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The seasonal and spatial variability of primary production (PP) measured using '4C
method in two regions: open waters of the Baltic Sea and the Gulf of Gdansk were
discussed. The statistical analyses of 26-years dataset (from 1993 to 2018) allow to
confirm some regularities of productivity and find some features resulting mainly from
changing environmental conditions like solar insolation, temperature, and chlorophyll a
concentration. In the dataset, production values varied from 0.005to 7.8 g C m~2 day~'
in open waters and from 0.07 to 12.9g C m~2 day~ ! in the Gulf of Gdansk. Analysis
showed that PP in open waters were 6-17% lower than in Gulf of Gdansk in most of
the cases. In both regions, the periods of intense productivity in spring and autumn
were observed, but vegetation begins a month earlier in the Gulf of Gdansk than in
open waters. Probably the accumulation of nutrients after the winter causes the spring
bloom (April-May) in both regions to be more intense (even two times higher) than the
autumn bloom (September-October) associated with favorable hydrological conditions
resulting from summer insolation. The presented results showed slight downward trends
in productivity in both regions, the most visible in the spring in the Bay of Gdansk. This
confirms the recent reports on a possible improvement in the eutrophication state of the
Baltic Sea.

Keywords: primary production, 4C isotope light-dark method, Baltic Sea, trend, eutrophication

INTRODUCTION

The primary production (PP) in the world ocean as well as global carbon fluxes in the ecosystem
have been the subjects of the scientific interest for more than 50 years. The knowledge of the
mentioned phenomenon plays a fundamental role in understanding of the marine ecosystems
functioning as well as in explaining the changes of ocean productivity and the availability of marine
plankton, which is the base of the trophic pyramid in the ocean.

The energy transformation occurring in photosynthesis, depends on a number of environmental
factors such as surface irradiance and its transmission in the depths, the presence of
organic/inorganic matter suspended in the water and nutrient availability. Apart from temperature
and nutrients availability the solar radiation is the most important factor forcing photosynthesis
(Sathyendranath et al., 2019). This radiation mostly depends on geographical location but its
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instantaneous values that reach sea surface vary dynamically with
time in accordance with clouds cover. The transmission of light in
water body in various regions directly depends on the absorption
and scattering properties (attenuation) of sea water constituents.
In the case of eutrophic waters, shelf and semi-closed seas such
as the Baltic Sea, characterized by a relatively high content of
organic and inorganic as well as suspended and dissolved matter
the underwater light field and its spectral distribution differ. In
the Baltic more than 80% of the irradiance is absorbed in a layer
about 3 m thick as a consequence of the high trophicity of such
type of waters (Dera and Wozniak, 2010).

Seasonal variability of irradiance and temperature in the
Baltic waters together with strong fluctuation in concentration of
inorganic nutrients dissolved in its waters influence the changes
in species composition of phytoplankton and the amount of
total carbon PP. The phytoplankton species in the Baltic cover
a wide range of both marine and freshwater algal taxa. Their
size ranges from picoplankton (like for example in case of
cyanobacteria spherical cells of Merismopedia tenuissima with
diameter 0.5 pm) to microplankton (like in case of Gyrodynium
spirale (dinophytes) with size range 100-150 x 42-27 pum). The
respective group size can contribute significantly to biomass
of autotrophic organisms present in the Baltic ecosystems
(Schernewski and Neumann, 2002; Wasmund and Uhlig, 2003;
Lysiak-Pastuszak et al., 2004; Ronnberg and Bonsdorff, 2004;
Olenina et al., 2006; HELCOM, 2009; Gustafsson et al., 2013).

Several different regions can be identified in the Baltic
Sea ecosystem. One of them is the ecosystem of the Gulf of
Gdansk separated from the open sea with a thin and 30 km
long Hel Peninsula. This basin has a special importance for
the functioning of the whole marine ecosystem of the Baltic
Sea. It is heavily influenced by the human activities and
strongly fed with huge amount of inorganic nutrients by a large
Vistula river. High load of biogenic substances leads, among
others, to higher water turbidity and increases phytoplankton
biomass. It is visible during spring, summer, and autumn when
various phytoplankton species bloom. The high ones occurred
in 1994, 2001, 2003 and 2004 and reveal high concentration
of chlorophyll a as a phytoplankton biomass indicator and
also the main photosynthetic pigment (Wasmund et al., 2000;
Mazur-Marzec et al., 2006). Phytoplankton taxa forming blooms
have different specific of both photosynthesis and growth rates.
The highest ones was observed for nanoplankton (2-20 pm)
(Maranon et al., 2013; Piwosz, 2019).

Besides the '*C trace method the phytoplankton production
rates can be measured by the O, light-dark bottle method or
by the fluorescence techniques (Bender et al., 1987; Falkowski
and Raven, 2013; Regaudie-de-Gioux et al., 2014). The oxygen
method was a principal method for measuring marine PP until
it was supplanted by a much more sensitive '*C method first
outlined by Steemann Nielsen in 1952 (Stemmann Nielsen, 1952).
It is known that estimates derived from different methods are
not directly comparable (Marra, 2009; Regaudie-de-Gioux et al.,
2014). But even if we compare the results obtained using the
same method we need to know the measurement details. As it
was pointed out in many publications *C method and relatively
short incubation time (4 h) generate PP values that are close

to gross PP (Witek et al.,, 1997; Moigis and Gocke, 2003; Ask
et al.,, 2016; Purina et al., 2018). It is the most reliable method
and was recommended as standard for PP studies in the Baltic
Sea (Dybern et al., 1976). Heretofore the articles dedicated to
photosynthetic PP and *C method in the Baltic Sea present
short-term measurement campaigns within 2005 and 2002, 2009,
1994, and 1993 and 1983 (Renk, 1990; Ochocki et al., 1995;
Witek et al., 1997; Andreasson et al., 2009; Wielgart-Rychert et al.,
2017). In the review paper by Wasmund et al. (2000) it has been
revealed that from 1993 to 1997 the annual PP in the Gulf of
Gdansk equalled 225 ¢ C m~2. It was about 20% higher than
the average value for the period 1966-1995 (Renk et al., 2000).
The results of long-term measurement of PPs in the Baltic Sea
have been described by Kaczmarek et al. (1997). The authors
concluded the annual PP increased between 5.2 and 10 g C m™?2
in consecutive years 1968-1991 depending on the area. These
studies are extremely important in terms of observing the long-
term trends of changes occurring in the marine environments as
a result of human activity and the climate changes.

The unique data collected within 26 years by the research team
from Marine Optics Department of the Institute of Oceanology of
Polish Academy of Sciences (IO PAS) enabled the analysis of the
surface PP, the vertical distribution of PP in water column and the
total PP in the euphotic zone of the Baltic Sea. The purpose of the
current work was to analyze and describe the seasonal and spatial
variability of PP in two regions of the Baltic Sea: open water (OW)
and the Gulf of Gdansk (GG) based on dataset collected from
1993 to 2018. What is more, we assume the trends of PP in both
region are possible to estimate.

The presented analyses are substantial for understanding
of the marine environment functioning, verification
of biogeochemical or ecohydrodynamical models, and
mathematical formulas which describe the dependence of
photosynthesis in the sea on the environmental factors
(Schernewski and Neumann, 2002; Kowalewski, 2005; Wozniak
et al., 2011; Murray et al., 2019; Kratzer et al., 2020). The results
can also be used to validate the satellite algorithms dedicated to
the monitoring of the Baltic Sea state as well as to validate many
environment characteristics using remote sensing techniques
(Darecki et al., 2008; Siegel and Gerth, 2008; Zheng et al., 2020).

MATERIALS AND METHODS

Description of the Data Set

The data set presented in the paper includes the results of 244
experiments on the pelagic PP. The measurements were carried
out in the Baltic Sea, from the deck of r/v Oceania (ship’s owner:
IO PAS) in the years 1993-2018 and conducted mainly on Polish,
but also on German and Swedish waters. The locations of the
stations are shown at the maps in Figure 1. The collected data
set was divided into two regions: the Baltic Proper, signed as
OW (latitude and longitude range 54°50-59°00 N and 13°05-
21°20 E) and the Gulf of Gdansk, signed as GG. The amount of
data collected in OW and GG equaled 158 and 86, respectively.
The distribution of the data in each year and month during the
period of 1993-2018 in OW and GG are presented in Figure 2.
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FIGURE 1 | Location of stations where primary production (PP) in situ measurements were conducted within period 1993-2018 in the Baltic Proper (left panel) and
the Gulf of Gdansk (right panel). Adapted from Schlitzer (2020).
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FIGURE 2 | The amount of data (AoD) collected in consecutive months (A) and years (B) within period 1993-2018.

Frontiers in Marine Science | www.frontiersin.org 3 January 2021 | Volume 7 | Article 604532


https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Zdun et al.

Primary Production in the Baltic

Within 26 years of the measurements, the amount of the gathered
data changed from 1 to 40 profiles in consecutive months and
years. Only one experiment was conducted in January, June, and
December, while the highest number of data was collected in May
and September (Figure 2A). The lack of data is observed in 1996,
2002 in both regions as well as in 1997 and 2016 in the Gulf of
Gdansk (Figure 2B).

In parallel to the above mentioned PP measurements also
the hydrological conditions at the stations, the data on solar
radiation and the chlorophyll a concentration were collected.
According to the gathered data the hydrological conditions at
P116 station (54°39 N 19°18 E) located close to the border
of the Gulf of Gdansk were similar to OW’s region. That’s
why in further analysis the data collected at this station were
included in OW dataset. The data presented in the article has
been stored in the repository of IO PAS and they are available
online at: https://odis.iopan.pl/PP.

Method of Measurements

Primary Production

The primary production measurements were done with the
use of radioisotope method in light and dark bottles according
to Stemmann Nielsen (1952); Strickland and Parsons (1972),
Nielsen and Bresta (1984). The principle of the '*C technique is
the addition of '#CO, in the form of labeled sodium bicarbonate
NaH!*CO; to the water sample, where during photosynthesis
the algae incorporate the tracer into organic matter. It allows to
calculate the rate of the PP based on the known total content of
CO, in water and known amount of added *CO,.

The procedure of our measurements was the same during
the whole period of 26 years. The activity of the used isotope
was different in the selective years of measurements. Its values
changed in range 8409160-78557480 dpm (0.14-1.31 MBq) and
resulted from various sources of the used isotope origin. In
the period from 1993 to 2007 isotope solution was prepared
in 10 PAS’s laboratory according to Dybern et al. (1976).
Since 2008 the isotope from Danish Hydrological Institute with
activity 3.7 MBq (100 pnCi) per ml has been used. Values
of PP at the surface regardless of trophicity represented by
chlorophyll a concentration is presented in Figure 3. The One-
way ANOVA test conducted for PP during exposition normalized
to chlorophyll a concentration showed that the differences
between the groups of isotope are not statistically significant
at the 0.05 level. A similar lack of effect also occurs in the
water column.

The water samples were taken at the selected depths (0, 1, 2, 3,
5, 7, 10, 15, 20, and 30 m) which enabled a better observation
of the maximum of photosynthesis in the deep water profiles
of PP as well as the photo-inhibition processes occurring in the
Baltic phytoplankton cells near the surface. Most often the water
samples were taken between 08 and 10 a.m. UTC. Two or three
identical glass bottles (volume 100 ml) were immediately filled
with the water samples and then the isotope with a known activity
was added to each sample to obtain the final radioactivity of
37-296 kBq (1-8 pCi) per sample. The mentioned methodology
involved the use of light and dark bottles and their incubation at
individual depths to measure dark fixation of carbon.

The water samples were incubated in water column during the
4 h long exposition at midday. To avoid the potential shading
the samples were attached to a drifting buoy about 50 m from
the ship. After the incubation in the environment under the
natural light conditions the radioactive contents of the bottles
were filtrated through 25 mm diameter cellulose acetate filter
with a pore size of 0.45 pm (Sartorius). Subsequently, the
samples gathered on filters were placed in fumes of concentrated
hydrochloric acid (HCI) for 5 min and put into scintillation
vials. The vials were kept at room temperature in the dark
until the measurements on scintillation counter were taken
(Beckman LS 6000 IC).

4CO, fixation was measured by the uptake of '*C
radioisotope by phytoplankton during the exposure time.
The amount of *C appearing in the particulate matter was
measured as the § ray activity of the algae by counting their
scintillations in presence of appropriate scintillation solution
(Strickland and Parsons, 1972).

The values of the PP refer to the exposition time of the
samples at 10 depths in water column, Pe(z) expressed in
mg C m~> h™! and calculated according to the algorithm
(Nielsen and Bresta, 1984):

< dpma (z) > -total CO; - 13.356 - k; - ky - k3
dpmy,

Pe(z) = 1)

where:

<dpm,(z)> - the mean of differences between the activities of
light and dark bottles at depth z [dpm].

dpmy, - the activity of isotope *C [dpm].

total CO; - the total carbon concentration in the water sample
[mM dm~3].

13356 - the
following parameters:.

12 - the atomic weight of carbon.

1.05 — a correction of the effect of '#C; the uptake of the '*C
isotope is 5% slower than that of the 2C isotope found in nature.

1.06 - a correction of the respiration of organic
matter produced during the experiment, equals 6% at
optimal photosynthesis.

k1 - a correction of subsampling factor.

k2 - a time factor, e.g., used to convert production per 2 h to
production per hour, then k; = 0.5

k3 - a dimension factor, e.g., used to convert mg C dm~3 to
mg Cm~3, k3 = 10°.

To estimate the total dissolved inorganic carbon in

results from multiplication of the

the water sample the below formula is recommended
(Nielsen and Bresta, 1984):
total CO, = A, -F (2)

where:

A - titration alkalinity including correction to the content of
other seawater components (e.g., carbonates, borates, silicates,
phosphates, and fluorides) disturbing the measurement of
alkalinity (Glowinska et al., 1975).

F - the factor fixed for pHy and salinity (Nielsen and
Bresta, 1984); pH, value calculated based on in situ pH,
T and salinity as well as pH and T measured when
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FIGURE 3 | Comparison of the values of the surface PP, Pe(0) determined within 1993-2018 period using isotope with different activity with respect to chlorophyll a
concentration, Chl(0). The isotope activities expressed in dpm were shown as numbers and colored icons in legend.

hydrochloric acid (HCI) was added to the water sample
(Glowinska et al., 1975).

Although releasing of dissolved organic carbon by
different size classes of phytoplankton is a significant
fraction of carbon fixation (Malinsky-Rushansky and
Legrand, 1996; HELCOM, 2014; Thornton, 2014) no
correction for algal excretion is foreseen in the methodology
(Stemmann Nielsen and Jensen, 1957).

The daily PP per unit volume at 10 depths, Pd(z) expressed in
mg C m~? day~! was determined by multiplying the value of the
PP during the exposition by dimensionless light factor (LF) i.e., a
ratio of the light dose during the incubation period to a full day’s
dose of light:

Pd (z) = Pe(z) - LF(2) (3)
where:
LF (z) = Ne(2)
na(z)

Ne(z) - the solar energy dose within the visible light band reaching
depth z during the exposition of the samples [J m~3 nm~!].
N4(z) - the daily solar energy dose within the visible light band
reaching depth z [] m~3nm~!].
The values of daily PP in water column (layer from 0 to
30 m) under a square meter of surface per day, signed as

Pi(0-30) expressed in mg C m~2 day~! were calculated using the
trapezoidal integration with depths z:

Pi (0 — 30) = T Pd(z)dz (4)
z=0

The analysis of the above mentioned value of PP will be further
presented in the context of their temporal and spatial distribution
in the two regions of the Baltic Sea.

Hydrological and Radiometric Measurements

The salinity and temperature profiles were conducted using a
Guideline conductivity-temperature-depth (CTD) probe at the
beginning, at the end and in the middle of each PPs exposition.
The mean values were used for the Pe(z) calculations.

The distributions of wunderwater light fields were
determined based on the measurements of the vertical
profiles of spectral downward irradiance. The measurements
were performed with a spectroradiometer ~MER2040
(Biospherical Instruments, Inc.) in years 1993-2009 and a
high-performance free-fall aquatic profiler C-OPS (Compact
Optical Profiling Systems, Biospherical Instruments, Inc.)
in years 2009-2018. Both instruments were equipped
with above-water reference irradiance sensors to measure
incident irradiance.
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The radiometric measurements in the water column were
accompanied by continuous measurements of downwelling
irradiance in the whole spectra and in the PAR range made with
the use of Kipp&Zonen: CMP21 and CMP22 (pyranometers) and
PQS1 (PAR) sensors. The continuous measurements allowed to
calculate the daily doses of those irradiances used for light factor
calculation (Equation 3).

Chlorophyll a Concentration

The water samples used for the determination of chlorophyll
a concentration at the 10 mentioned depths were taken at the
same time as PP samples and filtered immediately under the
low vacuum conditions through 47 mm Whatman GF/F filters
with a 0.7 wm nominal particle retention. Then the filters were
instantly frozen in liquid nitrogen and kept in deep freezing
conditions until laboratory analysis could be carried out. The
pigments were extracted at room temperature in 96% ethanol
for 24 h. The determination of chlorophyll a concentration has
been performed with two spectrophotometers from 1993 till 2009
UV4-100 (Unicam, Ltd) was used and since 2010 Perkin Elmer
Lambda 650 has been in use. The absorbance (A) of pigments’
extracts was measured at 665 nm. The background signal was
corrected with the use of absorbance value in the near-infrared
region of the electromagnetic spectrum (750 nm). Subsequently,
the conversion of absorbance to chlorophyll a (Chl expressed in
mg m~3) was carried out according to the following equation
(Strickland and Parsons, 1972; Stramska et al., 2003):

10° - AA-V
Chl=— —""F (5)
83V, -1
where:
AA - the difference of absorbance [dimensionless];

AA = A(665 nm)—A(750 nm).

VE - the volume of ethanol extract [dm?].

83 — the chlorophyll a specific absorption coeflicient in 96%
ethanol [dm? g_l cm™ 1.

V. - the volume of filtered water [dm?].

1 - the path length of the cuvette [cm].

Statistical Method
For further analysis, based on the collected dataset in the analyzed
period of time, the PP values described below were determined:

(1) The monthly mean values in a consecutive year from
1993 to 2018 calculated for months with amount of data
more than 1: <Pe(z)>, <Pd(z)>, <Pi(0-30)>, <Ca(z)>,
<T(z)>, and <LF(z)>.

(2) The 26-years monthly mean values based on sets of
consecutive monthly mean values with amount of data
more than 1: <Pe(z)> 4, <Pd(z)> 26, and <Pi(0-30)> 5.

(3) The 26-years monthly median values Pd(z)med, 26
calculated based on the sets of consecutive monthly
median value Pd(z) ped-

In the case of parameters changing over a broad range
of variations, such as primary production — Pe(z), Pd(z),
Pi(0-30), and chlorophyll a concentration — Chl(z) statistical

analyses were carried out using the below mentioned logarithmic
transformation:

M~

log(Xm)

! (6)

1
Y

Xmean = (10) m

where:
Xmean — the mean value of parameter in the data set.
Xm — m-value of parameter in the data set.
m - the index of elements in the data set; m = 1,.. ., 12.
Y - the number of elements in the data set, Y = 1,..., 26.

RESULTS

The Primary Production During Time of
Exposition - Pe(2)

The yearly distribution of the surface values of primary
production - Pe(0), water temperature — T(0), chlorophyll a
concentration — Chl(0), and light factor - LF(0) obtained during
the period of 26 years are presented in Figure 4. In the collected
datasets there is a lack of chlorophyll a concentrations data, 17%
in OW and 19% in GG. Minimal and maximal values of those
parameters in respective months for the Baltic Proper and the
Gulf of Gdansk are presented in Table 1 and in Supplementary
Material (Supplementary Appendix Tables A1, A2). The lowest
values of Pe(0) were observed within the period January-
February in both regions (from 0.005 in 2003 to 2.55 mg C
m~3 h™! in 2016 OW and from 0.39 in 2003 to 3.10 mg C
m~2 h™! in 1998 GG). In March, Pe(0) values remain as low
as in winter in OW while increased more than 7 times in GG
(within the range from 1.01 in 1998 to 23.82 mg C m~> h~! in
2010). The highest values and range of changes of Pe(0) were
recorded within April-May, but in OW lower than in GG. Table 1
includes extremely high values which appeared occasionally in
individual years. In April the extreme Pe(0) values appeared,
respectively, in 2011 OW and in 2004 GG (67.12 and 142.48 mg C
m~>h™1). In turn in May, the extreme Pe(0) values were almost
equal in both regions and achieved 227.17 in 2009 OW and
214.28 mg C m~—? h™! in 1994 GG. In the period of September-
November organic matter production were still high, but lower
than within April-May. Next extreme values of Pe(0), exceeding
40 mg C m~2 h~! were noticed in October 1999 in OW. In the
next months the values of Pe(0) systematically decreased in these
regions with one exception in November in GG region when the
value of Pe(0) increased to 18.94 mg C m~>h~!in2018.

Most of the gathered data is in the range of two orders of
magnitude (77% in OW and 90% in GG). The mentioned data
were mainly collected in the trophic type of waters from E1 to E3
in both regions, which corresponds to the surface concentration
of chlorophyll a in the range 1-10 mg m~3 (Wozniak and
Pelevin, 1991). Only 5% of OW and 15% of GG data comes
from waters with much higher trophicity. PP lower than 1 mg
C m~2 h™! appeared in 22 and 8% of cases in OW and GG,
respectively, and corresponded with lower surface chlorophyll a
concentrations (<0.46 in OW and 2.15 mg m~? in GG). In both
regions the lowest values of Chl(0) appeared in the period of
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FIGURE 4 | The surface PP, Pe(0) (A,E), chlorophyll a concentration — Chl(0) (B,F), temperature — T(0) (C,G), and light factor — LF(0) (D,H) versus number of the day
in year within 1993-2018 in the Baltic Proper (OW, left column) and the Gulf of Gdansk (GG, right column).

January-March and they usually were less than 0.86 mg m~* with

2015 when they exceeded 1.64 mg m~2. In April, Chl(0)s changed

in a range of 1.84-31.60 and 4.07-9.10 mg m > respectively in
a few exceptions: in February 2016 and in March 2005, 2007, and  OW and GG. Then concentrations higher than 7 mg m™—> were
recorded in 60 and 64% of cases in OW and GG.
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TABLE 1 | Monthly changes (Min-Max) of surface values of the hourly primary production — Pe(0) (mg C m~3 h~), chlorophyll a concentration — Ca(0) (mg m~2),
temperature — T(0) (°C), and light factor — LF(0) (dimensionless) within 1993-2018 in the Baltic Proper (OW) and the Gulf of Gdansk (GG).

Region 1 n L] v v vi viiil IX X X1 X
ow Pe(0) Min 0.50 0.005 0.13 0.57 0.17 - 0.91 0.10 6.06 2.47 2.31
Max 1.45 2.55 2.45 67.12 22717 - 8.57 28.99 48.68 7.84 -
Chl(0) Min 0.41 0.59 0.45 1.84 0.48 - 1.77 1.35 1.99 2.65 2.04
Max 0.81 3.37 2.55 31.60 108.10 - 2.08 5.23 6.97 3.95 -
T(0) Min 4.21 1.76 0.88 212 6.03 - 16.71 13.40 9.89 7.55 -
Max 5.00 4.45 4.50 6.10 17.70 - 18.66 18.43 16.32 12.41 -
LF(0) Min 0.48 0.42 0.33 0.28 0.25 - 0.28 00.24 0.36 0.45 0.78
Max 0.74 0.68 0.68 0.56 0.51 - 0.49 0.61 0.69 0.71 -
GG Pe(0) Min 1.85 0.39 1.01 0.14 1.20 42.09 0.90 5.31 5.19 4.24 3.11
Max - 3.10 23.82 142.48 214.28 - 12.16 28.23 12.47 18.94 10.12
Chl(0) Min 2.54 0.55 5.00 2.47 1.11 24.63 2.19 1.80 2.07 3.06 2.39
Max - 0.69 37.99 62.76 29.15 - - 8.86 5.98 5.58 3.91
T(0) Min 3.49 - 1.58 4.07 6.12 15.01 12.72 16.21 10.90 5.38 6.38
Max - - 4.30 9.10 17.21 - 19.21 18.71 16.74 10.96 6.64
LF(0) Min 0.49 0.42 0.32 0.25 0.24 0.44 0.27 0.24 0.35 0.53 0.74
Max - 0.72 0.61 0.67 0.47 - 0.42 0.73 0.74 0.71 0.79

Months from January to December were signed, respectively, as I-Xil.

The temperature values at the surface, T(0) changed in a range
0f 0.88-18.66 and 1.41-19.21°C, respectively, in OW and GG. In
the current analysis, the influence of temperature on the PP was
not examined and the temperature information was given as a
measurements background. However, it is worth noting that he
lowest temperatures were measured in March (from 0.88 in 2011
to 4.45°C in 2007 OW and from 1.41 in 2005 to 4.60°C in 2007
GG), while the highest values of T(0) were observed in 50% of
cases in September.

The use of light factor LF parameter to calculate daily PP
allows to consider the light conditions prevailing on the day of
measurement. The LF values at the surface changed in range
0.24-0.79 within 26 measuring years in both Baltic Sea areas.
The values lower than about 0.50 appeared in cases of such days
when the solar day lasted 14-17 h (April-August). Higher values
were observed in winter time when the solar day lasted about 8 h
and then about 70-80% of daily solar radiation falls on the PP
exposition time.

The Daily Primary Production Per Unit

Volume - Pd(z)

The monthly mean of daily PP at 0 m determined for 26 year
period, <Pd(0)>,6 expressed in mg C m~? day~! and their
standard deviation (£SD) are presented in Table 2. The seasonal
distribution of the means of a daily PP at 0 m was not significantly
different from the distribution of Pe(0) in both Baltic regions. The
winter values Pd(0) were the lowest in both investigated areas, but
the values in OW were almost two times lower than the ones in
GG, respectively <9 mg Cm~> day~! and <16 mg C m~3 day~!.
In March OW values were still as low as the winter ones while they
rised up about 10 times in GG. In April GG values remained two
times higher than in September.

The mean values of daily PP are sensitive to extremely high
values in the analyzed dataset. Such extreme values occasionally
appeared within 1993-2018 also at various depths like in

February 2016 in OW. Then the values of Pd were extremaly high
in comparison to other years and maximum Pd at 5 m equalled
81 mg Cm~? day~ L. Vertical distribution of Pd changed strongly
in every month in both regions. From March to November
stratification in water column was observed in OW and GG. In
May, maximum daily PP changed from 49 in 1998 to 3507 mg C
m~3 day~!in 1993 at 3 m and 0 m in OW and from 85 in 2012
to 8531 mg C m~> day ! in 1994 at 3 m and 1 m in GG. The
noticeable high value Pd = 422 mg C m~2 day~! at the surface
in June 2017 GG was the only one obtained at that time within
26 years of mesurements in the Baltic Sea.

Therefore, the characteristic features of vertical profiles (values
and differences in the location of maximum) that change between
months are presented using median, Pd(z)yeqd 26 of individual
months calculated on the basis of the number of data collected
in each month within 1993-2018 (Figure 5). As we can see
the most stable water column and at the same time the lowest
Pdpeq 26 Values appeared in winter, for example in most cases in
February they changed from values near 0 at almost each depth
to 20 and to 40 mg C m~2 day~! at the surface, respectively,
in OW and GG. In other seasons within 1993-2018 a strong
interregional variability of the daily PP in water column was
observed. Vegetation season started earlier in GG than in OW.
In March in GG Pdyyeqd,26 =211 mg C m~3 day~! at 1 m, while in
OW they were as low as winter values and equalled 22 mg C m~3
day~! at 2 m. Until November median values of PP remained
significantly higher in both regions, even taking into account the
lack of data in July and low number of data in August (8 and 2 in
respective regions). The maximum values of Pdyeq 26 observed in
both regions in April were much higher than in the other months.
In both regions the location of Pd(z)med,26 maximum appeared
at the same depths: at 2 m in April and 1 m in September. From
November to February maximum Pd appeared in layer 0—1 m. In
the period from April to September clear differences are visible
below the maximum, almost every month Pdy,eq 26 at the 10 m
depth were 2 times higher in OW than in GG. Probably due
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36.07 + 16.95
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40.58 +£ 17.65
57.02 £+ 28.93

X
170.84 £ 151.36
129.17 £ 24.10

IX
99.06 + 81.73
134.36 + 101.26

Vi viil
- 69.53 + 35.11
386.88 64.76 + 73.02

\"
194.28 + 664.90
280.84 + 736.06

Il 11l v
7.45+4.78 8.16 £9.13 127.04 £ 189.27
102.16 £ 73.40  336.29 + 442.60

11.73 £13.80

1
710 £3.29
15.24

TABLE 2 | Monthly mean of daily primary production at 0 m, <Pd(0)> ¢ and standard deviation (+SD) expressed in mg C m~3 day~ " calculated based on data collected within 1993-2018 in the Baltic Proper (OW)

and the Gulf of Gdansk (GG).

Region
W
GG

Months from January to December were signed, respectively, as I-XIl.

to variability of Pd(z) in individual years, two-modal profil with
maximum at 3 and 7 m appearred in May in OW.

The Daily Primary Production Under a
Square Meter of Sea Surface - Pi(0-30)

The monthly mean <Pi(0-30)> ¢ determined for 26 year period
were listed in Table 3 and presented in Figure 6. The seasonal
distributions of <Pi(0-30)>,¢ in OW and GG were similar to
each other. The lowest values (<0.21 g C m~2 day~!) appeared
in winter in the months from December to February, while the
highest ones in Aprils and Mays (>2 g C m~2 day~!). Spring
values were two times higher than in September and October and
the values of <Pi(0-30)>,¢ in OW were 6-17% lower than in
GG in most of the cases. As in the analysis of the hourly and daily
values of PP at the surface particularly high values of <Pi(0-30)>
were also recorded in individual years. For example in OW the
value of <Pi(0-30)>= 0.87 g C m~2 day~! in February 2016
was noticeably higher than in other years (less than 0.20 g C
m~2 day~!) or in October while the value in 2005 was almost
4 times higher (about 2.50 g C m~2 day~!) than within the
period of 2004-2013. Stratification in water column has been
noticed for instance in GG in May 1994 when the value of <Pi(0-
30)>=12.93 g C m~2 day~! was about 10 times higher than the
mean and median values within the period 1993-2018.

DISCUSSION

Although the data gathered in both regions are irregularly
distributed over the period of 26 years of measurements they
still allow to point out differences and similarities within 1993-
2018. The monthly pattern in the Baltic region was reported
by other authors. Wasmund and coauthors (Wasmund et al.,
2000) established the lowest biomass in the Baltic Sea in
winter (January-February). In the Baltic Proper (eastern part
of Gotland) the winter conditions last until even the beginning
of April, while in the Gulf of Gdansk the spring bloom can
start earlier, even in Fabruary or March. In the paper by
Witek et al. (1997) the minimal PP in the Gulf of Gdansk
was shown in February whereas the highest values in April.
Analogous observations can be found in Renk (1990), Ochocki
et al. (1995), Andreasson et al. (2009), Wielgart-Rychert et al.
(2017), and Kudryavtseva et al. (2019). It is worth noting that
the absolute values of PP obtained by the other authors are lower
than those discussed in this paper. Larger differences appeared
in bloom seasons (spring and summer) with higher biomass
concentrations than during winter conditions. The PP Pi(0-30)
in water body of GG in 1993, obtained by Witek et al. (1997) in
February changed in the range 0.01-0.05 g C m~2 day~ !, in April
ranged 0.44-0.98, in May 0.82-3.82, and in October 0.20-0.84 g
Cm~2day L.

The differences between results of measurements fits the
range of PP variability in various regions and seasons in the
Baltic Sea which exceeds three orders of magnitude. Significant
spatial differences in productivity are observed even at short
distances - especially during the bloom periods. Sensitivity of
the photosynthesis process to external environmental conditions
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FIGURE 5 | The median of PPs in water column, Pd(z)meq,26 for the Baltic Proper (A) and the Gulf of Gdansk (B) calculated based on individual amount of data in
each month from period 1993-2018 shown as number in legends.

TABLE 3 | Monthly mean of daily primary production integrated in layer 0-30 m, <Pi(0-30)> s and standard deviation (=SD) expressed in g C m~2 day~ ! calculated
based on data collected within 1993-2018 in the Baltic Proper (OW) and the Gulf of Gdansk (GG).

Region | [} 1] v \' vi viil IX X X1 X
ow 0.094+0.04 0154+022 0354+028 209+186 1.704+1.35 - 1.09+041 018+0.73 1.21+0.89 0.26+0.11 0.08
GG 0.19 0.13+0.07 1424+080 2384175 206+279 153 037+042 113+048 1.08+0.77 0284021 0.21+0.13

Months from January to December were signed, respectively, as I-XII.

A 100 ¢ B 100
_g 10 :: 10 ¢
E E
o 1 ) é [J?—I O 4L ? h =] é
a | é )
2 = | 5 | =
o
& 01 __%} | 2ul P T
(=) F =
T o
0.01 . 0.01
Q A I R N T S dQ Q& D N @ N &S
FFE TN F I FFFE TP ¢ F
¥ & ~ A &F & F ¥ & \s 0‘2@ &F
Month @ AN Month @ N
FIGURE 6 | The monthly distributions of integrated PPs, Pi(0-30) in the Baltic Proper (A) and the Gulf of Gdansk (B) within 1993-2018. The line indicates median
values, 25th and 75th percentile of data as well as their minimal and maximal values.

was usually recognized as the main reason of the differences The main reasons of the discrepancies are the measurement
in the absolute values of PP determined in situ. In our case, details, in particular the used filters. According to HELCOM,
however, the discrepancies are not only due to natural causes. ~Whatman GF/F filters with a 0.7 um nominal particle retention
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are recommended for PP determination using '*C method
(HELCOM, 2014). The use of filters with smaller pores (cellulose
acetate filter with a pore size 0.45 pm) in our measurements
makes it possible to take into account smaller phytoplankton
fractions (Nielsen and Bresta, 1984), which can significantly
increase the value of determined PP. The study of plankton
diversity in the Baltic waters reveal that pico- and nanoplankton
can dominate from 5 to even 98% of the total phytoplankton
biomass and those algae taxa have higher specific photosynthesis
and growth rates than the larger cells (Wasmund and Uhlig,
2003; Jakubowska and Szelag-Wasielewska, 2015; Hu et al., 2016;
Vanharanda et al., 2020). Biomass of picocyanobacteria like
Synechococcus spp. or Synechocystis spp. can pose up to 80% of
total bloom biomass, and they can be responsible for even 50%
of PP in the bloom (Stal et al., 2003; Mazur-Marzec et al., 2013).
Results of our comparative analyzes of chlorophyll fluorescence
intensity measured in situ and in filtered water (GF/F) confirmed
that small organisms can contribute from 0.13 to 81.5% of total
chlorophyll a content in water column (unpublished data).

The seasonal surface and vertical distributions of daily PP
mainly depend on insolation and water transparency (Renk,
1990; Ochocki et al., 1995). In the Baltic Sea, the photysyntetic
maximum occurred at the surface or at 1 m and monotonical
decrease with depth in late autumn and winter (Figure 5).
Due to rising insolation from springtime the maximum of PP
appeared at different depths, usually 1-3 m and even at 5 m in
the case of extremally solar conditions, which may indicated an
photo-inhibition of production in the layer above this depth, but
also nutrients limitation at the surface (Hakanson and Bryhn,
2008; HELCOM, 2018; Savchuk, 2018). The statistical analyses
carried out on a 26-years data set allow to find some regularities
in values of productivity resulting from different hydrological
and biological conditions (temperature and chlorophyll a
concentration at surface — T(0) and Chl(0), respectively) in
subsequent months and years. Surface chlorophyll a can be used
as a proxy of phytoplankton biomass. At the same time, its higher
values indirectly indicate the availability of nutrients in the water.

Just like in February 2016 in OWs: when Chl(0) was almost 3
times higher and simultaneously values of Pi(0-30) more than 5
times higher than in other years. Perhaps it is due to the high
availability of nutrients after the winter season. Based on our
observations, we can also speculate that due to used different
filters type, the low chlorophyll a concentration and high PP
correspond to high amount of pico- and nanoplankton cells, but
this requires further research and analysis.

The largest number of measurements in the open sea region
(OW) were collected at station P1 and in the gulf region (GG) at
station 92a. The amount of data was 19 in both cases. Tables 4, 5
present the individual values of surface daily PP for both of these
locations against the appropriate monthly means, <Pd(0)> 6
calculated based on all data within 1993-2018, respectively, for
OW and GG. The results of our studies at the P1 station were
compared with those received in 1983 by Renk (1990). The data
presented in tables indicate significant, even 10-fold differences
in the value of PP occurring in subsequent measuring years at
the same location and month. At both stations singular PP values
deviate significant from respective monthly means obtained in
OW and GG. The highest diversity appeared especially in months
with spring bloom (April-May) and they were always higher than
those calculated for September. One exception was observed in
2015 at 92a. Then the opposite situation took place: in April
Pd(0) values were much lower than those in September, 1.18 and
49.85 mg C m~3 day !, respectively. Similar features i.e., higher
values in May than in September were also observed at the P1
station by (Renk, 1990).

The Baltic Sea eutrophication mainly due to the past and
present excessive inputs of the total nitrogen and phosphorus
is observed by the international community and reported for
many years (HELCOM, 2009, 2014; Gustafsson et al., 2013).
Following the result of eutrophication is increasing production
of the primary organic matter. As it can be seen in Kaczmarek
et al. (1997), an increase of productivity was observed in the
years 1968-1991 in the Baltic Proper and the Gulf of Gdansk
(Figure 7A). The largest increase was observed in Bornholm

TABLE 4 | The daily primary production, Pd(0) (mg C m~3 day~ ) determined for P1 station (54°50N 19°20E) in consecutive years and the mean monthly values for the
Baltic Proper (OW) within 1993-2018 together with data for station P1 from 1983 given by Renk (1990).

Current results Renk (1990)
Station P1 P1 P1 P1 P1 P1 P1 P1 P1 P1 P1 P1 Mean OW P1 1983
year 1994 1998 1999 2001 2003 2004 2005 2006 2008 2011 2014 2016 1993-2018
month
| - - - - - - 4.15 - - - - - 7.10 -
I - - - - - - - 7.37 - - 15.68 7.45 -
Il - - - - - - 6.31 - - - - - 8.16 18.00
IV - - 551.10 - 51.4 352.48 - - - - - - 127.04 -
\ - - - 29.14 16.52 - - 113.85 - - - - 194.28 125.00
Vil 76.91 - - - - - - 7.61 - - - - 69.53 -
IX - - - - - - - 29.77 175.85 - - - 106.01 70.00
X - 67.60 - - - 140.57 219.43 - - 186.49 - - 170.84 -
Xil - - - - - - - - - - 41.66 - 12.69 -
Months from January to December were signed, respectively, as I-Xil.
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TABLE 5 | The dalily primary production, Pd(0) (mg C m~3 day~") determined for 92a station (54°35N 18°40E) in consecutive years and the mean monthly values for the

Gulf of Gdansk (GG) within 1993-2018.

Station year 92a 1995 92a1998 92a2004 92a2005 92a2007 92a2012 92a2013 92a2015 92a2017 92a2018 Mean GG
month 1993-2018
Il 172.83 10.65 - 41.86 101.03 - 143.90 - 127.83 - 102.16
IV - - - 147.59 - 93.25 - 1.18 - - 336.29
\ - - - - 108.76 - - 11.60 - 42.68 280.84
IX - - 153.08 - - - 49.85 158.07 - 164.52
X - - - - - 59.42 - - - 56.23 129.17
X - - - - - - - - - 107.43 57.02
Xil - - - - 33.00 - - - - - 36.07
Months from March to December were signed, respectively, as llI-XIl.
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FIGURE 7 | Seasonal trends of (A) the primary production determined by Kaczmarek et al. (1997) for the open Baltic waters (region A, B, C) and the Gulf of Gdansk
(region D) and (B) the primary production in water column — Pi(0-30) determined in the Baltic Proper (OW) and in the Gulf of Gdansk (GG) within 1993-2018.

region and narrow region above the Gulf of Gdansk especially in
spring. The Baltic countries undertake a number of joint actions
to improve the condition of the ecosystem of this sea, but 97% of
the Baltic Sea area still suffers from eutrophication (HELCOM,
2018). However, the recent HELCOM report found a decrease
in eutrophication factors in some regions of the Baltic Sea in
2011-2016, including in the Gulf of Gdansk (HELCOM, 2018).
The confirmation of these observations can also be found in
our investigation. The analyses were carried out for the spring
(March-May) and summer-autumn (June-October) periods for
both regions and decreasing trends were founded (Figure 7B).
The Pearson’s correlation coefficient (r) does not exceed 0.5,
nevertheless it can be assumed that the trend can be visible
and probably will be observed in the next years. It requires
further observations.

CONCLUSION

Primary production at the stations located in the Baltic Sea region
were discussed using the data set collected within 1993-2018. It
contains 244 vertical profiles with 4h incubations of the PP -
Pe(z) (mg C m~3 h™!) and the daily PP - Pd(z) (mg C m~3
day~!) as well as the integrated PP in layer 0-30 m - Pi(0-30) (g
C m~2 day™!) values calculated on their basis. For two regions
of the Baltic Sea: Baltic’s open water and the Gulf of Gdansk

the regularities and characteristic features of productivity were
determined and analyzed.

Within 26-years’ data base a large natural variability of
productivity in the Baltic Sea was revealed showing almost 4-
order differences in subsequent months and years. Capturing
measurement repeatability even when limited to a single location,
as it was done for Pl and 92a station, is not possible due
to the complexity of the problem. However, a slight upward
trend of PP within 1993-2018 can be observed in the Gulf of
Gdansk in spring, while in summer-autumn period as well in
the Baltic Proper the trend is clearly decreasing. The obtained
results confirmed observations conducted by HELCOM (2018)
and showed a slow decreased of eutrophication in the Baltic Sea
within 1993-2018.

The obtained PP values are higher than those reported in the
literature which may be caused by use of 0.45 pm pore size filters
instead of 0.7 wm applied in most of the research centers. In the
future it is planned to conduct fractionating experiment of PP to
validated that the filter choice causes a systematic difference.

Despite the quantitative differences in productivity, the results
of the analysis of 1993-2018 confirm the seasonal characteristics
of the Baltic Sea. The lowest productivity was observed in winter
(<9 mg Cm 3 day ! and <0.87 g C m~2 day~! in gulf waters
and <16 mg C m~3 day~! and <0.34 g C m~2 day ! in the
open Baltic) when phytoplankton biomass was also low (Chl(0)
<1 mg m~?) in both Baltic locations. In March PP in gulf waters
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increased 10-fold due to the high load of nutrients after winter
period while in the OWs production in March was still low and
began to grow in April. Primary production both on the surface
and in water column increased significantly two times per year:
in the Gulf of Gdanisk in April (0.346 + 0.44 g C m~3 day~! and
238+ 175gC m~2 day’l) and September (0.13 £ 0.10 g C
m~2 day~! and 1.13 £ 0.48 g C m~2 day!) and also in water
body in the Baltic Proper (2.09 4 1.86 and 1.18 4 0.73 g C m~?2
day~!), but the maximum at the surface OW's were shifted to May
and October (0.19 % 0.67 and 0.17 + 0.15 g C m~> day~!). In
months with the highest productivity the surface chlorophyll a
concentrations reached 62.96 in 1999 GG and even 108.10 mg
m~? in 1993 OW while the higest temperature at the surface
(>17°C) were observed in September.
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