mortality rate of
zooplankton (/..

The remineralization of organic material comprising dead
diatoms, cyanobacteria and zooplankton is described by the
detritus pool. The detritus pool was split into two groups (fast
and slow) based on the sinking speed. Part of the dead organic
material may form aggregates that sink rapidly (100 m d-!) while
fine organic particles may stay longer in the water column and
sink at a slower rate (1 m d'). The fraction of fast and slow
detritus pool within the model is determined by the interaction
of detritus with the other model compartments (Figure 2), i.e. it
depends on the amount of dead phytoplankton and zooplankton,
remineralization rate (y,) and sinking speed (fast (w,) and slow
(wy)) in each time step.

The change in nutrient concentration at each time step
depends on the remineralization rate of both detritus pools, the
excretion rate of zooplankton and phytoplankton uptake during
growth. The equations and parameters for the biological state
variables are given in Tables 1, 2, respectively. DSi concentrations
was assumed to be sufficient during the early phase of the spring

Diatoms(D)/Cyanobacteria(C)

Uptake
Grazing

Zooplankton
200

Mortality

Leaching (0/0)

Nitrogen

Mortality
(Zoo)

Remineralization vyv

Detritus

1 Sinking

FIGURE 2 | Scheme of the coupled physical-biological model.

bloom when the head-start population had been established
(Kremp et al., 2008). At this point, nutrient levels, nutrient
ratios or light intensity had only a limited effect on the biomass
distribution (Kremp et al., 2008), therefore an aligned Redfield
ratio was also assumed.

The ability to fix molecular nitrogen from the atmosphere
allows cyanobacteria to circumvent the general summer nitrogen
limitation, making phosphorus the primary limiting nutrient for
N-fixing cyanobacteria (Walve and Larsson, 2007; Karlson et al.,
2015). Furthermore, cyanobacteria studies have highlighted the
role of physical forcing and phosphorus over other nutrients
during bloom development. Lips and Lips (2008) have shown
that blooms for example of Aphanizomenon sp. are initiated by
upwelling of phosphorus-rich deeper waters, whereas growth of
Nodularia spumigena is mostly related to increases in incoming
solar radiation and temperature as well as the ability of this
species to make use of regenerated phosphorus pools during
the low nutrient concentration periods. Nitrogen fixation by
cyanobacteria as well as additional processes involved in bloom
formation such as atmospheric nutrient deposition and water
column-sediment interaction were not included in the model
because they are beyond the scope of this study. Quantification
of these processes and parameters such as carbon to chlorophyll
a ratio, growth, mortality and remineralization rates is still an
active field of research where many questions remain unresolved
and valid parametrization for a numerical approach does not
exist yet.

One of the limitations of our model is to consider the water
column as a rigid parcel of water, where mass and energy
exchange takes place through the water column but not with its
surroundings. This assumption has implications for all simulated
physical, chemical and biological variables, leading to over- or
underestimation of these variables and contributing to the model
error. In addition, the model was elaborated based on diatoms
and cyanobacteria without considering plankton succession or
other species such as dinoflagellates that co-occur during the
spring bloom because of the limited data to reliable validate each
bloom individually and species by species. This simplification
may likely affect our results and therefore contribute to the
difference observed with other studies and partly observations.

Model Setup and Validation

Vertical profiles of water column temperature and phosphate
were taken from the monitoring station TF271 during
December 2002 as initial conditions for the model (Table 3).
The initial concentration of cyanobacteria and diatoms
has a decreasing exponential distribution over depth with
a surface value of 0.05 and 0.3 mmol N m™, respectively.
The chlorophyll a concentration was expressed in terms of
nitrogen using a chlorophyll a:carbon (Chla:C) ratio of 1:50
and a Redfield ratio between carbon and nitrate (C:N) of 6.6
(Redfield, 1958). The initial concentration of zooplankton
was set at 0.1 mmol N m~ on the surface with a decreasing
exponential distribution within a vertical scale of 100 m. An
initial concentration of 10~* mmol N m-* was used for both
detritus pools.
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TABLE 1 | Equations of the biological model.

Variable

Equation

Attenuation light

Light

Grazing pressure

Growth

Grazing

Detritus fast

0
B=PAR*Q_ *exp| -k, *z— yfch, *Phy * dz

* *
2= Hepny ™ CXpyy B
- \/ Y E
lugPhy aPhy ﬂ

IngZPhy * IucPhy * Phy2
lugzPhy + lucPhy * P hy ?

n=2Zoo*

Y
+

APhy = Phy + *A* Phy —(,um,,hy*Phyz)—n

upPhy

AZ0o =(v,*1) (7, * Z00) -ty ,, * Zo0")

dD,
ADf:(,umPhy*Phyz)_(Df*.ur)_W/‘d_f ©
4
Detritus slow 5 dD
ADS:((I_yI)*n)+(umZoo*Zoo )_(Ds*lur)_wr - @)
dz
Nutrient p
AP =(Df * ) +(Ds* ) + (7, * Zoo) - #7.% Phy
+ kupphy ®)
Phy refers to diatoms or cyanobacteria.
TABLE 2 | List of biological parameters used in the model.
Parameter Symbol Value Range Reference
Attenuation coefficient water (m-) K, 0.04 - Kirk (1994)
Attenuation coefficient chlorophyll a (m™') Kep 0.03 - Kirk (1994)
Fraction of photosynthetically active radiation PAR 0.43 - -
Maximum growth rate diatoms (d-) Hgpiatoms 0.04 1-1.3* Munkes et al. (2020)
Maximum growth rate cyanobacteria (d-) HgGyano 0.12 0.33-1* Munkes et al. (2020)
Slope of P-I curve diatoms Opitoms 1 0.025-0.72 Waniek (2003)
Slope of P-| curve cyanobacteria Uoyano 0.0034 0.035 Johnk et al. (2008)
Mortality rate diatoms (d-") Hondiatoms 0.02 0.02-0.6* Munkes et al. (2020)
Mortality rate cyanobacteria (d-") Pincyano 0.03 0.02-0.4* Munkes et al. (2020)
Half-saturation constant for nitrogen uptake Kyppiatoms 2 0.05-1.5* Munkes et al. (2020)
diatoms (mmol m5)
Half-saturation constant for phosphate Kypcyano 2.5e-5 0.05-1.5* Munkes et al. (2020)
uptake cyanobacteria (mmol m=)
Assimilation efficiency Y4 0.1 0.46, 0.76 Fasham and Evans (1995)
Excretion rate (d-") Yo 0.03 0.03-0.11 Waniek (2003)
Maximum grazing rate diatoms (d-") Ugzpiatoms 1 0.09-1.95* Munkes et al. (2020)
Maximum grazing rate cyanobacteria (d-) HezCyano 0.1 0.03-0.9* Munkes et al. (2020)
Capture rate diatoms Hepiatoms 3.0 1.0 Oschlies and Gargon (1999)
Capture rate cyanobacteria Pecyano 1.0 1.0 Oschlies and Gargon (1999)
Grazing pressure cyanobacteria Noyano 0 - Meyer-Harms et al. (1999)
Mortality rate Zoo Urmzoo 0.1 0.1-0.28 Waniek (2003)
Remineralization rate (d-') U 0.05 0.05 Oschlies and Gargon (1999)
Sinking velocity fast detritus (m d-') Wy 100 10 Evans and Gargon (1997)
Sinking velocity slow detritus (m d-') Wy 1.0 1.0 Evans and Gargon (1997)

“From models CEMBS, ECOSMO, ERGOM, SCOBI and BALTSEM.
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TABLE 3 | Data sets used for model setup and validation.

Variable Type Period Reference/Data source
Cyanobacteria Observations 1970-2005 Hense and Burchard (2010)
Satellite data 1997-2013 Kahru et al. (2016)
Observations 1990-2017 Beltran-Perez and Waniek (2021)
Diatoms Observations 2000-2014 Groetsch et al. (2016)
Phosphate Observations 1990-2017 https://odin2.io-warnemuende.de/
https://sharkweb.smhi.se/hamta-data/
Temperature Observations 1990-2017 https://www.smhi.se/data/oceanografi/
ladda-ner-oceanografiska-observationer/
https://sharkweb.smhi.se/hamta-data/
Net heat flux NCEP 1990-2019 https://psl.noaa.gov/data/gridded/data.
Reanalysis ncep.reanalysis.surfaceflux.html

The model was forced with daily atmospheric reanalysis data
from the National Centers for Environmental Prediction (NCEP)
(Kalnay et al., 1996). Forcing include air temperature, incoming
solar radiation, wind speed, relative humidity and cloud cover
(Figure S1). These data provide the basis for calculating the net
heat flux and its components (long-wave radiation, sensible and
latent heat flux) based on standard bulk formulation (Rahmstorf,
1990) and the estimated temperature at each time step to account
for the interaction between the surface and the atmosphere.
The model was implemented with a finite differential scheme
of 1 m vertical resolution down to the bottom at 240 m and a
daily time step. The simulations were done for each year using
the same initial conditions and the respective forcing for the
year, beginning in 1990 and covering a 30-year period. Thus,
the observed variability in spring and summer blooms is driven
by the net effect of forcing on the phenology of the bloom. A
spin-up time was not included in the simulations.

The results of the model and analyses are restricted to the
surface and variables directly related to the development of
spring and summer blooms (Figure 3). These variables include
nutrients in the form of nitrogen and phosphate (the latter
expressed in nitrogen units using the Redfield ratio 1:16 between
nitrogen and phosphorus), sea surface temperature, mixed layer
depth (MLD), wind speed and net heat flux. The inter-annual
variability of diatom and cyanobacteria blooms is compared with
observations and satellite data from the study region. Phosphate
concentration, sea surface temperature (SST) and net heat flux
(Qnet) were also compared with reference data sets in order to
evaluate the performance of the model (Table 3).

Phenology Metrics

The threshold criterion was used to identify the phenological
dates for spring and summer blooms (Ji et al., 2010). It was
defined as an increase in the biomass concentration above a
certain level. Wasmund (1997) defined a concentration of 22ug
L' as a threshold for cyanobacteria blooms in the Baltic Sea.
We have taken this value as threshold for spring and summer
blooms as it coincides with the biomass at which the onset and
decline dates are usually reported for both blooms in the Baltic
Sea. However, this threshold strongly influences the results as
well as restricts in part the possibility of comparing results with
other studies. For this reason we included a trend analysis to

make it more robust and comparable with other studies. Overall,
the spring bloom begins on day 84 + 6 ( + 6 refers to standard
deviation) and ends on day 128 + 9 (Groetsch et al., 2016), while
the summer bloom begins on day 168 + 16 and declines after
day 209 + 13 (Beltran-Perez and Waniek, 2021). The onset of the
bloom was defined as the time when the biomass is above the
threshold for the first time. The decline of the bloom was set as
the time after the biomass maximum reduces to values below
the threshold. The duration of the bloom was estimated as the
difference between the onset and decline dates of the bloom. The
phenology of the bloom was calculated year by year by analyzing
the biomass changes between February and May for the spring
bloom and between June and August for the summer bloom.

Trend Analyses

The non-parametric Mann-Kendall test (Kendall, 1975) was
applied for monotonic downward or upward trends together
with the non-parametric Sen method (Sen, 1968) for the slope
estimate. This test tolerates outliers and it is independent of the
data distribution. This method was applied on the phenological
dates identified over the 30-year period for the spring and
summer blooms to investigate changes in their occurrence.
All calculations and trend analyses were performed in Matlab
R2018b. Statistical tests were considered significant with a
p-value less than or equal to 0.05.

RESULTS

Inter-Annual Variability

Summer blooms start at the beginning of June and last until the
end of August, reaching their maximum concentration in mid-July
(Figure 3A). In general, summer blooms have a length of about 3
months and reach a maximum concentration of 10 mmol N m-3.
Spring blooms begin on average at the end of March and last until
the end of May (Figure 3B) with an average length of roughly 2
months. Their maximum concentrations are observed at the end of
April with values around 4 mmol N m=. Diatoms usually develop a
second bloom of lower abundance in autumn that is also captured
by the model, but it is outside the scope of this study.

The phosphate concentration shows a cycle where the
maximum concentration (around 11 mmol N m~3) is reached
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FIGURE 3 | Model results: (A) cyanobacteria, (B) diatoms, (C) phosphate concentration calculated from nitrogen using N:P ratio, (D) sea surface temperature
(SST), (E) mixed layer depth (MLD) and (F) net heat flux (Qnet). The blue and red bars represent periods of diatom and cyanobacteria blooms, respectively.

during January before the onset of the spring bloom (Figure 3C).
The phosphate concentration decreases as the spring bloom is
formed, reaching concentrations below 0.5 mmol N m= at the
beginning of the summer bloom. Phosphate concentration
remains low throughout the summer bloom and increases only
at the end of the year. The SST shows a pronounced annual cycle
with a minimum in mid-February and a maximum in early
August (Figure 3D).

The mixed layer depth is directly linked to changes in
temperature and mixing intensity, becoming shallower as the
solar radiation intensifies and temperature rises (Figure 3E).
The shallowest mixed layer depth is reached at around 10 m
during the summer bloom, i.e. between June and August. The
highest energy gain by the ocean coincides with the end of the
spring bloom and the beginning and maximum abundance of the
summer bloom (Figure 3F).

The model reproduces the typical annual cycle for spring
and summer blooms (Figure 4). The inter-annual variability
of both blooms is in good agreement with that derived from
observations and satellite data (Figures 4A, B). However, the
model underestimates the maximum concentration of the spring
bloom and overestimates it for the summer bloom. The pattern of
phosphate concentration, SST and net heat flux in Figures 4C-E
bears a strong resemblance to the summer bloom pattern,
suggesting that the highest cyanobacteria abundance coincides

with the minimum in phosphate concentration, high SST and
positive net heat flux. The onset of the spring bloom coincides
with the maximum phosphate concentration as well as with the
increase in SST and net heat flux.

Changes in Phenology of Diatom and
Cyanobacteria Blooms
The phenology of the spring and summer blooms is summarized
in Tables S1, S2, respectively. The phenology of both blooms is
compared with phenological dates derived from observations
and satellite data in Figures 5, 6. The onset of the spring bloom
coincides with the average onset reported by Groetsch et al.
(2016) on day 85 + 7. The peak and decline dates occur on day
115 + 6 and 144 + 5, respectively. Therefore, the length of the
bloom is on average 59 + 4 days. Our phenological dates differ to
the observed peak and decline dates by 9 and 17 days, respectively,
with the largest differences occurring at the end of the bloom.
Based on the results of the model, the summer bloom starts
on day 158 + 5, reaches its maximum biomass on day 194 + 9
and declines on day 237 + 8. On average the bloom lasts 79 +
9 days. Similar to the results for the spring bloom, there is a
discrepancy between our results, observations and satellite data.
The bloom begins 9 and 38 days earlier than in observations
and satellite data, respectively. The occurrence of the maximum
coincides with in situ observations, but not with satellite data.
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The maximum occurs on day 194 in the model and observations,
but 15 days later in satellite data. The largest difference is at the
end of the bloom. According to our results the bloom ends on
day 237, but using observations and satellite data it ends 27 and
22 days earlier, respectively.

The inter-annual variability of the summer bloom showed
significant temporal changes (p-value < 0.05) in the onset and
length of the bloom (Figure 7). Summer blooms occur 9 days
earlier, starting on day 152 in 2019 instead of day 161 in 1990
in the Gotland Basin. They last 15 days longer, increasing their
length from 72 days in 1990 to 87 days in 2019. However, a
longer bloom did not necessarily lead to a higher abundance of
cyanobacteria. No temporal changes were found for the peak or
decline dates of the summer bloom. The spring bloom showed
no statistically significant changes in phenology and abundance
over the 30-year period.

Effect of Environmental Variables on
Bloom Phenology

To emphasize the changes in spring and summer blooms
occurrence and their relationship with SST, wind and net heat
flux we have calculated the anomalies for SST, wind and net heat
flux with respect to each bloom period (Figures S2, S3). We
selected years with the higher positive and negative anomalies for

each variable during the development of each bloom, i.e. during
February and May for the spring bloom and June and August
for the summer bloom (Tables 4, 5 and Figures 8, 9). During
the spring bloom, the SST was around 1.5°C higher than average
in 1990, 2008 and 2015 and lower roughly 2 °C in 1996, 2003
and 2010 (Figure S2A). Summer blooms were observed at SST
roughly 0.5°C higher than average in 1990, 2002 and 2018 and
0.5°Clower in 1996, 2015 and 2017 (Figure S3A). SST anomalies
indicate that the spring and summer seasons were warmer than
average during 1990, while colder during 1996. In 2015 a warm
spring followed by a cold summer was observed, both seasons
were characterized by particularly strong winds (Figures S2B,
S3B). Winds 1 ms™' higher than average were found during
spring blooms in 1997, 2015 and 2019. The stronger winds
during summer blooms are roughly 0.5 ms! higher than average
and occurred in 1998, 2004 and 2015. The response of the
spring bloom changes over time but a strong relationship with
the heat exchange between atmosphere and surface ocean was
not observed (Figure S2C). On the contrary, summer blooms
are generally observed to coincide with positive net heat flux
anomalies (high energy gain) and negative wind anomalies
(calm wind conditions), which are linked to higher water column
stability (Figure S3C).

There is a statistically significant change in the occurrence of
the spring bloom with respect to SST (Table 4). During warmer
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periods the peak of the bloom occurs on average on day 109,
while in cooler periods it occurs on day 121. As a result, spring
blooms reach maximum biomass 12 days earlier in warmer
periods. No further significant changes in phenology or abundance
were found for the spring bloom.
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FIGURE 7 | Temporal change in the phenological dates of cyanobacteria
blooms. The circles connected with a black solid line represent onset dates
and length of the bloom, respectively. The slope of the curve for the onset
dates (blue line) and length ofthe bloom (red line) was estimated using

the Mann-Kendall test with the non-parametric Sen method using 95%
significance level.

A significant difference in cyanobacteria biomass is found
when comparing positive and negative SST anomalies (Table 5).
Cyanobacteria blooms develop higher biomass during warmer
periods than during colder periods. There is also a significant
difference in the biomass, decline dates, length and maximum peak
of the summer bloom when comparing positive and negative net
heat flux anomalies. Thus, a higher energy gain (positive net heat
flux) by the ocean leads to a bloom with higher abundance and
maximum peak as well as the extension of the bloom by delaying its
end by around 19 days.

The highest cyanobacteria abundance coincides with calm wind
conditions (Figure 9), however no statistically significant difference
was found between the occurrence of the bloom and calm wind
(p-value > 0.05, Table 5). Similarly, the spring bloom did not show
a statistically significant difference with respect to the wind strength
(Table 4).

DISCUSSION

Inter-annual and temporal variability of spring and summer
blooms in the Gotland Basin has been described by Wasmund
and Uhlig (2003); Janssen et al. (2004); Wasmund et al. (2011),
but the phenology and response of these blooms to changing
environmental conditions have been studied less extensively
and remain unclear (Kahru and Elmgren, 2014; Groetsch et al.,
2016; Kahru et al., 2016). Our results show that the occurrence
of spring and summer blooms is affected differently by changes
in SST, wind and net heat flux. The mixing in the water column
is largely related to density changes (through buoyancy forcing
by net heat flux) that drive the variability of the mixed layer
(Figures 3D-F).

The onset of the spring bloom is consistent with the findings
of Groetsch et al. (2016), who estimated the phenology of
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TABLE 4 | Diatoms biomass integrated over the bloom period (February-May) calculated for the periods with the highest (+) and smallest (-) anomalies in SST, wind and

net heat flux (Qnet).

Anomaly Year Day of year Length Max peak Biomass
Onset Peak Decline (days) (g L) (ng L)

SST (+) 1990 80 107 135 55 267 13438
(warmer periods) 2008 79 111 139 60 266 14459
2015 80 108 138 58 276 14526
SST (-) 1996 75 122 1561 76 271 17634
(colder periods) 20083 72 117 140 68 245 15345
2010 96 123 150 54 274 13455
Wind (+) 1997 84 113 144 60 274 14933
(stronger wind) 2015 80 108 138 58 276 14526
2019 82 109 138 56 272 13887
Wind (-) 2009 90 118 146 56 275 13990
(weaker wind) 2010 96 123 150 54 274 13455
2016 83 111 140 57 277 14316
Qnet (+) 2003 72 117 140 68 245 15345
(higher gain) 2010 96 123 160 54 274 13455
2014 80 107 136 56 270 13790
Qnret (-) 1991 75 103 133 58 270 14273
(less gain) 1997 84 113 144 60 274 14933
2005 95 123 149 54 272 13376

The values in bold correspond to values with a significant difference by comparing the positive and negative anomaly (p-value < 0.05).

the spring bloom from a 15-year time series (2000-2014) of
ship-of-opportunity chlorophyll a fluorescence observations
for different regions in the Baltic Sea. However, in our results
the average peak and decline dates occur later than in the
aforementioned study. The use of a fixed threshold in our study
(22 pg L) instead of the 10th and 90th percentiles before and
after the bloom peak used by Groetsch et al. (2016) resulted in a later
occurrence of the peak and decline dates, as more time is allowed
for spring and summer blooms to exceed the specified threshold
value. The discrepancy between both studies may be explained by

the method used to quantify the biomass, and the threshold criteria
used for the computation of the phenological dates. The definition
of the threshold at which bloom begins or ends differs between
studies, a trend analysis is more robust and therefore it was used
to compare with other studies.

Earlier spring blooms have previously been reported for the
Baltic Sea (Fleming and Kaitala, 2006; Klais et al., 2013). Our
study showed that higher temperatures cause the spring bloom
to peak earlier, but this was not observed over the 30-year period,
i.e. changes in the timing of the peak occurrence over the 30-year

TABLE 5 | Cyanobacteria biomass integrated over the bloom period (June-August) calculated for the periods with the highest (+) and smallest (-) anomalies in SST, wind

and net heat flux (Qnet).

Anomaly Year Day of year Length Max peak Biomass
Onset Peak Decline (days) (ug L) (vg L)

SST (+) 1990 154 187 235 81 710 33481
(warmer periods) 2002 153 198 252 99 696 44621
2018 158 208 251 93 691 43678
SST (-) 1996 169 195 248 79 596 32618
(colder periods) 2015 155 185 240 85 713 33305
2017 154 204 230 76 682 32044
Wind (+) 1998 164 195 227 63 613 21902
(stronger wind) 2004 155 185 235 80 673 42030
2015 155 185 240 85 713 33305
Wind (-) 1999 159 193 228 69 702 37174
(weaker wind) 2006 157 188 242 85 740 44206
2018 158 208 251 93 691 43678
Qnet (+) 1997 170 202 247 77 705 38374
(higher gain) 2002 153 198 252 929 696 44621
2006 157 188 242 85 740 44206
Qnet (-) 1993 159 183 222 63 645 27667
(less gain) 1998 164 195 227 63 613 21902
2000 156 192 234 78 675 32895

The values in bold correspond to values with a significant difference by comparing the positive and negative anomaly (p-value < 0.05).
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period were not statistically significant (p-value > 0.05). Wasmund
etal. (2011) also reported that there is no trend for the spring bloom
in the eastern Baltic Sea during the period 1979 to 2005. However,
other studies have found that spring blooms tend to develop earlier
and less intense. Kahru et al. (2016) showed an advance of the
growth season at a mean rate of 1.6 days per year for the spring
bloom in the entire Baltic Sea. Groetsch et al. (2016) found a positive
trend in the bloom length of 1 + 0.20 day per year and a negative
trend in chlorophyll a maximum of 0.31 + 0.10 mg m~ per year for
the spring bloom over the period 2000 to 2014, attributing it to the
gradual reduction of nutrients load in the Baltic Sea. Long-term data
sets from 1979 to 2011 also showed a decrease in diatom abundance
during the spring bloom in the Baltic Proper (Wasmund and Uhlig,
2003; Wasmund et al., 2013).

The phenology of the spring bloom seems to be affected only
by SST (Figure 8 and Table 4), which result in the spring bloom
reaching its maximum abundance earlier. Higher temperatures
favor the spring bloom by intensifying stratification, which
increases light in a shallow mixed layer following the critical
depth hypothesis (Sverdrup, 1953), as Sommer et al. (2012)
confirmed using several temperatures and light levels in a series
of mesocosm experiments. Light is necessary for phytoplankton
photosynthesis and growth, while temperature influences
growth rates and stratification. Wind has a dual effect on the
bloom. On the one hand, strong winds induce mixing that favors
redistribution of the resting stages of diatoms and nutrients in the
water column (Hjerne etal., 2019). On the other hand, calm wind
conditions are associated with lower energy losses or energy gain
on the surface, increasing temperature and stratification of the
water column (Wasmund et al., 1998; Wasmund and Uhlig, 2003;
Wasmund et al., 2013). Therefore, according to our results and
those from other studies (Groetsch et al., Reynolds et al., 1984;
Spilling and Markager, 2008; Sommer et al., 2012; Wasmund
etal., 2013), the spring bloom is favored by the ability of diatoms
to proliferate despite strong wind (Figure 3B and Figure S1C)
following Margalef’s mandala (Margalef, 1978), the availability
of nutrients during the first months of the year (Figures 3B, C)
and the increasing amount of light as well (Figure 3B and Figure
S1B) following Sverdrup’s hypothesis (Sverdrup, 1953).

We found evidence that the occurrence of earlier maximum
abundance in the spring bloom was related to warm weather
conditions (Figure 8 and Table 4). Changes in the spring bloom
phenology may influence the survival of higher trophic levels
due to variations in timing of food availability (match-mismatch
hypothesis) (Smith and Hollibaugh, 1993; Winder and Schindler,
2004), i.e. the energy and carbon transfer from primary production
to pelagic fish production (Sommer et al., 2012). A shift in the spring
bloom may inhibit the survival of zooplankton and fish, affecting
the recruitment of larvae as larval spawning continues to match
the original timing of the bloom prior to changes (Cole, 2014;
Gittings et al., 2018). As a result, potential negative impacts can be
expected on the Baltic Sea ecosystem if changes in the phenology
of phytoplankton blooms continue in conjunction with current
changes in the environment.

The occurrence of the maximum cyanobacteria abundance in
the model coincides with in situ observations but not with that
estimated based on satellite data. There are, however, differences in

the onset and decline of the bloom probably due to the definition
of the threshold at which species abundance exceeds normal
values in the water. The lack of consensus on the definition of
thresholds in phenological studies makes it difficult to compare
the results between them. In fact, using thresholds defined
on a percentile basis like in other studies, our results deviate
from the time at which cyanobacteria blooms usually occur in
the Baltic Sea (i.e. between June and August). Additionally, to
the uncertainty surrounding the defined threshold at which the
bloom develops, it is not surprising that our results vary from
the phenological dates identified based on satellite imagery.
Remote sensing is able to detect blooms only when strong surface
aggregations are formed, which usually occurs at an advanced
bloom stage and directly related with the cyanobacteria species
Nodularia spumigena, the only species of the summer bloom in
the Baltic Sea that forms dense surface accumulations. Nodularia
spumigena is a co-dominant cyanobacteria species in the Baltic
Sea, the other co-dominant species, Aphanizomenon sp. and
Dolichospermum spp., although both are present during the
bloom, these species are typically found at the subsurface and
therefore not specifically detected through satellites (Kahru and
Elmgren, 2014; Eigemann et al., 2018; Kahru et al., 2020).

Until now, there has been no consensus on whether
cyanobacteria blooms will increase or decrease in the future
(Wasmund and Uhlig, 2003; Kahru and Elmgren, 2014; Kahru
etal., 2016; Meier et al., 2019). Our results support the findings of
other studies which point to summer blooms starting earlier and
lasting longer. We found that the summer bloom is occurring
0.3 days earlier each year and extending its length by 0.5 days
per year. Kahru and Elmgren (2014) found progressively earlier
accumulations of cyanobacteria in summer by approximately 0.6
days per year over a 35-year period. Kahru et al. (2016) also found
trends towards an earlier start of the spring and summer blooms.
Contrary to these results, Wasmund and Uhlig (2003) found no
indication that cyanobacteria blooms have increased during the
period 1979-1999, even if there is a tendency to decrease in some
basins of the Baltic Sea. On the one hand, observations from
satellites in the Baltic Sea are based on chlorophyll a and focused
on specific species of cyanobacteria such as Nodularia spumigena,
which forms dense surface accumulations (Kahru and Elmgren,
2014; Kahru et al., 2020). On the other hand, in situ observations
of phytoplankton biomass are usually integrated over the water
column and the frequency of observations is limited in time and
space, which in case of blooms may lead to differences in the
estimated biomass and phenology of the bloom when compared
to other studies even during similar periods of time and locations.
Although the results from observations and satellites may vary,
they are the closest approximations available to identify and
validate bloom phenology as long-term in situ data sets and
studies defining bloom phenology are still scarce. Therefore,
they have been used in this study and compared despite their
significant differences, being aware of the limitations of both
approaches (Kahru and Elmgren, 2014; Gittings et al., 2019).

Overall, cyanobacteria species are able to uptake a large
amount of nutrients and store them to maintain growth and
survive for days (Kanoshina et al., 2003; Flores and Herrero,
2005). Therefore, cyanobacteria blooms are able to develop under
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depleted phosphorus (limiting nutrient) conditions (Figures 3C,
4C) (Wasmund, 1997; Lignell et al, 2003). Cyanobacteria
abundance is coupled with SST at seasonal and inter-annual
time scales (Figures 3, 4), signifying that warmer periods
favor cyanobacteria growth (Table 5) as other studies have also
indicated (Hense etal., 2013). Warm years characterised by higher
cyanobacteria biomass (e.g. 1990, 2002 and 2018) coincide with a
shallower MLD and stratified water column (Figures 3A, D-F).
The change in the length of the summer bloom was not
observed in connection with temperature, but rather with net
heat flux (Figure 9 and Table 5). For years with a strong heat gain
during summertime such as 1997, 2002, 2006 the bloom extends
on average 19 days compared to years with lower heat gain such as
1993, 1998, 2000, which is in agreement with the trend observed
for the summer bloom to extend its length over the entire
30-year period. The energy gain by the water column contributes
significantly to the increase in bloom abundance by intensifying
stratification. Cyanobacteria blooms do not tolerate turbulence
so calm wind conditions and a strongly stratified water column
favor their development resulting in longer blooms (Table 5).
These results are supported by Beltran-Perez and Waniek (2021)
who demonstrated that the phenology of cyanobacteria blooms
is explained by the energy exchange between the atmosphere
and the ocean. Only a few studies have highlighted the role of
energy exchange at the ocean-atmosphere interface that regulates
mixing in the water column in the context of phenology studies
so far (Gittings et al., 2018; Beltran-Perez and Waniek, 2021).
Our results showed that changes in wind strength do not
lead to changes in bloom phenology as Kahru et al. (2020) also
indicated for cyanobacteria accumulations and wind on a decadal
and inter-annual time scale. Calm wind may have an influence
on the development of the bloom as reported by other studies
(Wasmund, 1997; Kanoshina et al., 2003), but in this study, if
there is such an influence, it was not statistically significant.
Water temperature has been increasing during the past 100
years and it is projected to further increase between 1.1°C to
3.2 °C by the end of this century in the Baltic Sea (HELCOM/
Baltic Earth, 2021). Higher temperatures intensify stratification
and therefore favor the occurrence of summer blooms. Our results
support the occurrence of earlier and longer blooms, but there
is much uncertainty about whether cyanobacteria blooms may
increase in the future. The observed changes in the phenology
of summer blooms and their relationship with global warming
suggest that cyanobacteria blooms will remain a major concern
for the Baltic Sea. They may accelerate eutrophication and oxygen
depletion in the water column (Larsson et al., 1985; Wasmund,
1997; Janssen et al., 2004) and have stronger impacts on fishing
and recreational use of coastal waters (Paerl and Huisman, 2009;
Neil etal., 2012), as many species of cyanobacteria produce toxins.
Alterations in the food web are also expected as the efficiency of
energy transfer to higher trophic levels may reduce due to the
poor food quality of cyanobacteria for grazers, depending on the
availability of other sources of food and the type of zooplankton
and cyanobacteria species (Meyer-Harms et al., 1999; Ger et al,,
2016; Munkes et al., 2020).
The Baltic Sea is one of the most intensively monitored seas in
the world; however, its observations are not sufficient to determine

in detail phytoplankton phenology. Coupling of data on species-
specific life cycles and succession to environment conditions
(e.g. nutrient ratios, light, temperature), other organisms (e.g.
prey, predators, competitors), as well as to process-based models
appears necessary to explain the timing and intensity of spring
and summer blooms in the study area and neighboring habitats.
A simple, one-dimensional, coupled physical-biological model
based on the basic equations governing bloom formation was
able to reproduce the development of the bloom with reliable
results and showed the effect of forcing on phenology of both
blooms. Therefore, the use of models provides a solid basis for
testing phytoplankton bloom hypothesis as observations are
limited and may not necessarily cover the bloom development
because samples are usually taken during specific very limited
time periods and locations.

CONCLUSIONS

Overall, the model reproduces the inter-annual and temporal
variability of spring and summer blooms considering the
constraints and limitations of the model. On average the
spring bloom started on day 85, reached its maximum on day
115 and declined on day 144. Warmer periods cause the spring
bloom to peak earlier, but no statistically significant trend was
found for the spring bloom over the period 1990 to 2019. The
summer bloom started on day 158, had its maximum on day
194 and declined after day 237. Summer blooms were found
to occur 9 days earlier and last 15 days longer over a 30 year
period. Our results differ from results of other phenological
studies mainly at the end of both blooms. More phenological
studies are needed to define with certainty the changes in the
occurrence of spring and summer blooms over time.

The influence of environmental variables such as sea
surface temperature, wind and net heat flux on the occurrence
of spring and summer blooms was confirmed. It was observed
that warmer periods affect the spring and summer blooms
differently. The spring bloom reaches its maximum earlier
whereas the summer bloom increases its abundance. The
heat exchange between the water and the atmosphere also
had a significant influence on the summer bloom. A stronger
heat gain delays the end of the summer bloom, increases its
length, abundance and leads to higher biomass maxima due
to greater water column stability. Overall, summer blooms
are more sensitive to changes in the environment than spring
blooms, therefore summer blooms are expected to react more
quickly to the changes generated by climate change in the
Baltic Sea. However, minor changes in the spring bloom may
significantly affect the quantity and quality of food reaching
the seafloor, leading to alterations in the entire ecosystem.
Further research is needed to follow in detail the development
of phytoplankton blooms and succession changes that may
occur in response to changes in the environment.

Process-based models provide process- and feedback-
understanding, since observations alone are usually limited in
time and space. However, parameterization remains one of the
mainsources of uncertaintyinallmodels. Our one-dimensional
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model provides reliable insight into the inter-annual variability
of spring and summer blooms and the effect of forcing on
phenology of both blooms considering model limitations and
assumptions. The threshold method showed the best results
with respect to the metrics used to identify bloom phenology.
However, phytoplankton response to changes and threshold
values is far from universal and depends on species-by-
species and site-by-site basis (Hallegraeff et al., 2021). There
is an urgent need defining a threshold, which should full fill
the following criteria: 1) be valid for different blooms, 2) be
applicable to blooms around the globe and 3) be set up based
on observations. Right now the only threshold that meets
partly these characteristics corresponds to 22 pgL-!(2.7 mmol
N m~3). It was previously reported by Wasmund (1997) in the
identification of cyanobacteria bloom in the Baltic Sea, but its
general applicability to define bloom phenology was not yet
tested, as far as we are aware of.

More complex models or techniques such as statistical
models, genetic algorithm and machine learning need to be
explored in more detail in order to improve the modeling
of phytoplankton blooms and thus their phenology. Overall,
more frequent observations of e.g. growth and mortality
rates, isotope markers or other physiological indicators
(e.g. genomics, transcriptomics, proteomics, metabolomics)
provide a broader understanding of bloom phenology and
longer data sets for model initialization and validation,
data sets needed to improve the performance of our and
other models.
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