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Abstract Temporal variations in the primary production of the size-fractionated autotrophic 
plankton community were studied in coastal-estuarine waters of the eutrophic Gulf of 
Riga, Baltic Sea. The community was net-autotrophic during spring and summer and net- 
heterotrophic during autumn. The results of the present study clearly demonstrate strong co- 
variation between net primary production (NPP) and < 56 μm fractionated community biomass, 
particularly small-sized (16—33 μm) Mesodinium rubrum , implying that the majority of NPP 
stems from the lower end of the size spectrum. A pronounced size distribution shift was ob- 
served within the M. rubrum population. Large-sized (length ≥34 μm) M. rubrum was the most 
abundant in the first half of the productive season (until week 24), whereas small-sized M. 
rubrum dominated during the stratified period. 
© 2022 Institute of Oceanology of the Polish Academy of Sciences. Production and 
hosting by Elsevier B.V. This is an open access article under the CC BY license 
( http://creativecommons.org/licenses/by/4.0/ ). 

V

P
o

h
0
a

∗ Corresponding author at: Latvian Institute of Aquatic Ecology, 
oleru Str. 4, Riga, Latvia. 

E-mail address: atis.labucis@lhei.lv (A. Labucis). 
eer review under the responsibility of the Institute of Oceanology 
f the Polish Academy of Sciences. 

1

M
a
g  

i
d
S
o
1

ttps://doi.org/10.1016/j.oceano.2022.11.003 
078-3234/ © 2022 Institute of Oceanology of the Polish Academy of Scie
rticle under the CC BY license ( http://creativecommons.org/licenses/b
. Introduction 

esodinium rubrum is a mixotrophic Litostomatea cili- 
te that possesses plastids preying upon cryptophyte al- 
ae ( Hansen and Fenchel, 2006 ; Johnson et al., 2016 ). It
s highly productive in turbid waters and at low light irra- 
iance ( Crawford, 1989 ; Herfort et al., 2012 ; Johnson and 
toecker, 2005 ; Moeller et al., 2011 ). Mesodinium rubrum is 
ften abundant in estuarine-coastal waters ( Cloern et al., 
994 ; Leles et al., 2017 ; Sanders, 1995 ), including the 
nces. Production and hosting by Elsevier B.V. This is an open access 
y/4.0/ ). 
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rackish Baltic Sea ( Lips and Lips, 2017 ; Purina et al., 
018 ; Rychert, 2004 ). Additionally, under certain condi- 
ions, it forms blooms (red tides) ( Taylor et al., 1971 ), yet 
. rubrum- induced red tides are not reported from the tem- 
erate Baltic Sea region — the research area of the present 
tudy. 
The main environmental factors promoting the growth 

nd development of M. rubrum in temperate zones are 
eason-specific ( Johnson et al., 2013 ; Lips and Lips, 2017 ; 
ontagnes et al., 2008 ). Due to its motile abilities, M. 
ubrum benefits from strengthened stratification and the 
ssociated depletion of dissolved inorganic nutrients in the 
urface layers ( Lips and Lips, 2017 ; Nishitani and Yam- 
guchi, 2018 ). Additionally, an elevated CO 2 concentration 
s not a hindrance to the successful development of M. 
ubrum ; in contrast, Baltic M. rubrum increases its photo- 
ynthetic rate and forms a higher abundance under high- 
O 2 treatment ( Lischka et al., 2017 ). Thus, projected fu- 
ure climate change for the Baltic Sea region, (i.e., an in- 
rease in temperature, runoff and pH) and a decrease in 
alinity ( BACC II, 2015 ; Havenhand, 2012 ; Omstedt et al., 
012 ), might expand the spatial and temporal space suit- 
ble for M. rubrum ( Mitra et al., 2014 ). Considering the re- 
ional importance of M. rubrum in the Baltic Sea ( Lips and 
ips, 2017 ; Rychert, 2004 ), as well as its potential for ex- 
anded range and density in the future, it is essential to im- 
rove the knowledge base of M. rubrum ecology to better 
omprehend potential shifts in the functioning of the future 
altic Sea food web. 

Mesodinium rubrum displays a wide size distribution 
from 15 to 70 μm); therefore, size distinction is introduced 
n numerous studies on M. rubrum (e.g., Johansson, 2004 ; 
ohnson et al., 2016 ; Montagnes et al., 2008 ), revealing 
ifferent ecological responses to environmental changes 
etween size classes. Notably, M. rubrum has recently 
een recognised as a species complex consisting of at 
east two described and accepted species — M. rubrum 

nd Mesodinium major (cf. Garcia-Cuetos et al., 2012 ; 
ohnson et al., 2016 ). Both have a similar morphology and 
ossess plastids of the same origin (red plastid crypto- 
hytes), but they show differences in cell length and ecol- 
gy. Mesodinium rubrum cell length ranges between 16—
5 μm, whereas longer cells are associated with M. ma- 
or . In Danish waters of the Baltic Sea, M. rubrum is abun- 
ant during summer and early autumn, but M. major occurs 
ainly in the winter and early spring ( Garcia-Cuetos et al., 
012 ). Recently, another M. rubrum -like species was iden- 
ified in a Japanese brackish lake ( Nishitani and Yam- 
guchi, 2018 ). It is seemingly morphologically identical to 
he M. rubrum/major complex but shows contrasting be- 
aviour; it naturally preys upon green plastid cryptophytes. 
owever, as molecular methods were not utilised in the 
resent study, we refer to all M. rubrum -like ciliates as M. 
ubrum. 
The estimates of planktonic primary production and 

dentification of its main contributors are crucial to the 
omprehension of carbon flow dynamics and ecosystem 

unctioning in general. The size and structure of the com- 
osition greatly influences the functioning of the pelagic 
ood web ( Lancelot and Muylaert, 2011 ; Tremblay and Leg- 
ndre, 1994 ). Moreover, the recently proposed mixotrophic- 
entric paradigm for marine ecology highlights the need for 
399 
etailed characterisation of mixotrophic functional groups 
 Mitra et al., 2014 , 2016 ) to provide sufficient data for their
nclusion within regional food web models. In the present 
tudy, we evaluated the contribution of M. rubrum to pri- 
ary production in the eutrophic Gulf of Riga. To achieve 
his, we assessed the production of size-fractionated au- 
otrophic communities, including small-sized (length of 16—
3 μm) and large-sized M. rubrum (length ≥ 34 μm), and ex- 
lored potential associations between production and sea- 
onally changing environmental factors. 

. Material and methods 

.1. Study area 

he Gulf of Riga (GoR) is a brackish semi-isolated area (16 
30 km 

2 , 424 km 

3 ; Berzinsh, 1995 ) of the Baltic Sea. It is
onnected to the Baltic Proper by narrow straits that con- 
ne water exchange. The shallowness of the GoR (average 
epth of 26 metres; Kotta et al., 2008 ) ensures the develop- 
ent of pronounced seasonal thermal stratification during 
he summer ( Kotta et al., 2008 ). The mean salinity of the
oR ranges between 5 and 7 PSU, but it has a decreasing 
outhward salinity gradient as the majority (approximately 
6%) of the riverine runoff inflows into the southern part 
f the GoR ( Berzinsh, 1995 ). Therefore, the southern GoR is 
haracterised by higher water turbulence and increased val- 
es of riverine export (e.g., nutrients, suspended and dis- 
olved organic matter, and chromophoric dissolved organic 
atter) that result in decreased water transparency. The 
tudy site ( Figure 1 ) was located in the southern GoR to ex-
lore the habitat most suitable to M. rubrum within the GoR 
nd thus evaluate the maximal potential effect M. rubrum 

ay have on local primary production. 

.2. Sampling 

ampling was conducted at a national monitoring station 
101A; Figure 1 ) located approximately 5 km from the mouth 
f the Daugava River. Samples were collected from 20 March 
017 to 24 October 2017 ( Table 1 ) between 8 am and 10 am.
Water temperature and salinity were measured using a 

ater probe (SBE 19plus Sea-Cat, USA). Photosynthetically 
ctive radiation (PAR) was measured using a LI-COR Data 
ogger equipped with an LI-190R Quantum Sensor. Water 
ransparency was measured with a Secchi disc. Samples for 
stimating the concentration of nutrients (dissolved inor- 
anic nitrogen (DIN): ammonium (NH 4 

+ ), nitrate (NO 3 
—), 

itrite (NO 2 
—); dissolved inorganic phosphorus (DIP): phos- 

hate (PO 4 
3—); dissolved silica (DSi): silicate (SiO 4 

—)), phy- 
oplankton community parameters (abundance, biomass) 
nd primary production were obtained from the upper 
ayer (0—10 m) using an integrated hose (inner diameter 
5 mm) following HELCOM COMBINE Monitoring Guidelines 
 HELCOM, 2017 ). Nutrient concentrations were determined 
ccording to Grasshoff et al. (1983) (for a detailed descrip- 
ion, see Purina et al. (2018) ). All laboratory analyses were 
erformed in an accredited laboratory (ISO/IEC 17205). 
Integrated samples for phytoplankton analysis and esti- 
ation of primary production were divided into two types 

https://paperpile.com/c/5GlKwb/KhGAn/?noauthor=1
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Figure 1 The location of sampling Station 101A (coordinates 57.10 °N 23.98 °E; depth approx. 22 m) in the Gulf of Riga. 
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unfractionated and fractionated < 56 μm) immediately af- 
er sampling. A size-fractionated approach has been widely 
sed to extend the understanding of phytoplankton dy- 
amics, as cell size directly affects responses to environ- 
ental variations ( Malone and Chervin, 1979 ; Sin, 2000 ; 
oria-Píriz et al., 2017 ) and associated impacts on the 
ood web, e.g., via production ( Cotti-Rausch et al., 2020 ; 
ousseau et al., 1998 ; Probyn, 1990 ). The phytoplank- 
on samples were divided by reverse fractionation: passed 
hrough a sieve with a mesh size of 56 μm (henceforth: < 56- 
ractionated). The 56 μm sieve was chosen for fractiona- 
ion based on the observed distribution of M. rubrum size 
lasses in the long-term data collected at Station 101A (see 
atabase https://latmare.lhei.lv/ ). 
Phytoplankton samples (300 ml) were fixed with acid Lu- 

ol’s solution (final conc. 0.5%). Subsamples of 10 and 25 ml 
f fixed samples were settled in a sedimentation chamber 
or 8 and 18 hours, respectively, and counted according to 
he Uthermöl technique with an inverted microscope (Le- 
ca DMI 3000, Leica Microsystems GmbH, Germany) at 200x 
nd 400x magnification. The number of counted cells in all 
ubsamples exceeded 500 ( HELCOM 2017 ; Olenina et al., 
006 ; Utermöhl, 1958 ). Both groups of samples (unfraction- 
400 
ted and < 56-fractionated) were handled identically dur- 
ng the analysis. Phytoplankton organisms were identified 
o the lowest possible taxonomic rank. Their names and 
lassification complied with the accepted binomial nomen- 
lature of the World Register of Marine Species (version 
021). Classification of M. rubrum into size classes > 34 
m and 16—33 μm was based on the maximum cell di- 
ension (HELCOM PEG biovolume file at https://helcom.fi/ 
elcom- at- work/projects/peg/ ) and considering thresholds 
pplied in other studies conducted in the Baltic Sea region 
33 μm; Johansson, 2004 ). The biomass was expressed as 
C m 

—2 . The carbon content was calculated according to 
enden-Deuer and Lessard (2000) . 

.3. Primary production measurements 

rimary production rates were determined for each 
ype of phytoplankton sample (unfractionated and < 56- 
ractionated) separately. The light and dark bottle oxygen 
echnique was used ( Bender et al., 1987 ; Olesen et al., 
999 ) to evaluate the primary production of the study 
ite. Fifteen transparent, calibrated (approximately 100 ml) 
lass bottles were filled with water for oxygen measure- 

https://latmare.lhei.lv/
https://helcom.fi/helcom-at-work/projects/peg/
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Table 1 Measurements of environmental variables in the upper 10 m layer at the sampling location (Station 101A) in the Gulf 
of Riga during 2017. PO 4 — dissolved inorganic phosphate, μmol l —1 ; SiO 4 — dissolved silicate, μmol l —1 ; NO 2 — nitrite, μmol 
l —1 ; NO 3 — nitrate, μmol l —1 ; NH 4 — ammonium, μmol l —1 ; Secchi — water transparency depth, m; Temp — temperature, °C; 
Sal — salinity, PSU; PAR — photosynthetically active radiation, mol photons m 

—2 d —1 . ∗ — observations not included in the 
PLSR. 

Week PO 4 
3 − SiO 4 

− NO 2 
− NO 3 

− NH 4 
+ Secchi ∗ Temp Sal PAR 

20-Mar 12 1.40 66 .2 0.49 64 .51 3.6 1.5 2 .3 4.5 44 
29-Mar 13 1.04 54 .1 0.40 58 .40 1.2 1 4 .0 4.0 62 
04-Apr 14 0.93 55 .8 0.46 49 .74 0.6 1.1 5 .6 4.4 207 
18-Apr 16 0.49 18 .3 0.50 27 .20 0.6 1.4 5 .9 5.3 132 
24-Apr 17 0.26 4 .5 0.43 19 .57 0.1 1.5 6 .7 5.1 39 
23-May 21 0.05 6 .2 0.17 6 .03 0.5 1.8 15 .0 5.4 163 
06-Jun 23 0.09 3 .3 0.04 1 .84 0.3 1.5 16 .0 5.4 337 
15-Jun 24 0.09 2 .7 0.04 0 .39 0.26 1.5 16 .6 4.6 347 
28-Jun 26 0.15 2 .9 0.02 0 .34 1.5 1.8 18 .0 4.7 305 
06-Jul 27 0.07 7 .5 0.08 1 .02 0.4 1.5 17 .2 4.8 254 
13-Jul 28 0.09 2 .7 0.08 1 .02 0.2 1.5 17 .2 4.8 76 
19-Jul 29 0.11 5 .1 0.02 0 .18 1.2 2.5 18 .5 4.8 152 
09-Aug 32 0.20 12 .0 0.12 3 .43 0.4 2.5 19 .3 4.4 266 
21-Aug 34 0.14 10 .8 0.06 1 .81 0.4 2.5 18 .9 4.6 142 
11-Sep 37 0.57 25 .7 0.16 7 .63 0.4 1.6 15 .6 4.7 86 
20-Sep 38 0.59 26 .8 0.14 6 .74 0.9 1.2 13 .5 4.1 150 
28-Sep 39 0.68 33 .6 0.23 9 .77 1.4 1.2 13 .6 4.7 139 
17-Oct 42 ∗ NA NA NA NA 2.2 1.9 10 .6 4.1 29 
25-Oct 43 ∗ NA NA NA NA 0.9 2.0 6 .8 4.6 82 
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ents for both unfractionated and < 56-fractionated sam- 
les (30 bottles in total). Bottles were divided into 5 groups 
ith 3 replicates in each group for both sample types. One 
roup of samples was set as an initial state, and the oxygen 
oncentration was fixed with Winkler reagents (1 ml man- 
anese chloride and 1 ml alkaline iodide) prior to incuba- 
ion. The other four groups were incubated for 24 hours 
nder conditions imitating light transmittance at specific 
epths of the euphotic layer: 100%, 66%, 23% and 0% light 
ransmittance. To achieve these conditions, we wrapped 
he bottles in plastic optical filters (GAMPRODUCTS, Inc.) 
ccordingly: no filter for 100% transparency, 1514 GAM for 
6% transparency, 1516 GAM for 23% transparency and alu- 
inium folium for 0% transparency. All vials used in the in- 
ubation were mounted on a rotating wheel and submerged 
n the onboard incubator with a continuous flow of seawa- 
er to ensure the ambient water temperature and in situ 

llumination during the 24-hour incubation. Every incuba- 
ion was started approximately at the same time - between 
1 am and 1 pm. After 24 hours, the samples were fixed 
ith Winkler reagents. Oxygen concentrations were deter- 
ined by titration with sodium thiosulfate according to ISO 

813:1983. 
Oxygen consumption in the dark bottles (0% light trans- 
ittance) was used as a proxy of community respiration, 
hile the other three groups (100%, 66%, and 23% light 
ransmittance) were used to evaluate daily net primary 
roduction rates in the water column. The measured oxy- 
en concentrations were converted to carbon units accord- 
ng to the stoichiometry of the photosynthesis equation 
the conversion factor from ml O 2 /l to gC/m 

3 was 0.5357) 
 Bender et al., 1987 ; Van Niel, 1949 ). The approximate at- 
enuation coefficient ( k ) was calculated for each sampling 
401 
rom Secchi depth (D s ) as: 

 = 1 . 7 / D s . 

The depth of specific light conditions ( z ) was calculated 
rom: 

 = −
ln 

(
I Z 
I 0 

)

k 
here I z is the light intensity at a specific depth (66% or 
3%) and I o is the light intensity below the surface (100%). 
he daily net primary production rate (NPP, gC m 

—2 d —1 ) 
as estimated by trapezoidal integration of the data from 

arious light conditions. Gross primary production (GPP, gC 

 

—2 d —1 ) was calculated by summing NPP and respiration (gC 

 

—2 d —1 ). Annual gross primary production was calculated 
s the GPP monthly averages multiplied by the number of 
ays and summed up for 365 days, assuming that production 
ccurs only during the productive season, neglecting the pe- 
iod from November to February. 

.4. Statistical analysis 

ata visualisation and analysis were performed using R 
oftware v.3.6.1 ( R Core Team 2019 ; Wickham, 2009 ). A 
omparison of NPP between the unfractionated commu- 
ity and < 56-fractionated community was conducted by the 
ilcoxon signed-rank test. 
The correlation between the primary production rates 

NPP, GPP) and environmental variables was obtained by 
pplying a partial least squares regression (PLSR). PLSR 
as performed using the functionality of the ‘pls’ pack- 
ge ( Liland et al. 2022 ; Mevik and Wehrens, 2015 ) setting
ethod to SIMPLS ( De Jong, 1993 ). PLSR is a regression-like 
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echnique which can handle the multi-collinearity issue and 
ariables that are not normally distributed. 
The importance of each explanatory variable in the PLSR 
odel was estimated by the procedure of the Variable Im- 
ortance for the Projection. Variable importance (expressed 
n percentage) was calculated based on weighted sums 
f the absolute regression coefficients by applying varImp 

unction from the ‘caret’ package ( Kuhn, 2021 ). The weights 
ere calculated separately for each outcome as a function 
f the reduction of the sums of squares across the number 
f PLSR components. Prior to PLSR analysis, carbon masses 
f phytoplankton groups were Hellinger-transformed and all 
ariables were centred and scaled to unit variance. 
Unfractionated and < 56-fractionated communities were 

nalysed separately. The last two observations (weeks 42 
nd 43) were not included in the PLSR analysis due to a lack 
f nutrient data. 

. Results 

.1. Size range of Mesodinium rubrum 

 wide size range (16—65 μm in length; Figure 2 ) was ob- 
erved in the M. rubrum population. The population was 
ominated by large ( ≥34 μm) specimens during the spring 
nd by smaller M. rubrum in the following period. Average- 
ized cells (33—28 μm) were less prevalent; therefore, we 
stablished division into two groups — large-sized and small- 
ized. Cells 34 μm or longer were designated as large, while 
hose under 34 μm were designated as small. 
igure 2 Dynamics of size classes within the Mesodinium 

ubrum population in an unfractionated and < 56-fractionated 
hytoplankton community of the Gulf of Riga. 
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.2. Environmental conditions: abiotic drivers 

he temporal dynamics of the measured environmental pa- 
ameters are shown in Table 1 . Overall, environmental vari- 
bles changed seasonally, with the highest temperature and 
owest nutrient values during the summer. Salinity and wa- 
er transparency varied marginally, whereas PAR intensity 
as mainly dependent on the season and cloud cover and 
aried considerably during the studied period. 

.3. Environmental conditions: phytoplankton 

opulation 

he phytoplankton community showed a typical succes- 
ion for temperate coastal waters during the study pe- 
iod ( Figure 3 ). The highest total carbon mass (3.2—4.3 gC 

 

—2 ) within the unfractionated autotrophic community was 
bserved in spring (weeks 16—17), when diatoms, mainly 
haetoceros wighamii and Thalassiosira baltica , prevailed. 
iatoms were successively replaced by motile taxa, (i.e., 
he dinoflagellate Peridiniella catenata and the large-sized 
 ≥34 μm) ciliate M. rubrum ), which dominated the phyto- 
lankton community until mid-June (week 24). M. rubrum 

ontributed approximately 70% to the carbon mass of both 
he unfractionated and < 56-fractionated communities dur- 
ng weeks 23—24. 
Cyanobacteria and small-sized (16—33 μm) M. rubrum 

o-dominated during the summer period (weeks 26—32). 
he highest carbon mass of the cyanobacterium Apha- 
izomenon flos-aquae (1.66 gC m 

—2 ) and small-sized M. 
ubrum (2.39 gC m 

—2 ; 95% of total carbon mass) was 
bserved in mid-July (week 28) and early August (week 
2), respectively. Chlorophyceae ( Dictyosphaerium ehren- 
ergianum, Oocystis spp., and Raphidocelis sigmoidea ), 
ryptophyceae ( Plagioselmis prolonga and Teleaulax spp.), 
rasinophyceae ( Pyramimonas spp.) and Prymnesiophyceae 
 Chrysochromulina spp.) increased in carbon mass during 
he summer period (weeks 23—32), showing similar dynam- 
cs as cyanobacteria and small-sized M. rubrum ( Figure 3 ). 
The phytoplankton community in < 56-fractionated sam- 

les showed an analogous succession pattern, except 
or large diatoms and filamentous cyanobacterium A. 
os-aquae , which were filtered out during fractionation 
 Figure 3 ). Dinoflagellates ( Heterocapsa rotundata and P. 
atenata ) together with small-sized M. rubrum dominated 
he < 56-fractionated community during spring when M. 
ubrum contributed up to 40% of the total carbon mass. A 
light increase in Chlorophyceae ( D. ehrenbergianum and 
. sigmoidea ), Cryptophyceae ( P. prolonga and Teleaulax 
pp.) and Prasinophyceae ( Pyramimonas spp.) was observed 
uring cyanobacteria dominance (weeks 26—29). Notably, 
mall-sized M. rubrum reached its maximum carbon mass 
oon afterward and compiled approximately 80% of the to- 
al carbon mass (week 32). 

.4. Primary production 

he GPP and NPP of both the unfractionated and < 56- 
ractionated autotrophic communities varied seasonally 
 Figure 4 ). Overall, the planktonic community was net au- 
otrophic during spring and summer and net heterotrophic 
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Figure 3 Temporal dynamics of A) dominant phytoplankton taxonomic groups and B) other phytoplankton taxonomic groups in 
unfractionated (upper) and 56-fractionated samples (lower) from the top 10 m layer at the sampling location (Station 101A) in 
the Gulf of Riga. Diat — Diatomophyceae; Dino — Dinophyceae; Mes ( ≥34 μm) — large-sized Mesodinium rubrum ; Mes (16—33 μm) 
— small-sized Mesodinium rubrum ; Nosto — Nostocophyceae/cyanobacteria; dom — dominant groups — shown in graph A; Chloro 
— Chlorophyceae; Cryp — Cryptophyceae; Prasi — Prasinophyceae; Prym — Prymnesiophyceae. Mind the differences in scales of 
Y-values, follow the grey area for rescaling. 
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uring autumn ( Figure 4 A). The amount of both NPP and GPP 
f the unfractionated community was not significantly dif- 
erent from the amount produced by the < 56-fractionated 
ommunity (for NPP V Wilcoxon = 205.00, p = 0.488, n = 19; 
or GPP V Wilcoxon = 194.00, p = 0.708, n = 19). The only 
vident disparity was during the spring bloom (weeks 12 to 
6), when the NPP of the < 56-fractionated community was 
lmost twice as low as the NPP of the unfractionated com- 
unity. From week 17 to week 23, NPP increased from 0.04 
o 0.53 gC m 

—2 d —1 and from 0.02 to 0.28 gC m 

—2 d —1 within
he unfractionated and < 56-fractionated communities, re- 
pectively ( Figure 4 A). Afterwards, a decrease in NPP was 
bserved, dropping below 0 gC m 

−2 d −1 by week 29. The 
ampling events conducted in weeks 28 and 29 were char- 
cterised by low PAR values ( Table 1 ), potentially causing a 
ecrease in NPP values ( Figure 4 A). 

.5. Environmental conditions influencing primary 

roduction 

he first two components of PLSR model explained 59.7% 

nd 54.4% of the primary production (NPP, GPP) variance 
403 
or unfractionated and < 56-fractionated communities, re- 
pectively ( Table 2 , Figure 5 ). The results showed that NPP
as influenced by fewer environmental factors than GPP 

 Figure 6 ). The analysis identified small-sized M. rubrum 

nd PAR as the most important influencing parameters for 
PP in both unfractionated and < 56-fractionated commu- 
ities ( Figure 6 A, C), whereas for GPP, besides small-sized 
. rubrum and PAR, also nutrients, temperature, and car- 
on mass of diatoms were identified as important factors 
 Figure 6 B, D). 

. Discussion 

urveys of primary production in the GoR have been spo- 
adic in the last decades ( Olesen et al., 1999 ; Wassmann and
amminen, 1999 ; Wasmund et al., 2001 ), mainly covering 
he period from 1993 to 1997. More recently, the dynamics 
f primary production in the GoR were analysed in relation 
o seasonal changes in the phytoplankton community and 
utrient concentrations ( Labucis et al., 2017 ; Purina et al., 
018 ). However, the abovementioned studies focused on 
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Figure 4 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 at the sampling location (Station 101A) in the Gulf of Riga. 

Table 2 Results of partial least squares regression (PLSR). Comp — components; SS — the sum of squared loadings. 

Comp1 Comp2 Comp3 Comp4 Comp5 

unfractionated 

SS loadings 3 .79 1 .42 0 .993 0 .57 0 .50 
Explained variance [%] 40 .70 19 .00 10 .10 8 .40 6 .50 
Cumulative Proportion [%] 40 .70 59 .70 69 .80 78 .20 84 .70 
< 56-fractionated 

SS loadings 5 .67 3 .03 1 .32 0 .76 0 .36 
Explained variance [%] 42 .50 11 .90 13 .40 7 .60 9 .00 
Cumulative Proportion [%] 42 .50 54 .40 67 .80 75 .40 84 .40 
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rimary production by the unfractionated community. The 
resent study is the first to analyse the production of the 
ractionated autotrophic community of the GoR. 
Size fractionation is often used to separate phytoplank- 

on communities into picoplankton, nanoplankton and mi- 
roplankton ( Fenchel, 1988 ); however, it is also a useful 
pproach to investigating other size fractions of interest. 
he results of the present study clearly demonstrate strong 
404 
ovariation between NPP and < 56-fractionated community 
axa ( Figure 4 ), particularly the small-sized (16—33 μm) M. 
ubrum ( Figures 5—6 ). This implies that the majority of NPP 
tems from the lower end of the size spectrum. Size frac- 
ionation eases the pressure of light, space and nutrient lim- 
tation on smaller organisms, thus not only revealing their 
rowth and production potential under experimental condi- 
ions ( Sommer et al., 2016 ) but also confirming their impor-
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Figure 5 Partial least squares regression (PLSR) triplots associated to the first two components. PLSR performed between the 
primary production rates (NPP — net primary production; GPP — gross primary production) and environmental variables (DIN —
dissolved inorganic nitrogen; DIP — dissolved inorganic phosphorus; DSi — dissolved silicate; PAR — photosynthetically active radi- 
ation; Sal — salinity; Temp — temperature; carbon mass of phytoplankton groups: Diat — Diatomophyceae; Dino — Dinophyceae; 
Mes34+ — large-sized ( ≥34 μm) Mesodinium rubrum ; Mes16—33 — small-sized (16—33 μm) Mesodinium rubrum ; Nosto — Nosto- 
cophyceae/cyanobacteria; Chloro — Chlorophyceae; Cryp — Cryptophyceae; Prasi — Prasinophyceae; Prym — Prymnesiophyceae). 
Primary production rates are represented as labels on a grey background; environmental variables are represented as solid navy-blue 
lines; sampling week (sites) are shown as grey numbers. 
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p

ance in the production of unfractionated samples. Small 
ells of primary producers have an advantage due to their 
arger surface-to-volume ratio that facilitates nutrient up- 
ake compared to larger cells ( Falkowski and Oliver, 2007 ). 
Fractionation exposed unfractionated community as in- 

fficient net-producers at the study site due to their high 
espiration rates ( Figure 4 ). Notably, the respiration of the 
405 
nfractionated community was high because it also included 
eterotrophic protozoans (e.g., tintinnids) and metazoans 
e.g., rotifers and Copepoda nauplii). In general, respiration 
f microzooplankton is estimated to reach 35—43% on aver- 
ge of daily primary production ( Calbet and Landry, 2004 ). 
ue to the size overlap, it was not possible to filter out zoo-
lankton prior to incubation without also removing diatoms, 
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Figure 6 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 red 
circles. 
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laments of cyanobacteria, and dinoflagellates. Hence, the 
esults of respiration (and GPP) should be interpreted with 
aution if compared to estimates obtained by a different 
ethod (i.e., other than the light-dark bottle oxygen tech- 
ique). 
The annual GPP of the unfractionated community in the 

resent study was 8.5—14.1% lower (i.e., 323 gC m 

−2 ) than 
hat estimated for the central part of the GoR ( Purina et al., 
018 ; GPP estimated using the same approach as in the 
resent study). This is most likely a result of lowered water 
ransparency due to coastal water turbulence and a direct 
mpact of opaque freshwater discharge at the present study 
ite. Indeed, Secchi depth varied between 2.3 and 5.1 m in 
he central part of the GoR ( Purina et al., 2018 ), whereas it
id not exceed 2.5 m in this study (southern coastal area). 
owever, M. rubrum showed significant covariation to pri- 
ary production rates in both areas ( Purina et al., 2018 ; 
igure 5 ) despite the different underwater light conditions 
xpressing its flexible nature. Additionally, in several other 
altic subbasins, M. rubrum has been stated as a signifi- 
ant contributor to primary production ( Höglander et al., 
004 ; Johansson, 2004 ; Lips and Lips, 2017 ; Nielsen and 
iørboe, 1994 ), implying its essential role as one of the main 
roducers in the Baltic Sea. 

Mesodinium rubrum is known to have migration be- 
aviour based on the response of phototaxis ( Crawford and 
indholm, 1997 ) and has wide temperature, salinity and 
406 
ight tolerances ( Lindholm and Mörk, 1990 ; Olli et al., 
996 ). It can migrate vertically over tens of metres per day 
 Hajdu et al., 2007 ), exploiting the nutrient-rich lower lay- 
rs. Mesodinium rubrum benefits from this behaviour un- 
er stratified conditions in the shallow Baltic Sea ( Lips and 
ips, 2017 ). Due to the focus on the surface layer in the
resent study, subsurface accumulations of motile phyto- 
lankton are most likely missed, potentially resulting in an 
nderestimate of the overall abundances and biomass of M. 
ubrum . However, the efficient production of M. rubrum is 
ttributed to mixotrophy and photosynthetic machinery of 
ryptophyte-originated chloroplasts that are well adapted 
o dim light ( Daneri et al., 1992 ; Herfort et al., 2012 ) rather
han the ability of vertical migration. The photosynthetic 
ctivity of M. rubrum increases with the availability of cryp- 
ophytes, although with a 7-day lag ( Gustafson et al., 2000 ). 
n general, mixotrophy is an advantage under nutrient- 
imited conditions ( Mitra et al., 2014 ), and it is an important
eeding strategy during the decline of spring blooms and 
uring summer or other periods when the system shifts from 

et autotrophy to net heterotrophy ( Haraguchi et al., 2018 ). 
owever, the ecological flexibility of M. rubrum and its im- 
lications for its phototrophic production remain poorly un- 
erstood and require further in-depth research. 
Cryptophytes are common in the GoR during summer 

 Figure 3 ). Hence, the acquisition of chloroplasts does not 
imit the growth of M. rubrum, allowing it to reach the 
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ighest efficiency in photosynthetic activity without notable 
imitations. Nevertheless, cryptophytes affect various as- 
ects of the performance of M. rubrum . In addition to the 
forementioned physiological components, the availability 
f Teleaulax cryptophytes reduces the average size and vol- 
me of M. rubrum cells, as the high prevalence of cryp- 
ophytes promotes cell division ( Gustafson et al., 2000 ). A 
otential explanation for a shift to small-sized M. rubrum 

uring summer in the GoR is that cryptophytes were the 
ost abundant in the period between weeks 26 and 32. 
 shift from larger to smaller M. rubrum during summer 
as also been observed in other Baltic Sea regions. This is 
xplained by increased grazing pressure ( Johansson, 2004 ; 
ychert, 2004 ; Witek, 1998 ), higher temperature ( Garcia- 
uetos et al., 2012 ; Haraguchi et al., 2018 ), and low DIN 

alues ( Haraguchi et al., 2018 ) during the summer. 
In line with future global projections, climate change 

cenarios for the GoR region foresee a continuation of 
lready occurring air temperature and precipitation in- 
reases. A consequent drop in frost and ice days will follow 

 BACC II, 2015 ). Overall, the winters will become milder, but 
he summers will become more pronounced. The changes 
ill promote stratification and inorganic nutrient (espe- 
ially nitrogen) limitation in the surface layer, as well 
s potentially decrease the light availability even further 
 Skudra and Lips, 2017 ; Sommer et al., 2012 ; Winder and 
chindler, 2004 ). Organisms with coping mechanisms to nu- 
rient deficiency in the euphotic layer (e.g., motile M. 
ubrum , diazotrophic cyanobacteria) will outperform oth- 
rs under such conditions ( Griffiths et al., 2016 ; Spilling and 
arkager, 2008 ; Wasmund and Uhlig, 2003 ). Moreover, fu- 
ure climate conditions appear non-detrimental to crypto- 
hytes ( Gaillard et al., 2020 ), thus predicting the contin- 
ous availability of cryptophyte-originated chloroplasts en- 
uring autotrophy of M. rubrum . Several studies have re- 
ealed that M. rubrum is able to remain photosynthetic 
nd survive for months at low irradiance ( Johnson and 
toecker, 2005 ) considering its efficient inorganic nutrient 
ptake rates ( Stoecker et al., 1991 ; Tong et al., 2015 ; 
ilkerson and Grunseich, 1990 ). Therefore, an increase in 
he prevalence of M. rubrum , along with a consequent rise 
n primary production, can be expected in the region, espe- 
ially during the summer period. 
Last, the present study demonstrated a close link be- 

ween M. rubrum (especially small-sized M. rubrum ) and 
PP in coastal waters of the GoR ( Figure 6 ). However, 
arge-sized M. rubrum was coabundant with small-sized M. 
ubrum for a short period of time, soon after the spring 
loom ( Figure 2 ), limiting direct comparison between them. 
t is highly likely that the unequal amount of available PAR 
n spring and summer had a role in the identified different 
ontributions to NPP between the size classes of M. rubrum . 
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