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SUMMARY

Primary production in an  aquatic ecosystem depends on the  process of 
photosynthesis carried out by autotrophic organisms such as phytoplankton, 
phytobenthos and macroalgae. This doctoral thesis focuses on a scarcely studied 
issue in the Gulf of Riga – the seasonal dynamics of primary production and its 
relationship to abiotic and biotic environmental factors. The obtained knowledge 
provides an  opportunity for a  more in-depth comprehension of the  effects of 
eutrophication processes both locally and regionally. It also adds to the  body 
of knowledge about the amount of energy available in the pelagic trophic food 
web and its impacting environmental factors, allowing for a  more accurate 
assessment of the pelagic habitat and ecosystem. The main results indicate that 
the annual primary productivity in the Gulf of Riga reached 353–376 g C m2. 
During the productive period (from April to October), the source of substances 
available to phytoplankton changes seasonally, thus primary production follows 
seasonal cycle. The highest net (NPP) and total (GPP) primary production were 
observed in the  spring, while autumn was the  least productive period during 
the  growth season. Based on the  isotopic signals, the  spring measurements 
differed from the rest of the period implying greater influence from terrestrial 
and anthropogenic sources. Diatoms, dinoflagellates and the ciliate Mesodinium 
rubrum showed the  strongest positive relation to isotopic changes in the  Gulf 
of Riga, indicating their role in the creation of new production, supplementing 
the  system with new energy. It should be emphasized that the  mixotrophic 
ciliate M. rubrum dominated in all seasons, showing a  significant correlation 
with increased productivity. On the  other hand, diatoms were identified as 
the main producer of new production in spring, and diazotrophic cyanobacteria 
Aphanizomenon flosaquae – in summer, during the nutrient regenerating system. 
The main results of the doctoral thesis are published in four publications.

Key words: Primary production, Mesodinium rubrum, Baltic Sea, Gulf of Riga 
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isotope composition in suspended particulate matter reflects season-
al dynamics of phytoplankton assemblages in the Gulf of Riga, Baltic 
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A. Seasonal variation in size structure and production of autotrophic 
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1	 A part of Publication III is included in this doctoral thesis – included are the results that 
describe the source (marine or terrestrial) of the phytoplankton assimilated biomass based 
on signals of stable carbon and nitrogen isotopes.
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1 INTRODUCTION

Primary production in an aquatic ecosystem depends on the photosynthetic 
process carried out by autotrophic organisms, e.g. phytoplankton, phyto
benthos, and macroalgae. Up to date, four approaches have been used 
widely to quantify the  photosynthetic process over time: (a) changes in 
oxygen, (b) changes in carbon dioxide, (c) the  formation of organic matter, 
and (d)  the  time-dependent changes in consumption of light (change in 
chlorophyll fluorescence) (Falkowski et al., 2003). Here, in this doctoral thesis, 
oxygen is used as a proxy for the synthesis of organic material by autotrophic 
phytoplankton (microalgae). 

Phytoplankton are the main contributor to primary production in the pelagic 
habitat (Ask et  al., 2016; Henriksen, 2009). It is comprised of a  taxonomically 
diverse group of mainly single-celled and photosynthetic organisms (numerous 
mixotrophic and heterotrophic phytoplankton species also exist). Phytoplankton 
communities, thus predominant characteristics of phytoplankton, successively 
change throughout the productive season. The spring bloom period can be named 
as one example representing the  contrasts between different phytoplankton 
communities and the  impacts of environmental conditions. In the  northern 
temperate and boreal seas, the  spring bloom sustained by the  nutrient winter 
pool lasts approximately one month but contributes up to 40–60% of the annual 
carbon fixation (Heiskanen, 1998). The rest of the productive season is lower in 
production efficiency. 

Noteworthy that the  majority of temperate and boreal spring primary 
production is new production (Falkowski et al., 2003). New production, in brief, 
is all primary production associated with newly available nitrogen (e.g., NO3, 
NO2, N2). In a  confined system such as the  mixed productive layer of pelagic 
habitat, new production is a part of primary production formed from external 
nitrogen input (definition from Dugdale & Goering, 1967; Williams et al., 1989). 
Hence, new production is supported by physical and chemical processes, inter 
alia, water mixing, upwelling, riverine and atmospheric inputs. On the contrary, 
“regenerated production” is organic matter fueled by nutrients sustained within 
the confined system, e.g., ammonium (Berg et al., 2003).

The Baltic Sea is a continental inland sea with limited water exchange and 
a  large-scale gradient from temperate marine to subarctic limnic ecosystems. 
Pelagic primary production in the  Baltic Sea is variable (Table  1) between 
sub-basins and their trophic condition (mesotrophic to eutrophic) along 
the  mentioned gradient due to differences in environmental and ecological 
factors. In the Baltic Proper (central Baltic) average gross primary production 
is estimated to be approximately 172  g  C  m-2 y-1 (Samuelsson et  al., 2006). 
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The  coastal areas and plumes, usually, are higher in primary production than 
open Baltic Sea waters. Although, in very turbid waters such as Klaipeda Strait 
(Secchi depth < 1 m) it can be lower due to limited light availability in surface 
waters.

The Gulf of Riga is a semi-isolated, shallow Baltic Sea sub-basin with high 
riverine input resulting in increased eutrophication compared to the  Baltic 
Proper (Kotta et  al., 2008). Also, the  reported primary production  values 
attribute it to eutrophic conditions (as defined in Wasmund et  al., 2001). 
Surveys of primary production in the Gulf of Riga have been sporadic in recent 
decades (Andrushaitis et al., 1992, Wassmann, Tamminen, 1999; Olesen et al., 
1999; Wasmund et  al., 2001), mainly covering the  period from 1989 to 1997. 
Overall, the  estimated annual gross primary production in the Gulf of Riga is 
one of the highest for the Baltic Sea (Table 1). Its reported values vary between 
250 and 350 g C m-2 y-1 which lies within the general range defined for coastal 
transitional water systems by Nixon (1982), i.e., 200-400 g C m-2 y-1. 

The knowledge base for the Gulf of Riga primary production dynamics and 
its driving factors show that plankton community production and respiration are 
predominantly limited by nutrient supply during spring and summer (Olesen 
et  al., 1999), whereas the  combination of low light levels and deep vertical 
mixing lead to light limitation during the autumn season. However, stabilizing 
(solar heating) and destabilizing (wind) forces strongly affect the  Gulf of Riga 
pelagic habitat throughout the entire productive season due to its shallowness, 
and day-to-day primary production can vary by up to two times (Wassman, 
Tamminen, 1999). Variability is enhanced by local mixing events, such as 
upwelling, that usually result in a  decreased primary production in the  short 
term but an  overall increase in the  long term (Lehmann, Myrberg, 2008). 
Previous studies (Lundsgaard et  al., 1999; Olesen et  al., 1999; Olli, Heiskanen, 
1999) point to high pelagic recycling efficiency in the Gulf of Riga and marks 
that new production is mostly limited to the  southern part of the  gulf and 
regenerated production predominate the system. 

Still, the  majority of previous studies were focused on abiotic factors 
affecting primary production and information about the  linkages between 
ecological aspects and primary production is scarce for the  Gulf of Riga and 
the  Baltic Sea in general. It is known that pelagic primary production may 
respond to taxonomical composition, community structure, and physiological 
and ecological characteristics of phytoplankton (e.g., Chavez et  al., 1990; 
Falkowski et al., 2003; Spilling et al., 2019; Barmejo et al., 2020).
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Table 1. Primary production values reported for different Baltic Sea and North Atlantic areas

Area
Gross primary 
production, 
g C m-2 year-1

Layer 
sampled Period Season Reference

Baltic Sea

Gulf of Riga 353–376 0–10 m 2011–2012 Apr–Oct This study 
(Paper II) 

coastal Gulf of 
Riga 350 1, 5, 10 m 1993–1995 May–Sep Olesen et al., 

1999

Gulf of Riga 290 NA NA Jan–Dec Kotta et al., 
2008

Gulf of Finland 74–111 NA NA Jan–Dec Pitkänen, 
2008

Bothnian Bay 18 0, 1, 2, 4, 8, 
15, 20 m 2000 Jan–Dec Samuelsson 

et al., 2006

Bothnian Sea 47 0, 1, 2, 4, 8, 
15, 20 m 2000 Jan–Dec Samuelsson 

et al., 2006

Baltic Proper 172 0, 1, 2, 4, 8, 
15, 20 m 2000 Jan–Dec Samuelsson 

et al., 2006

Gulf of Gdańsk 225 NA 1993–1997 Jan–Dec Witek et al., 
1999

Kattegat 135–165 2, 7, 15 and 
22 m 1981–2000 Jan–Dec Rydber et al., 

2006

Belt Sea 185–220 2, 7, 15 and 
22 m 1981–2000 Jan–Dec Rydber et al., 

2006

Other regions

North Sea, 
German 
Wadden Sea

124–176 3 m 1995–1996 Jan–Dec Tillmann 
et al., 2000

Chesapeake 
Bay, USA 300–500 from 0.5–1m 1995–2004 Jan–Dec Harding 

et al., 2020

Atlantic Ocean 83.9 0-200 NA Jan–Dec
Eppley, 
Peterson, 
1979

The  phytoplankton taxonomical composition and community structure 
in the  Gulf of Riga follow the  classical succession of boreal phytoplankton 
development (Yurkovskis et al., 1999; Jurgensone et al., 2011; Olli et al., 2011). 
Typically, diatoms Pauliella taeniata and Thalassiosira baltica dominate the vernal 
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period from April to May. Diatoms Chaetoceros spp. becomes prevalent towards 
the end of the spring bloom accompanied by dinoflagellates Peridiniella catenata, 
and mixotrophic ciliate Mesodinium rubrum. Summer blooms of cyanobacteria 
can be observed in July and August when Aphanizomenon flosaquae dominates. 
Chlorophytes and cryptophytes are often accompanying cyanobacterial blooms. 
The  second bloom of diatoms completes the  phytoplankton succession in 
September-October after the  disruption of the  thermocline due to convective 
mixing of the  water column (Jurgensone et  al., 2011; Yurkovskis et  al., 1999). 
In autumn and winter, wind-induced mixing of the  water column brings up 
nutrients from the bottom to the surface, supporting the growth of phytoplankton 
in the  following spring (Rydberg et  al., 1990) that is hindered during winter 
time due to the  significant shortening of daylight and windy conditions or ice 
sheet resulting in overall low light intensity (Vihma, Haapala, 2009). 

Lastly, the  role and impact of environmental factors vary regionally 
and, to an  even higher extent, locally in the  Baltic Sea (Snoeijs-Leijonmalm, 
Andrén, 2017). Therefore, the estimates of planktonic primary production and 
the  identification of its main contributors are crucial to the comprehension of 
regional carbon flow dynamics and ecosystem functioning, both being relevant 
to ecosystem-based management. Moreover, the recently proposed mixotrophic-
centric paradigm for marine ecology highlights the need for detailed ecological 
characterization of functional groups, especially mixotrophic organisms (Mitra 
et  al., 2014, 2016), to provide sufficient data for their meaningful inclusion 
within regional food web models.

The main objective of the doctoral thesis was to examine the seasonal variation 
of planktonic primary production in the  Gulf of Riga identifying the  major 
impacting environmental factors and the  most contributing phytoplankton 
groups.

The main tasks of the doctoral thesis were
•	 to identify the  environmental factors impacting primary production 

and their effects;
•	 to estimate the amount of “new” and “regenerated” production;
•	 to determine the  source of substances assimilated in primary produc-

tion (land or marine environment);
•	 to pinpoint the important phytoplankton functional groups in the for-

mation of primary production.

Scientific novelty and practical importance of the  research
This doctoral thesis focuses on a scarcely studied issue in the Gulf of Riga – 

the seasonal dynamics of primary production and its relationship to abiotic and 
biotic environmental factors. The obtained knowledge provides an opportunity 



10

for a  more in-depth comprehension of the  effects of eutrophication processes 
both locally and regionally. It also adds to the  body of knowledge about 
the amount of energy available in the pelagic trophic food web and its impacting 
environmental factors, allowing for a  more accurate assessment of the  pelagic 
habitat and ecosystem. Moreover, this study is the first to estimate the new and 
regenerated primary production and identify the origin of substances assimilated 
in the biomass based on isotope signals. Hence, the results provide an analysis of 
the circulation of nutrients and their involvement in biological processes, which 
is essential information for a more complete understanding of biogeochemical 
cycling and food web processes – information that can be practically applied in 
environmental management, focusing on ecosystem-based approaches.

The results were presented at three national and three international 
conferences:

1.	 73rd scientific conference of the  University of Latvia. February 2–6, 
2015. Section “Research and protection of Latvian water environment”, 
Department of Hydrobiology, Faculty of Biology. Oral presentation: 
Development of limit  values ​​of phytoplankton ecological quality 
element indicator classes for the  coast of Latvia. Atis Labucis, Ieva 
Barda, Iveta Jurgensone.

2.	 74th scientific conference of the University of Latvia. February 1, 2016. 
Section “Research and protection of the  Latvian water environment”. 
Oral presentation: Seasonal dynamics of phytoplankton primary 
production in the Gulf of Riga in 2015. Atis Labucis, Iveta Jurgensone, 
Anda Ikauniece.

3.	 ICES Annual Science Conference. September 19–23, 2016, in Riga. 
Oral presentation: Phytoplankton community and controlling factors 
of primary production in the Gulf of Riga (Baltic Sea). Atis Labucis, 
Iveta Jurgensone, Anda Ikauniece.

4.	 ICES/PICES Early Career Scientist Conference in Busan, Republic of 
Korea. May 30 – June 2, 2017. Oral report: Phytoplankton community 
and controlling factors of primary production in the  Gulf of Riga 
(Baltic Sea). Atis Labucis, Iveta Jurgensone, Ieva Barda, Anda Ikauniece.

5.	 3rd scientific conference of the  National Research Program EVIDEnT. 
November 24, 2017, in Riga. Oral presentation: Dynamics of primary 
production in the  Gulf of Riga. Atis Labucis, Iveta Jurgensone, Ieva 
Barda, Lelde Ozoliņa.

6.	 European Space Agency’s 2019 Living Planet Symposium. May 13–17, 
2019, in Milan, Italy. Poster Presentation: Sentinel-3 Ocean and Land 
Colour Instrument data comparison with in situ chlorophyll a. Atis 
Labucis.
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The  doctoral thesis includes results obtained in the  following 
projects:

•	 European Union LIFE+ Nature  & Biodiversity programme project 
“Innovative approaches for marine biodiversity monitoring and 
assessment of conservation status of nature  values in the  Baltic Sea 
(MARMONI)”;

•	 project “Development of a mechanistic model of the Gulf of Riga eco-
system in support of efficient national policy to ensure the protection 
of the  Baltic Sea and to promote the  sustainable use of its ecosystem 
(LIMOD)” funded by the European Regional Development Fund;

•	 National Research Programme “The  value and dynamic of Latvia’s 
ecosystems under changing climate (EVIDEnT)” funded by the Latvian 
state research programme for 2014–2017.
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2 MATERIALS AND METHODS

2.1	 Study area
The Gulf of Riga is situated in the north-eastern part of the Baltic Sea and 

covers an area of 16 330 km2 with an average depth of 26 m and a maximum 
depth of approximately 60 m. Its drainage basin (135 700 km2) covers more than 
eight times the  surface area of the  Gulf itself (Kotta et  al., 2008), and 86% of 
the freshwater inflow comes from the southern part of the Gulf (Kļaviņš et al., 
2002) resulting in a  north-westward salinity gradient, from 0.5–2.0 practical 
salinity units (henceforth: PSU) in surface layers of the  southern regions to 
7.0 PSU at the Irbe Strait. The mean salinity in most parts of the Gulf of Riga is 
between 5.0 and 6.0 PSU. Surface water temperature varies seasonally from 0 to 
20 °C. Temporal and spatial patterns of ice coverage and duration vary annually, 
and the  average ice season lasts approximately 80 days (Kotta et  al., 2008). In 
the coldest season (November to April) water layers of the Gulf are mixed, such 
that the temperature, salinity and nutrient concentrations throughout the water 
column are similar (Stigebrandt, 1996). From April to mid-October seasonal 
stratification restricts vertical water exchange and promotes oxygen depletion 
and nutrient accumulation in the bottom layer until the entire water column is 
mixed again in autumn (Yurkovskis, 2004).

2.2	 Sample collection and analysis
Samples were collected at national monitoring stations in the  open and 

coastal Gulf of Riga (Figure  1) between 2011 and 2017 (Table  2). At each 
sampling occasion, physical, chemical and biological parameters were surveyed 
and collected following the  recommendations of the  HELCOM COMBINE 
Manual (HELCOM, 2017), except for the  study described in Publication  I, 
where water samples were collected by Ferry box installed on passenger ferry 
Tallink MS Romantika (pumping water from 5 m depth). 

Nutrient concentrations were determined according to Grasshoff et  al. 
(1983). All laboratory analyses were performed in an  accredited laboratory of 
the  Latvian Institute of Aquatic Ecology (ISO/IEC 17205). Chlorophyll a  and 
phytoplankton taxonomical composition and biomass were analyzed according 
to the standard method of the Manual for Marine Monitoring in the HELCOM 
COMBINE Program (HELCOM, 2017). Stable isotope analysis was conducted in 
the Laboratory of Analytical Chemistry at the Faculty of Chemistry, University 
of Latvia. 
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The  light and dark bottle oxygen technique (see Olesen et  al., 1999 for 
details) was used to estimate the primary production of the  study area. Initial 
and post-incubation oxygen concentrations were determined by titration with 
sodium thiosulfate according to ISO 5813:1983. Photosynthetically active 
radiation (PAR) was measured on board using the  LI-1400 Data Logger and 
the LI-190 Quantum Sensor during experimental incubation. 

New production was calculated using the  nutrient depletion approach 
(see Wasmund et al., 2005 for details) for the year 2012. April was considered 
the  starting month of the  spring bloom. Deposition of nitrogen from air was 
considered in the calculations; the air deposition over the whole surface area of 
the  Gulf of Riga was 9973 t of nitrogen in 2010 (HELCOM, 2013). Averaging 
the deposited amount over the surface area of the Gulf of Riga, the rate at which 
nitrogen deposits from air was assumed to be 0.12 mmol m-2 day-1. PO4

3- excess 
production as described by Rahm et  al. (2000) was assumed irrelevant for 
the calculations.

Size-fractionation (Publication  IV) was conducted immediately after 
sampling prior to the  analysis of the  samples. The  phytoplankton samples 
were divided by reverse fractionation: passed through a  sieve with a  mesh 
size of 56 μm (henceforth: <56-fractionated). The 56 µm sieve was chosen for 
fractionation based on the  observed distribution of M. rubrum size classes 
in the  long-term data collected at Station 101A (see database https://latmare. 
lhei.lv/).

2.3	 Statistical methods
Multivariate techniques (i.e., principal component analysis, and partial 

least squares regression) were applied to analyse relationships between 
environmental factors and primary production variables. Before the  analysis, 
phytoplankton biomass was normalized and all variables were centred and scaled 
to unit variance. The  analysis was performed using StatSoft© STATISTICA 7 
(Publication  I) and R software v.3.6.1 (R Core Team 2019) (Publications III 
and IV). A comparison of NPP between the  unfractionated community and 
<56-fractionated community was conducted by the Wilcoxon signed-rank test.
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Figure 1. Study sites in the Gulf of Riga

Table 2. Station coordinates, depths and studied periods

Station N latitude E longitude Depth, m Data period

101A 57.1000 23.9833 22 Mar–May 2014 (I), 
Mar–Nov 2017 (III, IV)

119 57.3000 23.8500 44 Mar–May 2014 (I), 
Apr 2011 – Oct 2012 (II)

120 57.4167 23.7667 45 Apr 2011 – Oct 2012 (II)

121 57.6167 23.6167 56 Apr 2011 – Oct 2012 (II)

137A 57.3500 24.0833 42 Apr 2011 – Oct 2012 (II)

135 57.4000 23.4833 44 Mar–May 2014 (I),
Apr 2011 – Oct 2012 (II)



15

3 RESULTS AND DISCUSSION

3.1	 Gross primary production
The  estimated annual GPP of the  Gulf of Riga was relatively high (353–

376 g C m-2 y-1; Publication II) compared to other Baltic Sea regions (Table 1). 
For the  period 1993–1995, the  annual GPP was estimated to range between 
250–255 g C m-2 y-1 (Andrushaitis et al., 1992; Wasmund et al., 2001). However, 
this estimate was based on measurements that did not include the  most 
productive period of phytoplankton succession, i.e., from the  end of March 
until the  end of April. Olesen et  al. (1999), on the  other hand, approximated 
that annual primary production in the  Gulf of Riga can exceed 350  g  C  m-2, 
impending to the  values obtained in this study (Publication  II). Noteworthy, 
that despite the maintained eutrophication and high P and N inputs (HELCOM, 
2018), primary production has not changed notably since the  early 90’ties 
(Andrushaitis et al., 1992; Wasmund et al., 2001) in the Gulf of Riga.

Overall, GPP in the  Gulf of Riga mirrored phytoplankton biomass with 
the  highest  values (from 4.53 to 3.45  g  C  m-2 d-1) in the  spring period and 
the  lowest  values during the  autumn-winter time (Publication  II), which is 
consistent with the boreal seasonal succession. A rapid increase in GPP during 
early spring (typically March  – early April; Figure 2) is directly linked to 
increasing solar irradiance and high nutrient concentrations after the  winter 
convection period, also spring flooding and heavy precipitation events sustain 
nutrient enrichment supporting high GPP (Publication  I, II). Moreover, 
the  dynamics of stable carbon and nitrogen isotopes in suspended particulate 
matter (SPM) (Publication  III) did not eliminate sources of terrestrial or 
anthropogenic origin during winter and early spring (i.e., March). All through 
the remaining productive period (April–October), however, the main drivers of 
δ13C and δ15N variability were established to be the succession of phytoplankton 
species, marking limited impact from terrestrial or anthropogenic sources 
on primary production. Diatoms, dinoflagellates and mixotrophic ciliate 
Mesodinium rubrum showed the strongest positive relation to isotopic changes 
in the Gulf of Riga, whereas the diazotrophic cyanobacteria had an evident but 
statistically insignificant negative effect on δ15N values.
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Figure 2. Average daily production rates (GPP, NPP and R) in the central part of the Gulf of 
Riga (depth > 30 m) during 2011 and 2012. Figure from Publication II

The  annual GPP in coastal waters was 8.5–14.1% lower (i.e., 323  g  C  m-²; 
Publication  IV) than estimated for the  euphotic layer of the  central part of 
the Gulf of Riga (Publication II). This spatial difference most likely is a result of 
lowered water transparency due to coastal water turbidity and a direct impact of 
opaque freshwater discharge at the coastal study site. Indeed, Secchi depth varied 
between 2.3 and 5.1 m in the central part of the Gulf of Riga (Publication II), 
whereas it did not exceed 2.5 m in studied southern coastal area (station 101A; 
Publication  IV). Based on National monitoring data (see database https://
latmare.lhei.lv/) the  euphotic layer depth differed notably between coastal 
and open areas; during period 2011–2014, on average it was 5.9 m and 9.7 m 
for coastal (101A) and open waters (119), respectively. In contrast to this 
observation, a  20% higher primary production was observed in the  Daugava 
plume compared to the open Gulf of Riga during 1994–1997 (Wasmund et al., 
2001; Olesen et al., 1999). However, differences in the approaches of sampling 
and calculations between this study (Publication  II, IV) and the  previous 
studies (Wasmund et al., 2001; Olesen et al., 1999) have to be noted. The most 
important difference is that the plankton community of the upper mixed layer 
was sampled and used for the oxygen metabolism incubations by Olesen et al. 
(1999) and Wasmund et  al. (2001), hence the  layer depth compared between 
open and coastal waters differed (ranging from 15–25  m for station 119 and 
10 m for the coastal station 101A). In this doctoral thesis, plankton community 
from euphotic layer (assumed to be 10 m) was sampled and used in the dark-
and-light-bottle incubations (Publication II, IV). The difference in the sampling 
approach, when including also non-euphotic layer where naturally is lower 
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autotrophic organism biomass (Andersson, Rudehäll, 1993; Lugioyo et  al., 
2007), potentially has resulted in more diluted integrated samples. Subsequently, 
incubations by Olesen et al. (1999) and Wasmund et al. (2001) resulted in lower 
gross primary production  values in open water stations compared to coastal 
waters where only euphotic layer was sampled, thus limiting direct comparison 
of the studies considering open waters and spatial differences; the results from 
the coastal areas, though, are directly comparable.

3.2	 Planktonic community metabolism
Plankton community respiration varied between 0.01 and 3.12 g C m-2 d-1 

(on average 1.01 g C m-2 d-1) and accounted for a vast portion (40.4% to 68.5%; 
Figure 2) of GPP. Size-fractionation exposed unfractionated communities as 
inefficient net producers due to their high respiration rates (Figure 3). Hence, 
unsurprisingly, the  amount of both NPP and GPP of the  unfractionated 
community was not significantly different from the  amount produced by 
the <56-fractionated community (for NPP VWilcoxon = 205.00, p = 0.488, n = 19; for 
GPP VWilcoxon = 194.00, p = 0.708, n = 19). Moreover, the results of this doctoral 
thesis demonstrate strong covariation between NPP and <56-fractionated 
community taxa, particularly the  small-sized (16-33  μm) M. rubrum biomass 
(Figure 4). This implies that the majority of NPP stems from the lower end of 
the size spectrum. 

Notably, the respiration of the unfractionated community was high because 
it also included heterotrophic protozoans (e.g., tintinnids) and metazoans (e.g., 
rotifers and Copepoda nauplii). In general, respiration of microzooplankton 
is estimated to reach 35–43% on average of daily primary production (Calbet, 
Landry, 2004), whereas Witek et  al. (1997) calculated zooplankton respiration 
to contribute 1% of the total respiration during winter and 20% (on average) in 
the remaining period. Anyhow, due to the size overlap, it was impossible to filter 
out zooplankton before incubation without removing diatoms, cyanobacteria 
filaments, and dinoflagellates. Hence, the results of respiration (and GPP) should 
be interpreted with caution if compared to estimates obtained by a  different 
method (i.e., other than the light-dark bottle oxygen technique). 

The  productive layer of the  central Gulf of Riga was net heterotrophic 
(NPP < respiration) during winter and early spring (Figure 2), whereas coastal 
plankton communities were more dynamic and shifted from net autotrophic to 
net heterotrophic throughout the year (Figure 3A). An increase in planktonic 
community respiration towards river mouths has been also observed in, e.g., 
the  Gulf of Gdańsk (Witek et  al., 1997). In transitional water systems, a  high 
rate of allochthonous matter boosts bacterial activity increasing the planktonic 
community respiration (Alongi, 1998; Smith, 1993; Hopkinson, 1985), and, 
consequently, causes the shifts in community metabolism (varying between net 
autotrophic and net heterotrophic).
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Figure 3. Average daily A) net primary production (NPP) and B) gross primary production 
(GPP) of unfractionated and <56-fractionated autotrophic communities from the top 10 m 
layer in the coastal Gulf of Riga (Station 101A). Figure from Publication IV

The  observed dynamics of pelagic habitat metabolism are in contrast to 
the  study by Olesen et  al. (1999) which identified mid-to-late spring (April–
May) as the  only period when the  productive layer of the  Gulf of Riga was 
net autotrophic. Albeit, the  study by Olesen et  al. (1999) denoted respiration 
measurements as hampered for the summer season; the community respiration 
was overestimated in their study resulting in an  underestimation of summer 
NPP, hence net autotrophic periods throughout the rest of the productive season 
might have been left unidentified. Also, studied layers differ between this study 
and study by Olesen et al. (1999). Here, planktonic communities from 0–10 m 
are described whereas in Olesen et  al. (1999) sampling was conducted from 
the upper mixed layer (varying from 10 to 25 m depth). The differences between 
sampled communities could be the reason for the discrepancies.
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All things considered, the  euphotic layer of the  Gulf of Riga, most likely, 
is net autotrophic during spring and early summer and in many instances 
during the rest of the year depending on environmental factors and autotrophic 
biomass. Multivariate analysis showed that the  NPP was influenced by fewer 
environmental factors than the GPP (Figure 4) in the Gulf of Riga. The partial 
least squares regression analysis identified small-sized M. rubrum and PAR as 
the  most important influencing parameters for NPP in both unfractionated 
and <56-fractionated communities (Figure  4A, C), whereas for GPP, besides 
small-sized M. rubrum and PAR, also nutrients, temperature, and carbon mass 
of diatoms were identified as significant factors (Figure 4B, D).

Figure 4. Variable Importance for the projection (VIPs) for explanatory variables of partial 
least squares regression (PLSR) model. A) VIPs of NPP of unfractionated community, 
B) VIPs of GPP of unfractionated community, C) VIPs of NPP of <56-fractionated 
community, and D) VIPs of GPP of <56-fractionated community. The most influential 
variables (VIPs > 80%) are marked with a red circle. Figure from Publication IV
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3.3	 New and regenerated primary production
Primary production in the euphotic layer can be viewed as dependent on two 

different sources of nitrogen supply. One is the dissolved nitrogen compounds 
derived from the  metabolism of heterotrophic organisms, e.g., ammonia, urea 
and to a lesser extent amino acids. The primary production resulting from this 
recycled nitrogen is called “regenerated” production. In a  theoretical balanced 
steady-state system, the recycling of nutrients can continue indefinitely. However, 
in real ecosystems, there are losses such as the flux of sinking material, migration 
and extraction of organisms (fishing) and most importantly, denitrification. 
The losses have to be replaced by external inputs of nutrients to avoid a decline 
in the  productivity of the  system. Nutrient replenishing is a  natural process 
occurring during convective mixing  – a  period when nutrients accumulated 
in deeper layers are brought upwards to the  euphotic layer. Although this is 
the  dominant process of nitrate renewal, other processes of external nitrogen 
inputs exist, e.g., N2 fixation by diazotrophs and inputs of terrestrial and 
anthropogenic origin. The primary production based on external nitrogen input 
in the form of N2 or oxidized nitrogen forms is called “new” production (Eppley, 
Peterson, 1979).

The  nutrient concentration decrease pattern suggested that the  new 
production period in the  Gulf of Riga lasts until June and shifts to 
the  predomination of regenerated production afterwards. That coincides 
with the  previous studies (Lundsgaard et  al., 1999; Olesen et  al., 1999; Olli, 
Heiskanen, 1999) which revealed high pelagic recycling efficiency in the  Gulf 
of Riga during the  productive period, especially summer. The  average new 
production, calculated from the nutrient consumption, was equivalent to 51.8% 
of NPP during the  studied period. Still, it varied together with phytoplankton 
succession. New production exceeded 75.0% of NPP during diatom bloom, 
whereas during the dinoflagellate dominance period, it was approximately 50% 
(Publication II). If new production is calculated from the consumption of SiO4 
(following Wasmund et  al., 2013), it gives an average estimate of 1.95 g C m-2 
d-1 for the diatom bloom period (April–May). This implies the significant role of 
diatoms in primary production during the spring bloom period. Also, the results 
of Publication III indirectly support the importance of diatoms during the spring 
bloom, but no direct linkage between diatoms and primary production rates 
was identified in other studies of this doctoral thesis (Publication  I, II, IV). 

In the summer nutrient-regenerating system, diazotrophic cyanobacteria are 
well known for bloom formation in the Baltic Sea (Kahru et al., 1994; Eigemann 
et  al., 2019; Liepina-Leimane et  al., 2022) despite the  low concentrations of 
inorganic nutrients. Ploug et al. (2010) showed that cyanobacteria A. flosaquae 
was highly productive in the Baltic Sea with high rates of C and N assimilation 
and the  capacity to release a  large fraction (35.5%) of newly assimilated N. 
This suggests that the  population of A. flosaquae sustains the  observed high 



21

biomass  values in the  Gulf of Riga (Publication  II) by rapid recirculation 
of phosphorus upon the  death of phytoplankton cells and the  assimilation 
of nitrogen via N2  fixation. This is supported also by the  isotopic signals 
(Publication  III) that displayed a  negative effect (although, insignificant) of 
diazotrophic cyanobacteria on δ15N values during the summer period. Dugdale 
and Goering (1967) noted that nutrient recycling is almost non-measurable 
due to its continuous and fast nature that prevents the detection of changes in 
concentrations of nutrients and makes causal linkages ambiguous.

3.4	 Importance of phytoplankton community on primary 
production

SPM is a dynamic pool of both living and non-living particles that can have 
a  role in the  functioning of food webs, nutrient and contaminant cycling, and 
system productivity, especially in coastal and estuarine environments (Cresson 
et al., 2012; Golubkov et al., 2017; Jędruch et al., 2017; Xu et al., 2019). The amount 
and composition of SPM in such environments are affected by various external 
sources like riverine inflows, coastal erosion, and atmospheric deposition, as 
well as internal processes like primary production and mineralization of organic 
matter. 

In the Baltic Sea surface layer, SPM isotopic content is generally controlled 
by the  presence or absence of phytoplankton that incorporates dissolved 
nutrients into SPM (Winogradow et  al., 2019; Publication  III). As dissolved 
nutrient concentrations in the  water column decrease, autotrophic organisms, 
i.e., phytoplankton, exhibit less discrimination to absorbing isotopically 
enriched and energetically more consuming dissolved carbon compounds, e.g., 
bicarbonate or atmospheric CO2 (Golubkov et al., 2017). Detailed examination 
of phytoplankton species along with primary production rates revealed key 
species governing the nutrient fluxes and the productivity of the Gulf of Riga. 
The  mixotrophic ciliate M. rubrum prevails in all seasons and significantly 
correlates with elevated GPP, while diazotrophic cyanobacteria A. flosaquae 
contributes to new production in the  summer nutrient-regenerating system 
(Publication II, III). 

As mentioned previously, the dynamics of stable carbon and nitrogen isotopes 
in SPM (Publication  III) strongly indicate that the  cause of the  variability in 
carbon and nitrogen isotope fractionation is biological processes. The  co-
variation of δ13C and δ15N with seasonally changing abiotic factors, e.g., 
temperature and nutrient concentrations, establishes the  seasonal nature of 
δ13C and δ15N values (as observed in Savoye et al., 2003), reflecting the seasonal 
succession of phytoplankton species (Publication  III). It defines carbon and 
nitrogen isotopic ratios of SPM during the spring bloom and substantially affects 
isotope ratios until mid-autumn. Diatoms, dinoflagellates, and M. rubrum show 
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the strongest positive relation to isotopic changes in the Gulf of Riga, meaning 
that their growth enriches 13C and 15N implying new production (hence, 
coinciding with the results of Publication II). Whereas the lower values of δ15N 
during summer can be explained by isotopically depleted atmospheric nitrogen 
(δ15N  =  0‰) fixation by diazotrophic cyanobacteria. However, the  negative 
correlation between cyanobacterial biomass and δ15N  values is not evident in 
summer (Publication  III), plausibly, because the  cyanobacteria were never 
the  main and only dominating taxa during the  non-vernal phytoplankton 
community. 

By the  end of the  spring bloom, in April, δ15N  values barely exceeded 
the range of values that are typical for deep ocean inorganic nitrogen (Jędruch 
et  al., 2017; Pantoja et  al., 2002) or Baltic Proper surface SPM δ15N  values 
(Winogradow et  al., 2019) suggesting a  limited impact of the  riverine inflows, 
which delivers inorganic nitrogen of terrestrial and anthropogenic origin. 
Presumably, in the absence of a significant external nitrogen pool by the end of 
spring bloom, the δ15N value in SPM would be determined by the recycling of 
an already assimilated nitrogen pool. Contrary to this assumption, the highest 
δ15N value was observed in May when no further phytoplankton carbon 
biomass increase could be detected. Most likely, the  shift in phytoplankton 
species composition, e.g., successive diatom replacement by actively migrating 
ciliate M. rubrum in May, was an  important factor. It is highly possible that 
the  vertical migration ability of this ciliate causes δ15N value increase from 
utilizing the  bottom layer nitrogen pool (Lips, Lips, 2017). Additionally, it is 
possible that unfiltered water, as sampled in the study, contains other taxa, e.g., 
small-sized zooplankton that could increase the overall δ15N values of bulk SPM 
as shown by Rolff (2000).

Mesodinium rubrum is a  mixotrophic Litostomatea ciliate that possesses 
plastids preying upon cryptophyte algae (Johnson et  al., 2016; Fenchel, 
Juel Hansen, 2006). It is highly productive in turbid waters and at low light 
irradiance (Crawford, 1989; Herfort et  al., 2012; Johnson, Stoecker, 2005; 
Moeller et  al., 2011). Mesodinium rubrum is often abundant in estuarine-
coastal waters (Cloern et al., 1994; Leles et al., 2017; Sanders, 1995), including 
the brackish Baltic Sea (Lips, Lips, 2017; Rychert, 2004). The next section delves 
into M.rubrum’s behaviours and strategies that allow it to dominate in the Gulf 
of Riga and beyond.

3.5	 Mixotrophic ciliate Mesodinium rubrum  – an  efficient 
key player

Mesodinium rubrum has been identified as an  important contributor to 
the primary production of the Gulf of Riga in Publications I, II, and III of this 
doctoral thesis. Hence, its role was investigated more closely in Publication IV 
by assessing the  production of size-fractionated autotrophic communities, 
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including small-sized (length of 16–33  μm) and large-sized M. rubrum 
(length ≥ 34 μm). Mesodinium rubrum displays a wide size distribution (from 
15 to 70 µm; Figure 5); therefore, size distinction is introduced in numerous 
studies on M. rubrum (e.g., Johansson, 2004; Johnson et  al., 2016; Montagnes 
et al., 2008), revealing different ecological responses to environmental changes 
between size classes.

Figure 5. A) Lateral and B) superior view of Mesodinium rubrum cell demonstrating its wide 
size distribution

Mesodinium rubrum showed significant covariation to primary production 
rates in both open and coastal areas (Publication  I, II, IV; Figure 4) despite 
the  different underwater light conditions, expressing its flexible nature. 
Additionally, in several other Baltic sub-basins, M. rubrum has been stated 
as a  significant contributor to primary production (Höglander et  al., 2004; 
Johansson, 2004; Lips, Lips, 2017; Nielsen, Kiørboe, 1994), implying its 
essential role as one of the  main producers in the  Baltic Sea and beyond as it 
has been noted as highly productive organisms in various turbid waters and, 
especially, at low light irradiance (Crawford, 1989; Herfort et al., 2012; Johnson, 
Stoecker, 2005; Moeller et  al., 2011). Hence, M. rubrum is often abundant in 
estuarine-coastal waters (Cloern et  al., 1994; Leles et  al., 2017; Sanders, 1995) 
and under certain conditions, it forms blooms (red tides) (Taylor et al., 1971), 
yet M. rubrum-induced red tides are not reported from the temperate Baltic Sea 
region – the research area of the present study.

Notably, M. rubrum has been recently recognised as a  species complex 
consisting of at least two described and accepted species  – M. rubrum and 



24

Mesodinium major (cf. Garcia-Cuetos et  al., 2012; Johnson et  al., 2016). Both 
have similar morphology and they possess plastids of the same origin (red plastid 
cryptophytes), but they show differences in cell length and ecology. However, as 
molecular methods were not utilised in this doctoral thesis all M. rubrum-like 
ciliates are referred to as M. rubrum. However, studies on the genetic diversity 
of M. rubrum should follow to continue expanding the  understanding of 
the processes, including primary production in the Gulf of Riga and the Baltic 
Sea in general.

Mesodinium rubrum is known to have migration behaviour based 
on the  response of phototaxis (Crawford, Lindholm, 1997) and has wide 
temperature, salinity and light tolerances (Lindholm, Mörk, 1990; Olli et  al., 
1996). It can migrate vertically over tens of meters per day (Hajdu et al., 2007), 
exploiting the  nutrient-rich lower layers. Mesodinium rubrum benefits from 
this behaviour under stratified conditions in the shallow Baltic Sea (Lips, Lips, 
2017). Due to the  focus on the  surface layer in the  present study, subsurface 
accumulations of motile phytoplankton are most likely missed, potentially 
resulting in an underestimate of the overall abundance and biomass of M. rubrum. 
However, the  efficient production of M. rubrum is attributed to mixotrophy 
and photosynthetic machinery of cryptophyte-originated chloroplasts that 
are well adapted to dim light (Daneri et  al., 1992; Herfort et  al., 2012) rather 
than the  ability of vertical migration. In general, mixotrophy is an  advantage 
under nutrient-limited conditions (Mitra et  al., 2014), and it is an  important 
feeding strategy during the  decline of spring blooms and during summer or 
other periods when the  system shifts from net autotrophy to net heterotrophy 
(Haraguchi et  al., 2018). However, the  ecological flexibility of M. rubrum and 
its implications for its phototrophic production remain poorly understood and 
require further in-depth research.

The photosynthetic activity of M. rubrum increases with the availability of 
cryptophytes, although with a 7-day lag (Gustafson et al., 2000). Cryptophytes 
are common in the  Gulf of Riga during summer (Publication  IV). Hence, 
the acquisition of chloroplasts does not limit the growth of M. rubrum, allowing 
it to reach the  highest efficiency in photosynthetic activity without notable 
limitations. Although no direct linkage between cryptophytes and primary 
production rates was detected in this study, cryptophytes are known to prevail 
in biomass and contribute significantly to production in the  polar regions, 
especially in the  upper mixed layer under stratified conditions (e.g., Moline 
et  al., 2004; Mendes et  al., 2018). Polar regions are not the  main distribution 
area of M. rubrum, hence under low predation pressure cryptophytes thrive 
there (Anschütz et al., 2022).

Cryptophytes affect various aspects of the  performance of M. rubrum. In 
addition to the  aforementioned physiological components, the  availability of 
Teleaulax cryptophytes results in a  reduction of the  average size and volume 
of M. rubrum cells, as the high prevalence of cryptophytes promotes cell division 
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(Gustafson et al., 2000). This is a potential explanation for a shift to small-sized 
M. rubrum during summer in the Gulf of Riga as cryptophytes were the most 
abundant in the period between weeks 26 and 32. A shift from larger to smaller 
M. rubrum during summer has also been observed in other Baltic Sea regions. 
This is, however, explained by increased grazing pressure (Johansson, 2004; 
Rychert, 2004; Witek, 1998), higher temperature (Garcia-Cuetos et  al., 2012; 
Haraguchi et  al., 2018), and low DIN  values (Haraguchi et  al., 2018) during 
the summer.

3.6	 Primary production under changing environmental 
factors

Primary production is a  fundamental process in any ecosystem as it 
provides energy for the entire food web. Therefore, it is critically important to 
understand and quantify the regulatory effects that environmental factors have 
on rates of important biogeochemical processes such as primary production. 
Realistic biogeochemical rates are fundamental for properly calibrating coupled 
hydrodynamic-biogeochemical models (Kuliński et  al., 2022) which are 
the foundation of successful ecosystem-based management implementation. 

New production, in theory, is directly dependent on mixing and vertical 
advective processes. Gross primary production, on the  other hand, in a  long 
term depends on new production to replace the  lost material due to sinking, 
extraction or other processes. Thus, climate change can have an  impact 
on the  primary productivity of shelf seas by affecting meteorological and 
thermohaline situations in the systems. In line with future global projections, 
climate change scenarios for the Gulf of Riga region foresee a continuation of 
already occurring air temperature and precipitation increases. A consequent 
drop in frost and ice days will follow (BACC II, 2015). Overall, the winters will 
become milder and sea-ice cover will decrease, but the summers will become 
more pronounced. The  changes, most likely, will promote stratification and 
inorganic nutrient (especially nitrogen) limitation in the surface layer, as well 
as potentially decrease the  light availability even further (Skudra, Lips, 2017; 
Sommer et al., 2012; Winder, Schindler, 2004). From an ecological perspective, 
organisms with coping mechanisms to nutrient deficiency in the euphotic layer 
(e.g., motile M. rubrum, diazotrophic cyanobacteria) will outperform others 
under such conditions (Griffiths et al., 2016; Spilling, Markager, 2008; Wasmund, 
Uhlig, 2003). Moreover, future climate conditions appear non-detrimental to 
cryptophytes (Gaillard et al., 2020), thus predicting the continuous availability of 
cryptophyte-originated chloroplasts ensuring autotrophy of mixotrophic ciliate 
M. rubrum. Several studies have revealed that M. rubrum is able to remain 
photosynthetic and survive for months at low irradiance (Johnson, Stoecker, 
2005) considering its efficient inorganic nutrient uptake rates (Stoecker et al., 
1991; Tong et al., 2015; Wilkerson, Grunseich, 1990). Therefore, an increase in 
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the prevalence of M. rubrum, along with a consequent rise in its contribution 
to primary production, can be expected in the  region, especially during 
the  summer period. However, shifts in communities at the  first trophic level, 
plausibly, will affect the  following food chains  – a  topic that requires further 
studies.

Projected climate change (BACC II, 2015) is likely to exacerbate 
eutrophication effects in the  Baltic Sea due to (i) increased runoff that will 
consequently increase external nutrient loads and (ii) water temperature 
rise that will reduce oxygen flux from the  atmosphere and intensify internal 
nutrient cycling (e.g., Meier et al., 2011, 2012a; Neumann et al., 2012; Omstedt 
et al., 2012; Meier et al., 2018). In the Baltic Proper, phytoplankton growth and 
consequent primary production will likely increase as a result of the projected 
intensification of nutrient cycling in the euphotic zone. Also, bacterial activity 
will rise (e.g., Wulff et al., 2001) and enhance nutrient flow from the sediments 
(Meier et al., 2012b) amplifying the effects. On the other hand, in the northern 
Baltic Sea, primary production may be reduced due to increased land runoff of 
allochthonous organic matter that will favor heterotrophic bacteria (Andersson 
et  al., 2015). The  potential changes in the  primary production of the  Gulf of 
Riga have not yet been the  focus of the  modelling studies, hence it requires 
more attention in future research disentangling the effects from eutrophication 
and brownification (decrease of water transparency due to increased optically-
active allochthonous material, e.g., dissolved humic compounds). However, 
a  recent study revealed that brownification affects phytoplankton community 
composition shifting from larger to smaller organisms but it did not affect 
primary productivity in eutrophic coastal waters (Spilling et al., 2022). 

Another environmental aspect that unavoidably is changing in global 
oceans, including the Baltic Sea, is ocean acidification (decrease in pH) due to 
increased CO2 concentration in the  atmosphere. Ocean acidification is known 
to have both direct and indirect impacts on pelagic species, communities and 
entire ecosystems. Noteworthy that the  responses of Baltic phytoplankton to 
acidification are highly variable and species-specific (Havenhand et  al., 2019). 
Cyanobacterial species display positive, negative or no response (western Baltic, 
Bergen et al., 2016; Gulf of Finland, Hornick et al., 2017), M. rubrum also seem 
tolerant (Nielsen et  al., 2010), whereas diatoms increased under acidification 
treatment in experimental studies (Kremp et al., 2012). Additionally, mesocosm 
studies revealed that ocean acidification can influence phytoplankton 
community structure, but overall phytoplankton productivity tends to increase 
under acidification treatment, although with seasonal variation in the response 
(Skagerrak, Eberlein et al., 2017). 

In conclusion, primary production fuel the  pelagic food web, and, 
consequently, climate-driven shifts in primary production will have major 
impacts on carbon cycling and the  structure and functioning of the  entire 
marine biome. Understanding the  underlying processes and drivers will help 
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to improve the  conceptual understanding of the  complex marine system and 
its functioning. The  results of this doctoral thesis identified phytoplankton 
functional groups (i.e., small-sized M. rubrum and diatoms) that play a  key 
role in primary productivity in the  Gulf of Riga. Hence studies focusing on 
their responses to climate change and their specific interactions with other 
trophic guilds (e.g., competition or predator-prey relationships) are required 
to understand the Gulf of Riga food web dynamics and ecosystem as a whole.
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CONCLUSIONS

•	 The annual primary production in the Gulf of Riga was 353–376 g C m-2 
in our study. It showed no evident increase in productivity compared to 
the period 1993-1995.

•	 The  highest net (NPP) and total (GPP) primary production can be 
observed in the spring, while autumn was the  least productive during 
the growth season. New production prevailed during spring, account-
ing for 51.80% of spring NPP.

•	 During the productive period in the Gulf of Riga, the source of substanc-
es available to phytoplankton changes seasonally. Based on the isotopic 
signals, the  spring measurements differed from the  rest of the period, 
implying greater influence from terrestrial and anthropogenic sources.

•	 Diatoms, dinoflagellates, and Mesodinium rubrum show the  strongest 
positive relation to isotopic changes in the Gulf of Riga, implying their 
contribution to new production.

•	 Mixotrophic ciliate Mesodinium rubrum prevailed in all seasons and 
significantly correlated with elevated productivity. Whereas diatoms 
were identified as the  main contributors to new production in spring 
and diazotrophic cyanobacteria Aphanizomenon flosaquae – in a nutri-
ent-regenerating system of the summer.

•	 Mesodinium rubrum is identified as a significant contributor to primary 
production in the Gulf of Riga. A close covariation between small-sized 
(16–33 µm) M. rubrum and NPP was detected in the coastal waters of 
the Gulf of Riga.

•	 The  primary production dynamics of both the  unfractionated and 
<56-fractionated plankton community in the  Gulf of Riga is directly 
influenced by the  biomass of Mesodinium rubrum small-sized (16–33 
µm) cells and the amount of available light, while the primary produc-
tivity of the  <56-fractionated plankton is also affected by temperature 
and diatom biomass.
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THESIS FOR DEFENCE

•	 The  amount of primary production has decreased in the  Gulf of Riga 
compared to the period 1993–1995 due to the changed management of 
the Gulf of Riga (due to decreased P and N loads).

•	 Phytoplankton taxonomical composition, size structure and biomass 
affect primary production dynamics.

•	 The new production in the Gulf of Riga is formed by diatoms in spring 
and diazotrophic cyanobacteria – in summer.

•	 The  ciliate Mesodinium rubrum is an  important contributor to net 
primary production of the Gulf of Riga.



30

REFERENCES

Alongi, D. M. 1998. Coastal Ecosystem Processes (1st ed.). CRC Press. https://doi.
org/10.1201/9781003057864

Andersson, A., Meier, H. E. M., Ripszam, M., Rowe, O., Wikner, J., Haglund, P. 2015. 
Future climate change scenarios for the  Baltic Sea ecosystem and impacts for 
management. Ambio. 44: 345–356. https://doi.org/10.1007/s13280-015-0654-8 

Andersen, J. H., Axe, P., Backer, H., Carstensen, J., Claussen, U., Fleming-Lehtinen,  V., 
Järvinen, M., Kaartokallio, H., Knuuttila, S., Korpinen, S., Kubiliute, A., 
Laamanen,  M., Lysiak-Pastuszak, E., Martin, G., Murray, C., Møhlenberg, F., 
Nausch, G., Norkko, A., Villnäs, A. 2011. Getting the  measure of eutrophication 
in the  Baltic Sea: towards improved assessment principles and methods. 
Biogeochemistry. 106: 137–156. https://doi.org/10.1007/s10533-010-9508-4 

Andersson, A., Rudehäll, Å. 1993. Proportion of plankton biomass in particulate organic 
carbon in the  northern Baltic Sea. Marine Ecology Progress Series. 95: 133–139. 
https://doi.org/10.3354/meps095133 

Andrushaitis, G., Andrushaitis, A., Bitenieks, Y., Priede, S., Lenshs, E. 1992. Organic 
carbon balance of the  Gulf of Riga. In Swed. Hydrol. Meteor. Inst. Rep., 
Proc. 17th CBO Conf., Norrköping. 1009.

Anschütz, A. A., Flynn, K. J., Mitra, A. 2022. Acquired phototrophy and Its implications 
for bloom dynamics of the  Teleaulax-Mesodinium-Dinophysis-Complex. Frontiers 
in Marine Science. 8. https://doi.org/10.3389/fmars.2021.799358 

Ask, J., Rowe, O., Brugel, S., Strömgren, M., Byström, P., Andersson, A. 2016. Importance 
of coastal primary production in the  northern Baltic Sea. Ambio. 45: 635–648. 
https://doi.org/10.1007/s13280-016-0778-5 

BACC, 2015. Second Assessment of Climate Change for the  Baltic Sea Basin. Springer 
Open, Geesthacht. https://doi.org/10.1007/978-3-319-16006-1 

Berg, P., Roy, H., Janssen, F., Meyer, V., Jorgensen, B. B., Huettel, M., Beer, D. 2003. Oxygen 
uptake by aquatic sediments measured with a novel non- invasive eddy correlation 
technique. Mar. Ecol. Prog. 261: 75–83. https://doi.org/10.3354/meps261075 

Bergen, B., Endres, S., Engel, A., Zark, M., Dittmar, T., Sommer, U., & Jürgens, K. 2016. 
Acidification and warming affect prominent bacteria in two seasonal phytoplankton 
bloom mesocosms. Environmental microbiology. 18(12): 4579–4595. https://doi.
org/10.1111/1462-2920.13549 

Bermejo, P., Durán-Romero, C., Villafañe, V. E., Helbling, E. W. 2020. Influence of 
fluctuating irradiance on photosynthesis, growth and community structure 
of estuarine phytoplankton under increased nutrients and acidification. Journal of 
Experimental Marine Biology and Ecology. 526: 151–348. https://doi.org/10.1016/j.
jembe.2020.151348

Calbet, A., Landry, M. R. 2004. Phytoplankton growth, microzooplankton grazing, and 
carbon cycling in marine systems, Limnology and Oceanography. 49(1): 51–57. 
https://doi.org/10.4319/lo.2004.49.1.0051 



31

Chavez, F. P., Buck, K. R., Barber, R. T. 1990. Phytoplankton taxa in relation to 
primary production in the  equatorial Pacific. Deep Sea Research Part A. 
Oceanographic Research Papers. 37(11): 1733–1752. https://doi.org/10.1016/0198-
0149(90)90074-6 

Cloern, J. E., Cole, B. E., Hager, S. W. 1994. Notes on Mesodinium rubrum red tides in 
San Francisco Bay (California, USA). J. Plankton Res. 16: 1269–1276. https://doi.
org/10.1093/plankt/16.9.1269 

Crawford, D. W. 1989. Mesodinium rubrum: the  phytoplankter that wasn’t. Marine 
ecology progress series. Oldendorf. 58(1): 161–174. https://doi.org/10.3354/
meps058161 

Crawford, D. W., Lindholm, T. 1997. Some observations on vertical distribution and 
migration of the  phototrophic ciliate Mesodinium rubrum (Myrionecta rubra) 
in a  stratified brackish inlet. Aquat. Microb. Ecol. 13: 267–274. https://doi.
org/10.3354/ame013267 

Cresson, P., Ruitton, S., Fontaine, M.-F., Harmelin-Vivien, M. 2012. Spatio-temporal 
variation of suspended and sedimentary organic matter quality in the  Bay 
of Marseilles (NW Mediterranean) assessed by biochemical and isotopic 
analyses. Marine Pollution Bulletin. 64(6): 1112–1121. https://doi.org/10.1016/j.
marpolbul.2012.04.003

Dugdale, R. C., Goering, J. J. 1967. Uptake of new and regenerated forms of nitrogen 
in primary productivity. Limnol Oceanogr. 12: 196–206. https://doi.org/10.4319/
lo.1967.12.2.0196 

Eberlein, T., Wohlrab, S., Rost, B., John, U., Bach, L. T., Riebesell, U., Van de Waal, D. B. 
2017. Effects of ocean acidification on primary production in a coastal North Sea 
phytoplankton community. PLoS One. 12(3): e0172594. https://doi.org/10.1371/
journal.pone.0172594 

Eigemann, F., Vogts, A., Voss, M., Zoccarato, L., & Schulz-Vogt, H. 2019. Distinctive tasks 
of different cyanobacteria and associated bacteria in carbon as well as nitrogen 
fixation and cycling in a  late stage Baltic Sea bloom. PloS one. 14(12): e0223294. 
https://doi.org/10.1371/journal.pone.0223294 

Eppley, R. W., Peterson, B. J. 1979. Particulate organic matter flux and planktonic 
new production in the  deep ocean. Nature. 282(5740): 677–680. https://doi.
org/10.1038/282677a0 

Falkowski, P. G., Laws, E. A., Barber, R. T., Murray, J. W. 2003. Phytoplankton and their 
role in primary, new, and export production. Ocean biogeochemistry. 99–121. 
https://doi. 1007/978-3-642-55844-3_5

Fenchel, T., Juel Hansen, P. 2006. Motile behaviour of the  bloom-forming ciliate 
Mesodinium rubrum. Marine Biology Research. 2(1): 33–40. https://doi.
org/10.1080/17451000600571044 

Gaillard, S., Charrier, A., Malo, L., Carpentier, L., Bougaran, G., Hégaret, H., Réveillon, D., 
Hess, P., Séchet, V. 2020. Combined effects of temperature, irradiance, and pH 
on Teleaulax amphioxeia (Cryptophyceae) physiology and feeding ratio for its 
predator Mesodinium rubrum (Ciliophora). J. Phycol. 56: 775–783. https://doi.
org/10.1111/jpy.12977 



32

Garcia-Cuetos, L., Moestrup, Ø., Hansen, P. J. 2012. Studies on the genus Mesodinium II. 
Ultrastructural and molecular investigations of five marine species help clarifying 
the  taxonomy. J. Eukaryot. Microbiol. 59(4): 374–400. https://doi.org/10.1111/
j.1550-7408.2012.00630.x 

Golubkov, S., Golubkov, M., Tiunov, A., Nikolina, V. 2017. Long-term changes in 
primary production and mineralization of organic matter in the  Neva Estuary 
(Baltic Sea). Journal of Marine Systems. 171: 73–80. https://doi.org/10.1016/j.
jmarsys.2016.12.009

Griffiths, J. R., Hajdu, S., Downing, A. S., Hjerne, O., Larsson, U., Winder, M. 2016. 
Phytoplankton community interactions and environmental sensitivity in coastal 
and offshore habitats. Oikos. 125(8): 1134–1143. https://doi.org/10.1111/oik.02405 

Gustafson, D. E., Stoecker, D. K., Johnson, M. D., Van Heukelem, W. F., Sneider, K. 2000. 
Cryptophyte algae are robbed of their organelles by the marine ciliate Mesodinium 
rubrum. Nature. 405: 1049–1052. https://doi.org/10.1038/35016570 

Hajdu, S., Höglander, H., Larsson, U. 2007. Phytoplankton vertical distributions and 
composition in Baltic Sea cyanobacterial blooms. Harmful Algae. 6(2): 189–205. 
https://doi.org/10.1016/j.hal.2006.07.006 

Haraguchi, L., Jakobsen, H. H., Lundholm, N., Carstensen, J. 2018. Phytoplankton 
community dynamic: a  driver for ciliate trophic strategies. Frontiers in Marine 
Science. 5: 272. https://doi.org/10.3389/fmars.2018.00272 

Havenhand, J. N., Filipsson, H. L., Niiranen, S., Troell, M., Crépin, A. S., Jagers, S., 
Anderson, L. G. 2019. Ecological and functional consequences of coastal ocean 
acidification: Perspectives from the  Baltic-Skagerrak System. Ambio. 48(8): 831–
854. https://doi.org/10.1007/s13280-018-1110-3

HELCOM. 2013. Review of the Fifth Baltic Sea Pollution Load Compi-lation for the 2013 
HELCOM Ministerial Meeting. Balt. Sea Environ. Proc. No. 141 Retrieved from: 
http://www.helcom.fi/Lists/Publications/BSEP141.pdf

HELCOM. 2014. Eutrophication status of the Baltic Sea 2007–2011 – A concise thematic 
assessment. Balt. Sea Environ. Proc. No. 143. https://www.helcom.fi/wp-content/
uploads/2019/08/BSEP143.pdf

HELCOM. 2017. Guidelines for monitoring of phytoplankton species composition, 
abundance and biomass. HELCOM Monitoring Manual. http://www.helcom.fi/Lists/
Publications/Guidelines%20for%20monitoring%20phytoplankton%0species%20
composition,%20abundance%20and%20biomass.pdf

HELCOM. 2018. HELCOM Thematic assessment of eutrophication 2011–2016. Baltic Sea 
Environment Proceedings No. 156. http://www.helcom.fi/baltic-sea-trends/holistic-
assessments/state-of-the-baltic-sea-2018/reports-and-materials/ (accessed Jan. 7 2023).

Herfort, L., Peterson, T. D., Prahl, F. G., McCue, L. A., Needoba, J. A., Crump, B. C., 
Zuber, P. 2012. Red waters of Myrionecta rubra are biogeochemical hotspots for 
the Columbia River estuary with impacts on primary/secondary productions and 
nutrient cycles. Estuar. Coasts. 35(3): 878–891. https://doi.org/10.1007/s12237-
012-9485-z 

Hornick, T., Bach, L. T., Crawfurd, K. J., Spilling, K., Achterberg, E. P., Woodhouse, J. N., 
Schulz, K. G., Brussaard, C. P. D., Riebesell, U., and Grossart, H.-P. 2017 Ocean 



33

acidification impacts bacteria–phytoplankton coupling at low-nutrient conditions. 
Biogeosciences. 14: 1–15. https://doi.org/10.5194/bg-14-1-2017 

Henriksen, P. 2009. Long-term changes in phytoplankton in the  Kattegat, the  Belt Sea, 
the Sound and the western Baltic Sea. Journal of Sea Research. 61(1–2): 114–123. 
https://doi.org/10.1016/j.seares.2008.10.003

Heiskanen, A. 1998. Factors governing sedimentation and pelagic nutrient cycles in 
the northern Baltic Sea. Monographs of the Boreal Environment Research. No. 8.

Heiskanen, A. S., Tallberg, P. 1999. Sedimentation and particulate nutrient dynamics 
along a coastal gradient from a fjord-like bay to the open sea. Hydrobiologia. 393: 
127–140. https://doi.org/10.1023/A:1003539230715 

Hornick, T., Bach, L. T., Crawfurd, K. J., Spilling, K., Achterberg, E. P., Woodhouse, J. N., 
Schulz, K. G., Brussaard, C. P. D. 2017. Ocean acidification impacts bacteria-
phytoplankton coupling at low-nutrient conditions. Biogeosciences. 14: 1–15. 
https://doi.org/10.5194/bg-14-1-2017 

Hopkinson, C. S. 1985. Nitrogen in the Marine Environment. Estuaries. 8: 76–77. https://
doi.org/10.2307/1352124 

Höglander, H., Larsson, U., Hajdu, S. 2004. Vertical distribution and settling of spring 
phytoplankton in the  offshore NW Baltic Sea Proper. Mar. Ecol. Prog. Ser. 283: 
15–27. https://doi.org/10.3354/meps283015 

Jędruch, A., Kwasigroch, U., Bełdowska, M., Kuliński, K. 2017. Mercury in suspended 
matter of the  Gulf of Gdańsk: Origin, distribution and transport at the  land–sea 
interface. Marine Pollution Bulletin. 118(1–2): 354–367. https://doi.org/10.1016/j.
marpolbul.2017.03.019

Johansson, M., Gorokhova, E., Larsson, U. 2004. Annual variability in ciliate community 
structure, potential prey and predators in the  open northern Baltic Sea proper. 
J. Plankton Res. 26: 67–82. https://doi.org/10.1093/plankt/fbg115 

Johnson, M. D., Beaudoin, D. J., Laza-Martinez, A., Dyhrman, S. T., Fensin, E., Lin, S., 
Stoecker, D. K. 2016. The  genetic diversity of Mesodinium and associated 
cryptophytes. Frontiers in Microbiology. 7: 2017. https://doi.org/10.3389/
fmicb.2016.02017 

Johnson, M. D., Stoecker, D. K. 2005. Role of feeding in growth and photophysiology 
of Myrionecta rubra. Aquat. Microb. Ecol. 39(3): 303–312. https://doi.org/10.3354/
ame039303 

Jurgensone, I., Carstensen, J., Ikauniece, A., Kalveka, B. 2011. Long-term changes and 
controlling factors of phytoplankton community in the Gulf of Riga (Baltic Sea). 
Estuar. Coast. 34(6): 1205–1219. https://doi.org/10.1007/s12237-011-9402-x 

Kahru, M., Horstmann, U., Rud, O. 1994. Satellite detection of increased cyanobacteria 
blooms in the Baltic Sea: natural fluctu-ation or ecosystem change? Ambio. 23(8): 
469–472.

Kotta, J., Lauringson, V., Martin, G., Simm, M., Kotta, I., Herkül, K., Ojaveer, H. 2008. 
Gulf of Riga and Pärnu Bay. In: Schiewer, U. (Ed.). Ecology of Baltic Coastal 
waters. Heidelberg Springer-Verlag: Berlin. 217–243. https://doi.org/10.1007/978-
3-540-73524-3_10 

Kļaviņš M., Rodinovs V., Kokorīte I. 2002. Chemistry of Surface Waters in Latvia. 
University of Latvia, Rīga. 48–126.



34

Kremp, A., Godhe, A., Egardt, J., Dupont, S., Suikkanen, S., Casabianca, S., Penna A. 
2012. Intraspecific variability in the response of bloom-forming marine microalgae 
to changed climate conditions. Ecology and Evolution. 2: 1195–1207. https://doi.
org/10.1002/ece3.245 

Kuliński, K., Rehder, G., Asmala, E., Bartosova, A., Carstensen, J., Gustafsson, B., 
Hall, P. O. J., Humborg, C., Jilbert, T., Jürgens, K., Meier, H. E. M., Müller-Karulis, 
B., Naumann, M., Olesen, J. E., Savchuk, O., Schramm, A., Slomp, C. P., Sofiev, 
M., Sobek, A., Szymczycha, B., Undeman, E. 2022. Biogeochemical functioning of 
the  Baltic Sea, Earth Syst. Dynam. 13: 633–685. https://doi.org/10.5194/esd-13-
633-2022 

Lehmann, A., Myrberg, K. 2008. Upwelling in the  Baltic Sea  – A review. Journal of 
Marine Systems. 74: S3–S12. https://doi.org/10.1016/j.jmarsys.2008.02.010

Liepina-Leimane, I., Barda, I., Jurgensone, I., Labucis, A., Suhareva, N., Kozlova, V., 
Aigars, J. 2022. Seasonal dynamic of diazotrophic activity and environmental 
variables affecting it in the Gulf of Riga, Baltic Sea. FEMS Microbiology Ecology. 
98(12): fiac132. https://doi.org/10.1093/femsec/fiac132 

Leles, S. G., Mitra, A., Flynn, K. J., Stoecker, D. K., Hansen, P. J., Calbet, A., 
McManus, G. B., Sanders, R. W., Caron, D. A., Not, F., Hallegraeff, G. M., Pitta, P., 
Raven, J. A., Johnson, M. D., Gilbert, P. M., Våge, S. 2017. Oceanic protists with 
different forms of acquired phototrophy display contrasting biogeographies 
and abundance. P.  Roy. Soc. B 284(1860): 20170664. https://doi.org/10.1098/
rspb.2017.0664

Lindholm, T., Mörk, A. C. 1990. Depth maxima of Mesodinium rubrum (Lohmann) 
Hamburger and Buddenbrock – examples from a stratified Baltic Sea inlet. Sarsia. 
75: 53–64. https://doi.org/10.1080/00364827.1990.10413441 

Lips, I., Lips, U. 2017. The  importance of Mesodinium rubrum at post-spring bloom 
nutrient and phytoplankton dynamics in the  vertically stratified Baltic Sea. 
Frontiers in Marine Science. 4: 407. https://doi.org/10.3389/fmars.2017.00407 

Lugioyo, G. M., Loza, S., Abreu, P. C. 2007. Biomass distribution of heterotrophic and 
autotrophic microorganisms of the photic layer in Cuban southern oceanic waters. 
Revista de biología tropical. 55(2): 449–457.

Lundsgaard, C., Olesen, M., Reigstad, M., Olli, K. 1999. Sources of settling material: 
aggregation and zooplankton mediated fluxes in the Gulf of Riga. Journal of marine 
systems. 23(1–3): 197–210. https://doi.org/10.1016/S0924-7963(99)00058-5

Meier, H. E. M., Andersson, H. C., Eilola, K., Gustafsson, B. G., Kuznetsov, I., Müller-
Karulis, B. 2011. Hypoxia in future climates: a model ensemble study for the Baltic 
Sea. Geophys. Res. Lett. 38: L24608. https://doi.org/10.1029/2011GL049929 

Meier, H. E. M., Hordoir, R., Andersson, H., Dieterich, C., Eilola, K., Gustafsson, B. G. 
2012a. Modeling the combined impact of changing climate and changing nutrient 
loads on the  Baltic Sea environment in an  ensemble of transient simulations for 
1961–2099. Clim. Dyn. 39: 2421–2441. https://doi.org/10.1007/s00382-012-1339-7 

Meier, H. E. M., Müller-Karulis, B., Andersson, H. C., Dieterich, C., Eilola, K., 
Gustafsson, B. G. 2012b. Impact of climate change on ecological quality indicators 
and biogeochemical fluxes in the Baltic Sea: a multi-model ensemble study. Ambio. 
41: 558–573. https://doi.org/10.1007/s13280-012-0320-3 



35

Meier, H. E. M., Väli, G., Naumann, M., Eilola, K., Frauen, C. 2018a. Recently accelerated 
oxygen consumption rates amplify deoxygenation in the  Baltic Sea. J. Geophys. 
Res. 123: 3227–3240. https://doi.org/10.1029/2017JC013686 

Mendes, C. R. B., Tavano, V. M., Dotto, T. S., Kerr, R., De Souza, M. S., Garcia, C. A. E., 
Secchi, E. R. 2018. New insights on the  dominance of cryptophytes in Antarctic 
coastal waters: a case study in Gerlache Strait. Deep Sea Research Part II: Topical 
Studies in Oceanography. 149: 161–170. https://doi.org/10.1016/j.dsr2.2017.02.010 

Mitra, A., Flynn, K. J., Burkholder, J. M., Berge, T., Calbet, A., Raven, J. A., Granéli, E., 
Glibert, P. M., Hansen, P. J., Stoecker, D. K., Thingstad, F., Tillmann, U., Våge, S., 
Wilken, S., Zubkov, M. V. 2014. The role of mixotrophic protists in the biological 
carbon pump. Biogeosciences. 11: 995–1005. https://doi.org/10.5194/bg-11-995-
2014

Mitra, A., Flynn, K. J., Tillmann, U., Raven, J. A., Caron, D., Stoecker, D. K., Not, F., 
Hansen, P. J., Hallegraeff, G., Sanders, R., Wilken, S., McManus, G., Johnson, M., 
Pitta, P., Våge, S., Berge, T., Calbet, A., Thingstad, F., Jeong, H., Burkholder,  J., 
Glibert, P. M., Granéli, E., Lundgren, V. 2016. Defining Planktonic Protist 
Functional Groups on Mechanisms for Energy and Nutrient Acquisition: 
Incorporation of Diverse Mixotrophic Strategies. Protist. 167(2): 106–120. https://
doi.org/10.1016/j.protis.2016.01.003 

Moeller, H. V., Johnson, M. D., Falkowski, P. G. 2011. Photoacclimation in 
the phototrophic marine ciliate Mesodinium rubrum (Ciliophora). J. Phycol. 47(2): 
324–332. https://doi.org/10.1111/j.1529-8817.2010.00954.x 

Montagnes, D. J. S., Allen, J., Brown, L., Bulit, C., Davidson, R., Diaz-Avalos, C., 
Fielding, S., Heath, M., Holliday, N. P., Rasmussen, J., Sanders, R. J., Waniek, J. J., 
Wilson, D. 2008. Factors controlling the  abundance and size distribution 
of the  phototrophic ciliate Myrionecta rubra in open waters of the  North 
Atlantic. J. Eukaryot. Microbiol. 55(5): 457–465. https://doi.org/10.1111/j.1550-
7408.2008.00344.x 

Neumann, T., Eilola, K., Gustafsson, B., Müller-Karulis, B., Kuznetsov, I., Meier, H. E. M., 
Savchuk, O. P. 2012. Extremes of temperature, oxygen and blooms in the Baltic Sea 
in a  changing climate. Ambio. 41: 574–585. https://doi.org/10.1007/s13280-012-
0321-2 

Nielsen, L. T., Jakobsen, H. H., Hansen, P. J. 2010. High resilience of two coastal 
plankton communities to twenty-first century seawater acidification: Evidence 
from microcosm studies. Marine Biology Research. 6(6): 542–555. https://doi.
org/10.1080/17451000903476941 

Nixon, S. W. 1982. Nutrient dynamics, primary production and fisheries yields of 
lagoons. Oceanologica Acta. Special Issue. Open Access version:  https://archimer.
ifremer.fr/doc/00246/35748/ 

Olesen, M., Lundsgaard, C., Andrushaitis, A. 1999. Influence of nutrients and mixing on 
the primary production and community respiration in the Gulf of Riga. J. Mar. Sys. 
23: 127–143. https://doi.org/10.1016/S0924-7963(99)00054-8

Olli, K., Heiskanen, A.-S., Seppälä, J. 1996. Development and fate of Eutreptiella 
gymnastica bloom in nutrient enriched enclosures in the  coastal Baltic Sea. 
J. Plankton Res. 18: 1587–1604. https://doi.org/10.1093/plankt/18.9.1587



36

Olli, K., Heiskanen, A. S. 1999. Seasonal stages of phytoplankton community structure 
and sinking loss in the Gulf of Riga. Journal of Marine Systems. 23(1–3): 165–184. 
https://doi.org/10.1016/S0924-7963(99)00056-1 

Olli, K., Klais, R., Tamminen, T., Ptacnik, R., Andersen, T. 2011. Long term changes in 
Baltic Sea phytoplankton community. Boreal Environ. Res. 16: 3–14.

Omstedt, A., Edman, M., Claremar, B., Frodin, P., Gustafsson, E., Humborg, C., et al. 2012. 
Future changes in the  Baltic Sea acid–base (pH) and oxygen balances. Tellus  B 
Chem. Phys. Meteorol. 64: 19586. https://doi.org/10.3402/tellusb.v64i0.19586 

Pantoja, S., Repeta, D. J., Sachs, J. P, Sigman, D. M. 2002. Stable isotope constraints on 
the  nitrogen cycle of the  Mediterranean Sea water column. Deep Sea Research 
Part i: Oceanographic Research Papers. 49(9): 1609–1621. https://doi.org/10.1016/
S0967-0637(02)00066-3

Pitkänen, H., Lehtoranta, J., Peltonen, H. 2008. The Gulf of Finland. In: Schiewer, U. (eds) 
Ecology of Baltic Coastal Waters. Ecological Studies, vol 197. Springer, Berlin, 
Heidelberg. https://doi.org/10.1007/978-3-540-73524-3_13 

Ploug, H., Musat, N., Adam, B., Moraru, C. M., Lavik, G., Vagner, T. Bergman,  B., 
Kuypers,  M. M. M. 2010. Carbon and nitrogen fluxesassociated with 
the  cyanobacterium Aphanizomenon sp. in the  Baltic Sea. ISME J. 4: 1215–1223. 
http://dx.doi.org/10.1038/ismej.2010.53

Preisendorfer, R. W. 1986. Secchi disk science: Visual optics of natural waters 1. Limnology 
and oceanography. 31(5), 909–926. https://doi.org/10.4319/lo.1986.31.5.0909 

Rahm, L., Jönsson, A., Wulff, F. 2000. Nitrogen fixation in the  Baltic Proper: 
an empirical study. Mar. Syst. 25 (3–4), 239–248. http://dx.doi.org/10.1016/S0924-
7963(00)00018-X 

Redfield, A. C., Ketchum, B. H., Richards, F. A. 1963. The  influence of organisms on 
the composition of seawater. In: Hill, M. N. (Ed.). The Sea, vol. 2. Intersci. Publish. 
John Wiley & Sons, New York. 26–77. 

R Core Team. 2019. A language and environment for statistical computing. R Foundation 
for Statistical Computing, Vienna, Austria. http://www. R-project. org.

Rolff, C. 2000. Seasonal variation in δ13C and δ15N of size-fractionated plankton at 
a  coastal station in the  northern Baltic proper. Marine Ecology Progress Series. 
203: 47–65. https://doi.org/10.3354/meps203047 

Rychert, K. 2004. The size structure of the Mesodinium rubrum population in the Gdańsk 
Basin. Oceanologia. 46: 439–444.

Samuelsson, K., Berglund, J., Andersson, A. 2006. Factors structuring the heterotrophic 
flagellate and ciliate community along a  brackish water primary production 
gradient. Journal of Plankton Research. 28(4): 345–359. https://doi.org/10.1093/
plankt/fbi118 

Sanders, R. W. 1995. Seasonal distributions of the  photosynthesizing ciliates Laboea 
strobila and Myrionecta rubra (Mesodinium rubrum) in an estuary of the Gulf of 
Maine. Aquat. Microb. Ecol. 9: 237–242. https://doi.org/10.3354/ame009237 

Savoye, N., Aminot, A., Tréguer, P., Fontugne, M., Naulet, N., Kérouel, R. 2003. Dynamics 
of particulate organic matter δ15N and δ13C during spring phytoplankton blooms 
in a macrotidal ecosystem (Bay of Seine, France). Marine Ecology Progress Series. 
255: 27–41. https://doi.org/10.3354/meps255027 



37

Schneider, B., Nausch, G., Nagel, K., Wasmund, N. 2003. The surface water CO2 budget 
for the  Baltic Proper: a  new way to determine nitrogen fixation. J. Mar. Syst. 
42(1–2): 53–64. http://dx.doi.org/10.1016/S0924-7963(03)00064-2 

Skudra, M., Lips, U. 2017. Characteristics and inter-annual changes in temperature, 
salinity and density distribution in the  Gulf of Riga. Oceanologia. 59(1): 37–48. 
https://doi.org/10.1016/j.oceano.2016.07.001 

Smayda, T. S., Reynolds, C. S. 2001. Community assembly in marine phytoplankton: 
application of recent models to harmful dinoflagellate blooms. J. Plankton Res. 
23(5): 447–461. http://dx.doi.org/10.1093/plankt/23.5.447 

Smith, S. V., Hollibaugh, J. T. 1993. Coastal metabolism and the oceanic organic carbon 
balance. Reviews of Geophysics. 31(1): 75–89. http://doi.org/10.1029/92rg02584 

Snoeijs-Leijonmalm, P., Andrén, E. 2017. Why is the  Baltic Sea so special to live in? 
In: Snoeijs-Leijonmalm, P., Schubert, H., Radziejewska, T. (Eds.). Biological 
Oceanography of the Baltic Sea. Springer, Dordrecht. https://doi.org/10.1007/978-
94-007-0668-2_2 

Sommer, U., Adrian, R., De Senerpont Domis, L., Elser, J. J., Gaedke, U., Ibelings, B. 2012. 
Beyond the plankton ecology group (PEG) model: mechanisms driving plankton 
succession. Annu. Rev. Ecol. Evol. Syst. 43: 429–448. https://doi.org/10.1146/
annurev-ecolsys-110411-160251 

Spilling, K., Asmala, E., Haavisto, N., Haraguchi, L., Kraft, K., Lehto, A. M., Tamminen, T. 
2022. Brownification affects phytoplankton community composition but not 
primary productivity in eutrophic coastal waters: A mesocosm experiment 
in the  Baltic Sea. Science of the  Total Environment. 841: 156510. https://doi.
org/10.1016/j.scitotenv.2022.156510 

Spilling, K., Fuentes-Lema, A., Quemaliños, D., Klais, R., Sobrino, C. 2019. Primary 
production, carbon release, and respiration during spring bloom in the  Baltic 
Sea. Limnology and Oceanography. 64(4): 1779–1789. https://doi.org/10.1002/
lno.11150 

Spilling, K., Markager, S. 2008. Ecophysiological growth characteristics and modelling of 
the onest of the spring bloom in the Baltic Sea. J. Mar. Syst. 73: 323–337. https://
doi.org/10.1016/j.marsys.2006.10.012 

Stigebrandt, A., Djurfeldt, L. 1996. Control of production of organic matter in the ocean 
on short and long terms by stratification and remineralisation. Deep-Sea Res. Pt. II 
43(1): 23–35. https://doi.org/10.1016/0967-0645(95)00087-9 

Stoecker, D. K., Putt, M., Davis, L. H., Michaels, A. E. 1991. Photosynthesis in Mesodinium 
rubrum: species-specific measurements and comparison to community rates. Mar. 
Ecol. Prog. Ser. 73: 245–252. https://doi.org/10.3354/meps073245 

Stoicescu, S. T., Laanemets, J., Liblik, T., Skudra, M., Samlas, O., Lips, I., Lips, U. 2022. 
Causes of the extensive hypoxia in the Gulf of Riga in 2018. Biogeosciences. 19(11): 
2903–2920. https://doi.org/10.5194/bg-19-2903-2022 

Taylor, F. J. R., Blackbourn, D. J., Blackbourn, J. 1971. The red-water ciliate Mesodinium 
rubrum and its” incomplete symbionts”: a  review including new ultrastructural 
observations. Journal of the Fisheries Board of Canada. 28(3): 391–407. https://doi.
org/10.1139/f71-052 



38

Tong, M., Smith, J., Kulis, D., Anderson, D. 2015. Role of dissolved nitrate and phosphate 
in isolates of Mesodinium rubrum and toxin producing Dinophysis acuminata. 
Aquat. Microb. Ecol. 7: 169–185. https://doi.org/10.3354/ame01757 

Vihma, T., Haapala, J. 2009. Geophysics of sea ice in the Baltic Sea: A review. Progress 
in Oceanography. 80(3–4): 129–148. https://doi.org/10.1016/j.pocean.2009.02.002 

Wasmund, N., Andrushaitis, A., Łsiak-Pastuszak, E., Müller-Karulis, B., Nausch, G., 
Neumann, T., Ojaveer, H., Olenina, I., Postel, L., Witek, Z. 2001. Trophic Status of 
the South-Eastern Baltic Sea: A Comparison of Coastal and Open Areas. Estuar. 
Coast. Shelf S. 56: 1–16. https://doi.org/10.1006/ecss.2001.0828 

Wasmund, N., Nausch, G., Schneider, B., 2005. Primary production rates calculated 
by different concepts  – an  opportunity to study the  complex production system 
in the  Baltic Proper. J. Sea Res. 54(4): 244–255. http://dx.doi.org/10.1016/j.
seares.2005.07.004 

Wassman, P., Tamminen, T. 1999. Pelagic eutrophication and sedimentation in the Gulf 
of Riga: a  synthesis. J. Mar. Sys. 23: 269–283. https://doi.org/10.1016/S0924-
7963(99)00062-7

Wasmund, N., Uhlig, S. 2003. Phytoplankton trends in the Baltic Sea. ICES J. Mar. Sci. 
60: 177–186. https://doi.org/10.1016/s1054-3139(02)00280-1 

Williams, P. J., von Bodungen, B., Bathmann, U., Berger, W. H., Eppley, R. W., Feldman, 
G. C., Fischer, G., Legendre, L., Minster, J.-F., Reynolds, C. S., Smetacek, V. S., 
Toggweiler, J. R. 1989. Group report: export productivity from the photic zone. In: 
Berger, W. H., Smetacek, V. S., Wefer, G. (Eds.). Productivity of the ocean: present 
and past. John Wiley & Sons, New York, pp. 99–115.

Wilkerson, F. P., Grunseich, G. 1990. Formation of blooms by the  symbiotic ciliate 
Mesodinium rubrum  – the  significance of nitrogen uptake. J. Plankton Res. 12: 
973–989. https://doi.org/10.1093/plankt/12.5 

Winder, M., Schindler, D. E. 2004. Climate change uncouples trophic interactions in 
an aquatic ecosystem. Ecology. 85(8): 2100–2106. https://doi.org/10.1890/04-0151 

Winogradow, A., Mackiewicz A., Pempkowiak J. 2019. Seasonal changes in particulate 
organic matter (POM) concentrations and properties measured from deep 
areas of the  Baltic Sea. Oceanologia. 61(4): 505–521. https://doi.org/10.1016/j.
oceano.2019.05.004

Witek, Z., Ochocki, S., Maciejowska, M., Pastuszak, M., Nakonieczny, J., Podgórska, B., 
Kownacka, J. M., Mackiewicz, T., Wrzesinska-Kwiecien, M. 1997. Phytoplankton 
primary production and its utilization by the  pelagic community in the  coastal 
zone of the  Gulf of Gdansk (southern Baltic). Marine Ecology Progress Series. 
148(1–3): 169–186. https://doi.org/10.3354/meps148169 

Wulff, F., Rahm, L., Larsson, P. (Eds.). 2001. “A systems analysis of the  Baltic Sea,” in 
Ecological Studies, Vol. 148 (Berlin; Heidelberg: Springer). 457.

Xu, J., H. Lyu, X. Xu, Y. Li, Z. Li, S. Lei, S. Bi, M. Mu, C. Du, Zeng, S. 2019. Dual stable 
isotope tracing the source and composition of POM during algae blooms in a large 
and shallow eutrophic lake: All contributions from algae? Ecological Indicators. 
102: 599–607. https://doi.org/10.1016/j.ecolind.2019.03.014



39

Yurkovskis, A. 2004. Long-term land-based and internal forcing of the  nutrient state 
of the  Gulf of Riga (Baltic Sea). J. Mar. Syst. 50(3–4): 181–197. http://dx.doi.
org/10.1016/j.jmarsys.2004.01.004

Yurkovskis, A., Kostrichkina, E., Ikauniece, A. 1999. Seasonal succession and growth in 
the  plankton communities of the  Gulf of Riga in relation to long-term nutrient 
dynamics. Hydrobiologia. 393: 83–94. https://doi.org/10.1023/A:1003574706608 




