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of suspensions inthe southern Baltic Sea
Justyna Meler!, Dagmara Litwicka®, M onika Zablocka®

'Instituteof Oceanology Polish Academy of Sciences, Powstahcow Warszawy 55,81-712 Sopot, Poland
Correspondence to: Justyna Meler (jmeler@iopan.pl)

Abstract. Measurements of light absorption coefficients by particles suspended in seawater (ap (1)), by phytoplankton (apn(1))
and detritus (ad (1)) were carried out in the southern Baltic Sea waters. Measurements were performed for the original
(unfiltered) seawater samples and the four selected size fractions: pico-particles with diameters (0.2-2 um), ultra-particles with
diameters  (2-5 um), nano-particles with diameters (5-20 pum) and micro-particles (20-200 pm). Chlorophylla (Chla)
concentrations and total suspended particulate metter (SPM) concentrations were determined. The proportions of particles
from the size classes (micro, nano, ultra and pico) in the ap(443), apn(443) and ad(443) total light-absorption-by particles;
phytoplankton-anddetritus—were determined. Particles with sizes < 5 um (i.e. pico and ultra-particles) had the largest
contribution to the total particles absorption - an average of 38% and 31%. Particles of 5-20 um accounted for approximately
20% of ap(443)ak-particles and aph(443)phytoplankton and 29% of ad(443)the-detritus. The contribution of large particles >

20 um averaged 5-10%. Tenporal and spatial variability of particles contributionsin size classes was also observed.

The average chlorophyll-specific and mass-specific light absorption coefficients, i.e. light absorption coefficients
normelized to Chla and to SPM concentration, were determined for all size fractions. The determined average chlorophyll-
specific light absorption coefficients ap©"2(1), ad“"2(1) and apn©"?(1), along with standard deviations, do not allow clear
separation of the individual fractions. For mess-specific lightabsorption coefficients, ap®™(1), ad®™ () and apn&™(), itis
possible to distinguish between large particle fractions (microplankton —20-200 um) and smell and medium particle fractions

(0.2-20um)._These preliminary results will allow nmonitoring of suspended natter in size classes in optically conplex waters

of southern Baltic Sea.

1 Introduction

The biogeochemical and optical properties of coastal waters vary greatly due to high biological productivity, input ofterrestrial
naterial and resuspension of benthic metter (D'Sa, Miller and Del Castillo, 2006; Hoepffner and Sathyendranath, 1992).
Additionally, these regions are particularly sensitive to environmental changes. This is due to changes in the populations of
phytoplankton and other particles in these ecosystens. Hence, their hydrographicand biogeochemical conditionscan change

in a short time. Knowledge of the size structure of phytoplankton populations and the effect of mineral and detritus particle
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sizes on light absorption isessential to better determine theimpact ofclimate change on coastal merine systens (e.g., Le Quéré
et al., 2005).

Seawater suspended particle matter (SPM) is an unknown mixture of organic and inorganic conpounds, and its
conposition varies spatially and tenporally as a function of various physical (e.g., tides) and biogeochemical (e.g.,
phytoplankton bloons) factors (D'Sa and Ko, 2008; Eleveld et al., 2014). The variability of the type and source of particles
present in the marine environment inplies the variability of its absorption properties in time and space. Accurate linking of
inherent optical properties (IOP) with measurements and predictions of particle population characteristics remains a mgjor
scientific challenge, especially in optically conplex waters. (McKee and Cunningham, 2006; Davies et al., 2014), which also
includes the Baltic Sea. The absorption properties of particles suspended inthe water colunm vary significantly depending on
their type. The light absorption coefficient by suspended phytoplankton organisns, aph (L), is related to the composition of
pigments contained in algal cells and its spectral shape has two characteristic mexima (approximately 400-490 nm and 660-
690 nm). For the remaining suspended particles (detritus and mineral particles), the light absorption spectrum ad(X), is
characterized by a nonotonic decline of exponential shape. The relationships between the coefficients aph(A)and ad(r) and the
concentration of suspended substances present in the water has been the subject of research of many authors (Babin et al.,
2003; Wozniak et al., 2011,2022; Meler et al., 2016 a,b, 2017,2018; Castagna et al., 2022). The common knowledge is that
changes in the spectral shapes of the absorption coefficients follow the changes in size distribution of particles. For
phytoplankton, in particular, it has been shown that small phytoplankton exhibit higher absorption coefficients for short blue
wavelengths and more pronounced mexima conmpared to large phytoplankton cells. The larger the phytoplankton cells, the
greater the ‘flattening’ of the absorption spectrum (Morel and Bricaud, 1981; Sathyendranath et al., 1987; Ciotti et al., 2002).

Chlorophyll a (Chla) concentration is a neasure of phytoplankton biomess and, together with the size structure of
phytoplankton populations, are key ecological indicators inthe marine environment (Plattand Sathyendranath, 2008). Changes
in these indicators can help detect how themarine ecosystem may respond to natural variability (e.g., innate climate variations)
and antropogenic changes (e.g., anthropogenic climate change). The light absorption properties depend on the physical and
chemical nature of the water and its constituents and therefore can provide biogeochemically useful information about the
conrposition of the particulate matter suspended in water.

The characteristics of the spectral coefficient aph(X) can be used to infer the size of phytoplankton,as well as
taxonomic information. These techniques are notas sensitive as direct pigment analyzes, especially in optically conplex waters
with high spatial and tenporal variability both in terms of phytoplankton and detritus concentration and conrposition (Bricaud
and Stranski, 1990; Bricaud et al., 2004; Ciotti et al., 2002; Mouw et al., 2017). However, direct measurements of the light
absorption coefficient of suspended particles can provide useful informetion on the size of phytoplankton, which can be used
as a basis for methods for estimating the size structure of phytoplankton populations (Bidigare et al., 1989; Moisan et al., 2011;
Organelli et al., 2013; Zhang et al., 2015).

The variability of light absorption coefficients by different size fractions of phytoplankton in thenatural environment
has so far been described only by Ciotti et al. (2002) for the Bering Sea and the Oregon coast. Ciotti et al. (2002) found that
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nore than 80% of aph variability can be explained by the combined effects of dominant size class and pigment variability and

developed a two-component nodel that relates seawater sanples to phytoplankton size structure. The—shape—of-the

o-thel nectral nmean—inthe 400 00 nm-ranae orresnonding to-100% dominance niconlan on-and-1009% micronlan on—in

thephytoplanktonpopulation{Ferreira—et-al2013)-The total light absorption in seawater can be obtained from satellite data

using the models of Loisel and Stramski (2000) and Loisel and Poteau (2006) by taking the absorption coefficients by
phytoplankton and detritus together with dissolved organic metter obtained from analytical deconposition or nonlinear
optimization (Ciotti et al., Bricaud, 2006; Bricaud et al., 2012). Further nodels of absorption depending on size fractions were
proposed by Mouw and Yoder (2010) and Devred et al. (2006, 2011). These nodels use the concentration of Chla calculated
from satellite data and allow one to determine the absorption of particles in twosize classes: small (<20 um) and large (> 20
um) particles.

Other studies reported by various authors concern the nodeling or paraneterization of light absorption by
phytoplankton indirectly, on the basis of Diagnostic Pigment Analysis (DPA) (Vidussi et al., 2001; Uitzet al., 2006, 2008;
Brewin et al., 2010,2012; Hirata et al., 2008,2011), where three particle size classes are defined: picoplankton, nanoplankton,
and microplankton. Various approaches to identify the size structure of phytoplankton populations from satellite data are

detailed in the IOCCG report (2014), which describes the possibilities of developing algorithns for renpte determination of

the contribution of various functional types of phytoplankton (PFT) included in the total population in the waters under study.

The PFT concept is used in the study of a number of ecological and biogeochemical problens, especially in model studies. A

specific functional typemay represent a group of different species related to each other due to certain distinguished features.

This approach is of growing interest as itallows for a nore thorough study ofthe role of phytoplankton in global sea and ocean

cycles involving thecirculation of mejor chemical elements such as carbon, nitrogen, sulfur and iron, as well as photosynthesis

and primary production.)

The above nentioned methods of estimeting the contribution of phytoplankton size classes Such-redels-do not work

for the Baltic Sea, which is a reservoir classified as optically conplex (for the DPA nethod, the results are presented in Meler
et al., 2020). The Baltic Sea is a semi-enclosed basin, shallow, characterized by low salinity and a very large inflow of
substances from land. This water basin is also characterized by specific optical properties, different from ocean waters
(Kowalczuk et al., 2006, 2015; Meler et al. 2016 a, b,2017,2018; Wozniak et al., 2011,2020,2022). Therefore, nost of the
algorithms (mathematical formulas) used to interpret renote observation methods of marine and oceanic environments are not
applicable to the Baltic Sea, as they do nottake into account the specificity of its waters and hence are subject to large errors.
They should be nodified or replaced with new ones. For thispurpose, insitu studies should be carried out, which would allow
todirectly determine the light absorption coefficients notonly by phytoplankton, butalso by all particles and detritus in various

size fractions._The research described in this paper is in linewith theobjectives and guidelines of the Monitoring and Evaluation

Strategy of the Helsinki Commission (HELCOM), which ains to ensure the evaluation and monitoring of data that can be used
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by HELCOM, both for international and national nonitoring. The strategy is designed to ensure data production and

dissemination by contracting parties of EU Member States. These countries are obliged to conply with several EU directives,
such as the Marine Strategy Framework Directive (MSFD), the Water Framework Directive (WFD), the Habitats and Birds
Directives, the EU Strategy for the Baltic Sea Region (EUSBSR) and the EU Integrated Maritime Policy (HELCOM, 2013).

First of all, the Strategy ains to support ecosystembased meritime spatial planning (MSP) in the Baltic Sea based on

ecosystem It is done by enabling high-quality spatial data and assessment toolsfor MSP purposes.

The aim of our research was to investigate the variability of the spectra of the light absorption coefficients by different
size fractions of suspended particles (ap) present inthe Baltic Sea, in the division into phytoplankton (aph) and detritus (ad). It
was carried out for four distinguished size classes: picoplankton (with dianeters of 0.2-2 um), ultraplankton (2-5 pm),
nanoplankton (5-20 pm) and microplankton (20-200 um) according to the division proposed by Sieburth et al. (1978) and
Ciotti et al. (2002). The specific objectives were: 1) to determine the contribution of size classes in the total lightabsorption
by particles, phytoplankton and detritus, 2) to determine the average chlorophyll-specific and mess-specific light absorption
coefficients, i.e,, lightabsorption coefficients normelized to the concentration of Chla or the concentration of suspended
particulate metter (SPM) ) for distinguished size classes._Our research nay be useful in examining whether the use of SPM
and Chla data from MERIS or other optical sensors installed on satellites (e.g. OLCI - Ocean and Land Color Instrument) can
be used as "high-quality spatial data” and as a HELCOM regional assessment tool.

2 Materials and methods

2.1 Description of study area and water samples

Seawater sanples were collected in the southern part of the Baltic Sea, from December 2020 to October 2021. The dataset
includes 22 sets of data collected during 3 research cruises onboard the R/V Oceania (in February, April and September 2021)
and 16 sets of data collected duringfield experiments on the most protruding part of the pier in Sopot (Poland). Figure 1 shows
the location of the measurement stations.

The principal factor affecting the variability of the inherent optical properties of Baltic waters in the euphotic zone is
the seasonal cycle of biological activity (Sagan, 1991; Olszewski et al., 1992; Kowalczuk et al., 1999,2005; Meler et al., 2016

ab). This cycle is governed by physical, biological and chemical processes, which cause the bionmsss and species conposition

tovary with time. As a consequence there are three main phytoplankton blooms: aspring bloom of cryophilous diatons, which
then transforms into a bloom of dinoflagellates; a summer bloom of cyanobacteria; and an autunrm bloom of thermophilous

diatons (Thamm et al. 2004, Wasnund et al. 2001, Witek and Plifiski 1998). The spring bloons can take place flom early

March to May, the summer ones in July/ August and the autunrm ones from Septenber to October (Wasmund et al. 1996,

Thamm et al. 2004, Wasnmund and Uhlig 2003). In winter, biological activity is minimal. The maximum runoff of river waters

occurs at the turn of Apriland May, and it often coincides with the spring bloom of phytoplankton initiated by an increase in

air and water tenperature and more sunlight. River waters carry large amounts of organic dissolved substances (DOM) and
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nutrients that enhance phytoplankton bloons. The increased ampunt of phytoplankton in the surface water layer reduces the
transparency of the water. In summer there are periodic floods following very heavy rainfall which together with strong winds

can effect in upwelling, which causes cooler water to rise up from the deep layers of the sea. Such events affect the optical

properties of waters in the coastal zone and Gulf of Gdansk - see Olszewski et al. (1992), Kowalczuk (1999) and Sagan (2008).
Duringthecruises,locations-Locations of sanpling stations in our study were selected to obtain the greatest possible diversity

of waters in optical terms. The research was carried out mminly in the Gulf of Gdansk, but also in open waters and coastal

waters outside the Bay of Gdansk. as the weather permits. Cyclical measurements on the Sopot pier were made nonthly, from
December 2020 to May 2021 and in October 2021, and every 7-14 days in the summer period from June to mid-Septemb er
2021. The basic characteristics of the water sanples were measured (water transparency using the Secchi disk, tenperature,

and salinity). Sea water transparency measured with the Secchi disc in the Gulfof Gdansk varied fiom 2 m to 15 m_at Sopot

Pier from 1.5 m to over 6 m (in sonme cases the disc was visible to the bottom) and in open and coastal waters from 5.5 m to

18.5m Tenperature and salinity of water varied respectively in the given regions: 0.8 - 17.7 °Cand 0.4-7.7.31-223°C
and 7-7.8and 0.2-16.1 °Cand 7.2 - 8.0. The seawater sanples were fractionated according to the size of the suspended

particles inthe water in a specially designed filtration set through filters/filter meshes with different pore sizes (20 um 5 pm,
2 um). Filtrates of fractions A, B, and C were obtained. The filtration set consisted of two PVC pipes with a dianeter of 20
cm and a height of 38 cm and a diameter of 15 cm and a height of 38 cm between which Teflon square plates 24x24 cm with
hollow holes of 15 cm and 13 cm are placed on a metal mesh to allow free flow of water. A nylonmesh (HydroBios, 20 pm
and 5 um) with a size 0f24x24 cm was placed on a plate, secured with a gasket, pressed against the second plate and filtration

was carried out.



150 Figure 1: Location of measurement stations in the BalticSea.
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Ateach location, 40 L to 100 L of surface seawater was collected and integrated into alarge tank. 10 L-20 L of water
was then extracted and treated as the original (unfiltered) seawater sanple. The rest of the water from the integration tank was
fractionated by particle size (similar to Koestner et al., 2019). First, the water was gravity filtered througha nylonmesh with
20 um pores and filtrate of fraction A was obtained. 10 L to 20 L of fraction A was left/cast, and the rest was gravity filtered
through anylon mesh with pores of 5 um and the filtrate of fraction B was obtained. After separation of the appropriate volume
of water for fraction B, the rest of the water was filtered through membrane filters (hydrophilic polycarbonate menmbrane)
Whatmenn (Nulepore, 47 nm) or Millipore (Isopore, 47 mm) with pores of 2 pm (under pressure < 0.04 MPa) — the filtrate of
fraction C was obtained. Despite the use of specialized nylon meshes with specific mesh sizes, it should be taken into account
that filtration of water through them did not guarantee a perfect separation of particle size fractions. Single meshes were used
nultiple times, after being gently washed with detergent, then rinsed with deionized water, and dried. During the pouring of
water, or subsequent washing or rinsing, the meshes could be deformed inany way, causing possible passage of particles with
diameters larger than the mesh size to the next filtrate. Moreover, particles suspended in seawater do not have a perfectly
spherical shape, thisis just an assunption to sinplify scientific considerations.

The original seawater sanples and fractions A, B and C were filtered to determine the physicochemical parameters:
coefficients of light absorption by all suspended particles (ap(r), mi*), detritus (aa(r), m*) and phytoplankton (aph(h), m?),
concentrations of Chla (my mi®) and concentrations of SPM (g m°) (including organic (POM) and inorganic (PIM) metter).

The values of individual biogeochemical and optical parameters in all distinguished size classes (micro-size, nano-
size, ultra-size and pico-size) were determined as follows. The micro-size was determined by the difference of the original
water sanple and fraction A. The nano-size was determined by the difference of fraction A and fraction B; the ultra-size was
determined from thedifference of fraction B and fraction C, whilethe pico-size was determined from fraction C (the division
of phytoplankton particles according to Ciotti et al., 2002).

There have been cases where ‘fraction difference’ has given a negative value. If the difference between the original
water sanple and fraction A was negative, it was assured that the micro-size class was not present hence equal to zero. In this
case, fraction A was treated as the value of the original sanple. Similar assunptions were used when thedifferences between
fraction A and fraction B or between fraction B and fraction C were negative. It was also assunmed that the sum of individua
paraneters (light absorption coefficients, Chla and SPM concentrations) obtained for size classes should be equal to the

parareters determined for the original, unfractionated seawater sanple.

2.2 Absorption properties

Spectra of light absorption coefficients by particles suspended in seawater, ap(L), and by detritus, ad(1), (particles depigmented
by the use of bleach, also called nonalgal particles in the literature), for the original sanples and fractions A, B and C were
neasured using a Perkin-Elmer Lambda 650 spectrophotoneter equipped with a 150 mm diameter integrating sphere
(measurements inside the sphere). Seawater sanples for these analyzes were obtained by filtering small volumes of seawater
(from 40 mL for original water sanples to 1000 mL for fraction C) through Whatmen filters (GF/F, 25 mm). Filters with
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suspension were stored in liquid nitrogen in a dewar flask and then in a freezer (approx -20°C) until analyses.
Spectrophotonetric measurements were performed using a holder in the form of a clip holding afilter with suspension, placed
inside the integrating sphere (Stramski et al. 2015, Wozniak et al., 2022). Measurements were performed in the spectral range
0f290-860 nm and were carried outin two configurations: for filters with a suspension and for the same filters bleached with
a 2% solution of sodium hypochlorite NaClO2 (Meler et al., 2020). Two repetitions were made and averaged. Such spectra
were corrected with use of the averaged reference spectra obtained by the measurements on filters through which 30 mL of
particle-free seawater was passed. To take into account the lengthening of the optical path of the light falling on the filter with
suspension in relation to the same suspension in water, the so-called beta factor was calculated following Stranski et al. (2015).
The light absorption coefficients by particles and detritus were determined. From their difference, the light absorption
coefficients of phytoplankton (apn(})) were determined._The precision of the measurement of light absorption coefficients using

the IS nethod in the range of 290 - 860 nm for 3 different filters from the same station was 4.96% +2.91%.

The spectra of the light absorption coefficients of the chronophoric dissolved organic metter, acoom(L) (ni?), were
determined spectrophotonretrically using a Perkin-Elmer Lambda 650 spectrophotoneter. The original seawater sanples were
first filtered through Whatmen filters (GF/F, 47 mm) with nominal pores of 0.7 pm and then through Sartorius acetone
nenbrane filters (47mm) with pores of 0.2 um The filtrate prepared in this way was stored in amber glass bottles in a
refrigerator (+4 °C) until further analysis. Measurements were carried out in the spectral range of 200-700 nm in quartz cuvettes
witha 10 cm optical path length. Deionized water was used as areference. The optical density OD(L) was converted to COOM
absorption by multiplying OD()) by a factor of 2.303 and then dividing by the path length | (m). Finally, the spectra were
corrected for residual scattering according to Kowalczuk et al. (2006). The slope coefficients of the light absorption by CDOM
in the spectral range of 300-600 nm (S3o0-600, M) were calculated using the nonlinear least squares fitting that employed the
Trust-Region algorithm inplemented in Matlab R2013 (Kowalczuk et al., 2006; Stednmon et al., 2000).

2.3 Quantities characterizing suspended particulate matter

The concentrations of suspended particulate metter (SPM, g ni®), and its organic (POM) and inorganic (PIM) fractions were
determined by the gravinetric method and the loss-on-ignition technique (Wozniak et al., 2018; Pearlman et al., 1995).
Seawater sanples for these analyzes were obtained by filtering seawater (original and fractions A, B, and C) through previously
prepared Whatmen filters (GF/F, 25 mm). These filters were first corrbusted at 450 °C for 4.5 h, then rinsed with 0.5 L of pure
deionized water and dried for 24 h at 60 °C. After another 24 hours in the desiccator, the filters were weighed and labeled
accordingly_(Radawag WAX110 microbalance (resolution 0.01 mg). 150 to 2800 mL of seawater was filtered through the

filters, depending on the concentration of suspension particles, and then rinsed with 30 mL of clean, deionized water to remove
salts from thesurface of the suspension on the filter. Filters with suspension were dried at 60°Cfor 24 hand stored in a freezer
until analysis. In the laboratory, the filters were dried again at 60°C for 24 h, stored in a desiccator for another 24 h, and then
weighed. In thisway, the SPM value was obtained. Inthe next step, the filters were comrbusted at 450°Cfor 4.5h and weighed.

The difference in the weights of the filters with and without the suspension allowed to determination of the SPM
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concentrations, while the difference in the weights of the filters with the suspension before and after combustion allowed to
determination of the POM concentrations. The PIM was calculated from the difference of SPM and POM. The SPM and POM
values were also corrected with use of reference filters rinsed with 30 mL of pure deionized water and subjected to the same

procedures as the filters with suspension. The measurement precision for 95 % of the triplets was below 15 %, and for all cases

the average was 5.83 % +4.40 %.

The concentrations of chlorophylla (Chla, mg mi®) were determined by the spectrophotometric method (Lorenzen,
1967). Seawater (original and fractions A, B, and C) was filtered through Whatmen filters (GF/F, 47 mm) - from 0.5L to 7.5
L. The filters were putinto liquid nitrogen and then stored in a freezer until analysis. After thawing, the pigments contained in
the suspension collected on the filters were extracted in 96% ethanol (8 mL) at room tenperature for 24 h (Wintermens and
De Mots, 1965; Marker et al., 1980). The extract was centrifuged for 15 minutes and then measurements were mede usinga
Perkin-Elmer Lambda 650 spectrophotorreter in 2 cm cuvettes. The 96% ethanol was used as a reference). Chla concentrations

were calculated according to the formula of Stricland and Parsons (1972):
102 -e- (0D (665) —0D (750))

83-lv ! 1)
where eis the volune of ethanol (cnt), OD(665)and OD(750) are the optical density at 665 nm and 750 nm respectively, after

Chla(d) =

correction for blank ethanol, 83 (L g cm?) is the chlorophyll-specific absorption coefficient for ethanol, I is the length of the

cuvette (cm), v isthe volune of filtered seawater (L)._Measurement precision for duplicate seawater sanples was 5.3 % + 1.5
%.

3 Results and-discussion
3.1 Variability of the biogeochemical properties of suspended matter

The analyzed dataset is characterized by significant variability of biogeochemical paraneters defining suspended metter in
seawater, both for original water sanples and divided into size classes micro-size (20-200 pm), nano-size (5-20 um), ultra-
size (2-5 um) and pico-size (<2 um). Table 1 sunmarizes this variability in detail and presents mean values with standard
deviations (SD), and minimum and meximum values. Within 10 nonths of enpirical data collection, a wide variability of
SPM concentrations from 0.39 to 15.24¢g m? and Chla concentrations from 0.18 to 6.85 ngy m® was obtained for the original
water sanples. Figure 2a shows the average contribution of suspended matter and Chla concentration in a given size class to
total suspended—ratterSPM_or total Chla for individual sanples. The analyzed data set was divided due to the sanpling area:
the Gulf of Gdansk (GG). and extracted from the GG - Sopot Pier (SF) (which shows time variability over 10 nmonths and is

the only one that takes into account the summer season), open and coastal waters (OCW) In addition, the data were divided

due to the season of sanpling. In the case of cruise data, the division isas follows: February - winter, April- spring, September

-autunm. In the case of datafrom Sopot Pier, the data are presented as separate group covering all 4 seasons: winter (Decemb er
21 - March 20), spring (March 21 - June 22), summer (June 23 - Septenrber 20) and autunm (September 21 - Decenber 20).

foread t ﬁ""‘; v nan yltra and nioanlanlitnn £
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es—For the first-14 sanmples_(collected
during cruises in February and April), it was not possible to separate the ultraand picoplankton fractions, because thearmount

of suspension of 2-5 um clogged the menbrane filters. For time reasons related to the sanpling and filtering of large volumes
of seawater for the determination of SPM (3-replicants) and Chla, separation of the ultra and picoplankton fractions was
abandoned for these 14 sanples. In Figure 2, this0.2-5 um fraction is treated as one and marked witha dark gray dashed area.

The average contribution ofthe SPM in a given size class in the total SPM in the collected data set is similar in the
pico-size, ultra-size and nano-size classes of particles - always above 25 %, while the average contribution of micro particles
was about 20 %_(left panel of Figure 2). It should be noted that in the total SPM in given size fractions (further referred to a

particles, In the first part of Table 2, the contributionsof SPM in size classes upto the total SPM for all data and divided into

sanpling regions are presented. The variability of particles defined as microplankton for all data was 0-59 %, buta contribution

in the total SPM greater than 40 % was observed only for 3 cases (for samples collected at the pierin-Sopot Pier - 2 cases in
summer during phytoplankton bloomand 1 case in winterearly spring). The contribution of nano-particles varied inthe range
of 0-67 % (contribution > 40% was observed for 9 cases), ultra-particles in the range of 1-50 % (contribution > 40% was
observed for 5 cases ), and pico-particles in the range of 5-51 % (contribution > 40% was observed for 7 cases ). In winter.
when there is minimal biological activity in the Baltic Sea, it can be seen that the largest contribution in SPM (> 50 %) had
particles <5 ym_which can be seen in both GG and OCW. In the spring. this trend continued in OCW, while the contribution

of micro_and nano particles increased in GG. In the autumm period. particles <5 um again had the largest contribution in the
GG, with a predominance of ultra particles. In the case of OCW, the contribution of small particles decreased and nano and

micro _particles (> 5 um) > 60 % dominated. The Sopot Pier dataset shows tenporary variability over 10 nonths and is the

only one that takes into account the summer season. It can be seen that in most cases, in winter, spring and autumm, the

contribution of small (<5 pm) and nmedium and large (> 5 wm) particles in the SPM is conparable, except for SF06. In summer

SFO8-SF12 and SF15) particles < 5 um contributed the most to SPM. with pico particles predominating, only durin
phytoplankton bloons, where large algae gathered at the beach, sanples were dominated by micro particles, and the proportion

of small particles was below 20 %.

Table 1: Variability of parameters characterizing suspended matter in seawater (mean + standard deviation (SD),
and range of variation)
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quantity (n=38) SPM[gni°] POM PIM Chla POM/SPM  Chla/SPM
lgnm’] lgm] [mg m°]
original sanples (all particles, unfiltered)
average +SD 2.35+£2.83 1.10£093 125+2.02 1.75+£1.70 058+0.21 0.001+0.0007
min - max 0.38-15.24  0.20-4.54 0-10.70 0.18-6.85 0.28-1 0.0002-0.0032
Micro particles (20-200 um)
average +SD 058+149 0.19+031 039+£120 029+045 0.53+£0.33 0.0011+0.0015
min - mex 0-8.97 0-1.75 0-7.22 0-1.87 0-1 0-0.0066
Nano particles (5-20 um)
average +SD 0.71 £0.1 0.31+0.33 040+0.70 047+£1.02 0.59+0.22 0.0007+ 0.0008
min - mex 0-4.95 0-1.57 0-3.38 0-5.07 0-1 0-0.0029
Ultra praticles (2-5 pm)
average + SD 0.55+0.57 034+028 022+036 0.67+0.62 0.87+0.82 0.0037+0.0104
min - max 0.01-2.34 0.02-1.01 0-1.59 0.06-2.85 0.32-4.62 0.0003-0.0521

Nano+ultra particles (2-20 pm)
average +SD 1.11+122  063+046 049+0.82 099+1.01 0.69+021 0.0011+0.0007
min - mex 0.28-5.49 0.14-2.15  0.0001-3.34 0-4.91 0.30-1 0-0.0027
Pico particles (<2 um)
average +SD 043+029 032+028 0.10+£0.07 057+028 0.63+0.31 0.0026+ 0.0035
min - mex 0.06-1.19 0-1.10 0-0.21 0.04-095 0-1 0.0001-0.0136

The right panel of Figure 2 shows the proportion of Chla in individual size fractions. The in-the-case-ofchiorophyta;
the-average contribution of chlorophylla in a given size class to the total concentration of Chla for all data is the highest for

pico-particles (35 %) and ultra-particles (35 %), whilethe average contribution of Chla in nano and micro-particle classes is
about 15 % each. The range of variability of the contributionsof individual size classes in the total Chla changed as follows:
micro-particles from 0 to 53 %, nano particles from 0 to 76 %, ultra-particles from 11 to 86 % and pico-particles from 5 to 66
%_(second part of Table 2). In the GG in the winter, Chla in the ultrat+pico particles class had about 50 % share, the rest was

for medium and large particles, and it can be seen that despite the small contribution of micro-particles in SPM, the proportion
of Chla in this size class was about 20 % for stations Jal, Milpom and GPU, and for Rewal about 40 % (probably the particles

lifted from the bottom contained a lot of organic detritus). In turn, for exanple, for station 92a, the contribution of micro-

particles was about 30 %, and the proportion of Chla for the same station is close to zero, which means that these particles

were inorganic. In auturm, the contribution of Chla for particles <5 um (except for the ZN2 station located closest to the

nmouth of the Vistula River) was on average about 80 %. In the case of OCW waters, an average of > 60 % of Chla in the
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classes of small particles and about 20 % of micro-particles was observed in winter and spring. In auturm, snall particles
accounted for nore than 80 % of Chla in OCW waters. The micro _and nano particles in these waters were mostly inorganic.
This also results from SPM analyses. At the Plat1 station, no Chla contribution was observed for the micro particle class and
<20 % Chla contribution in the nano-particle fraction. Atthe Sopot Pier station, the proportion of Chla in the classes of small
particles, <5 um_in winter was > 60 % with a meximum_value of 95 % observed on SF02. In the spring, the contribution of
Chla in the class of small particles for SFO4 and SFO7 was about 30 %, for SFO5 about 65 %, and for SF06 100 %. In the

summer season, the contribution of small particles <5 um was still dominant, except for experiments SF13 and SF14, during

which phytoplankton bloons were observed and the contribution of medium and large particles was > 50 %. In early autumn
(SE16), despite a significant contribution of medium and large particle classes in the SPM, itcan beseen that the share of Chla

for these classes was negligible, while ultra and pico particles had the largest contribution.
DeB rtod h;, A 1 i H H

A0 90 04 (avor: A1 04) 1 let Lneluding plir 1 let ) \AL A Iy 20 04 ta 20 04 [~vior: 20 04)
Was 25 ) ! gitbirap as-apnroxrmtely faverag =drom

Lanltan varind from 10 046t 20 04 (thao charn
£

H Q1 0, nananl let. Lneluding ylir lanktan) 12 04 and micranl let 70, ln tirn D narind
efpicoplankionwas : ! 4 gultrap ) ! . etal

wm-\ninnal ctructura of tha nlagt lanlt 141 L Y sthhin tha 104 il s 1 oty 1 4l
+

T T i

pananlanlitnan fostinn (9 10 AY icad 22 0, aaphila tha nioanlanlitnn ana (N E 9 AY taod £ 0, £ tho fnfal:
Lt s g i Lt i

The DOMN/ICSDM rati cac th diaon of araant v in that £ oy ndad calid el
atio-exares Brop g plt tolpmss sg can—vany

Mﬂu mneral—ot ton)}ta-1 (1000, roante sucnoncian) Tha dat

¥ f G

changedinsuspension itioa-intheanaly
P ¥




relative contribution of SPM
in fractions to total SPM [%]

uspension-decreases—The-oxeoption—is-thevarkation-oF-ROM/SRM for

100

8

1S3

6

S

4

S

2

<

o

microplankton (20 - 200 um)
nanoplankton (5 - 20 pum)
ultra+picoplankton (0.2 - 5 pm)
ultraplankton (2 - 5 pm)
picoplankton (< 2 pm)

10

(b)
W
=S
s g
o =
g
28 @
25
2
B2 a0
S5
5 &
IR !
40 0 10 20 30 40

13



microplankton (20 -200 pm)
nanoplankton (5 -20 pm)

ultraplankton (2 -5 pm)

_~

g

=4

vy

\4

<
£ 8
o
VvV &
S a
8 g
2 .2
=
.ID..+
S E
o =
2=
8 3

Gulf of Gdansk

100

[%] £14D Te103 0} suonoey ur
PIYD JO UOHNQLIIUOD dATR[OY

100

[%] INdS [e103 03 suonoRy Ul
JAS JO uonnqIiuod SANR[RY

< < =3 = =3
o =) =+ Q

< < =3 = =3
® =1 <+ ]

spring

Sopot Pier

Gulf of Gdansk -

=3
=3
-

[%] PIUD w103 01 SuoeIy Ul
DIYD JO UOHINQLIJUOD SALE[SY

=3 =3 =3 (=3 =}
o 8 =+ IS

100

[%] WdS 1e101 01 suonoey ut
JAIS JO UOnNQLIIUOD SANIR[Y

< < =3 =3 <
*® =1 <+ N

summer fall

spring

winter

summer fall

spring

winter

Open and coastal waters

< < <
®© =l <+

20
0

=3
<
-

[%] 21yD Te103 03 suonoRy UI
PIYD JO UONNQLIUOD ATIR[Y

(e

< <
*° <+

20
0

= <
= =l
—_

[%] NS [e101 07 suonoeyy ur
JAIJS JO UONNQLIJUOD SATIR[Y

winter spring fall

winter spring fall




335

340

Figure 2: Relative contribution of SPM in the selected fraction to the total SPM —

left panel (a.c, €), and Chla in the

selected fractions to the total Chla— right Danel (b, d, f) dl\nded due to region (Gulf odeansk, Sopot Plel', Open and

coastal waters) and seasons.Rela

Table 2: Contributions of particles from different siz classes (micro, nano+ultra, nano, ultra, and
SPM and total Chla (n=38). The mean values + standard deviation (SD) and the variability range are given forall data
and in division on sampling area.

ico_ to the total

all data Gulfof Gdansk  SopotPier Open and coastal waters
SP Mmicro/SPM 172%+143% 133%+101% 21.3%+163% 228%+t16%
0-58.9 % 0-31.2% 0-58.9 % 0-39.9 %
SPM nano/ SPM 283%+15.6% 316 %13 % 254 %+141% 29.5%+199%
0-66.7 % 108%-539% 31%-573% 0-66.7%
SPMuitra/ SPM 26%+139% 412%:77% 21.7%+118% -
1.1%-499 % 30 %499 % 11%-452% -
SPM pico/ SPM 27%+143% 16.6 %+ 9.3 % 316 %+138% -
5.1%51.3 % 78%-313% 51%-513% -
SPM pico+ultra/ SPM 50 % + 16.8 % 534%+128% - 46.9 %+ 4.6 %

Chlamicro/ Chla

0-66.5 %

158%+149%

30 % -66.5 %

13%£115%

18.4%+ 17.3 %

45.9 % - 60.7 %

18.2 %+ 14 %

Chlanano/ Chla

Chlauitre/ Chla

0-53.4 %

18% +6.6 %

0-40.5 %

0-53.4 %

27.2%+19%

147 %+ 124 %

0-36.9 %

86 %t 78%

0-75.8 %

353%+16.6%

02%-758%

0-40%

36.8 %+ 8.3 %

334%+19.1%

10.7 % -86.5 %

291%-522%

10.7 % - 86.5%

15
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350

355

360

365

Chlapico/ Chla 34.7%+154% 342%+12% 335%+17% -
5%-66.1% 107%-477% 5%-66.1% -

Chlapico+uira/ Chla  53.6 % +22.9% 525%+18.8% - 732%+14%
0-82.1 % 242%-802% - 458 %-82.1%
I ¢l leo o f Wadnial A Maler 2020\ and Wamiale ot ol (2029 the otdu of th tioal erti £l

N0/ (\NWabniale ot ol 2011 fartha narind 20068 2000\ and 7804 (AMalar
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rtion-of detrit

Figure 3, for all data, it can be seen that the winter season, regardless of the place where POM/SPM sanples were taken

assunes the lowest values from SPM . No trends were observed between the remaining seasons and sanpling sites. In the case

of micro particles, most of the GG sanples in auturm are dominated by inorganic particles (POM/SPM < 25 %). For
nanoparticles, in the winter, inorganic metter dominated, and in the autunm, organic metter dominated. For ultra particles, no

seasonal and spatial dependencies of POM/SPM vs SPM are visible. On the other hand, for pico particles, we observed that

POMI/SPM increases with the increase in SPM: in winter POM/SPM had the lowest values, then in spring and autunm it was
on average 65 % and the highest values reached in summer on average 80 %.
16
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Figure 3: Relationships between the POM/SPM compasition-ratio and the SPM concentration for the original water

samples and in the siz_classes: micro, nano, ultra and pico-siz—classes. Mean values + standard deviation are shown

in the graph._Markers shapes and colours distinguish the season and sampling site (GG - Gulf of Gdansk, SF - Sopot
Pier, OCW - open and coastal waters).

The Chla/SPM ratio, which is an indicator of the variability of the photosyntheticcontribution of live plankton in the
entire suspension population, ranges from 6%10™ t0 4.1%10° for the original sanples. For earlier studies of the Baltic Sea,
Wozniak et al. (2022) had a variation of 1*¥10*to 9.3*10™. In individual size classes, the variability is similar and with
increasing proportion of live phytoplankton in the entire suspension, the proportion of POM/SPM increases. For micro-size
Chla/SPM itvaries from 6%10°t09.5%10°, for nano-size from 9*10°to 4.6*107, ultra-size from 6*10"*t0 6*10°,and pico-
size from 3*10*t06.4*107.

3.2 Variability of absorption properties of suspended and dissolved matter (all particles, detritus, phytoplankton and
CDOM)

Figure 4 shows the spectra of light absorption coefficients for all suspended particles, detritus, and phytoplankton determined
intheanalyzed dataset. The left panel (Figure 4a, c, ) showsthe variability of these coefficients for the original unfractionated

seawater sanmples. For an analyzed data sat variability of two orders of magnitude was recorded. The bold line shows the

average absorption spectra. The range of variation of absorption coefficients for selected wavelengths is shown in the form of

boxes with whiskers. The boxes show the data set between the 25th and 75th percentiles, while the whiskers indicate the 10th

and 90th percentiles. Points outside the whiskers are outliers. The line in the boxes indicates the median. The selected

wavelengths correspond to the mid-wavelengths of the bands observed by the OLCI (Ocean and Land Colour Instrument)
sensor_on the Sentinel satellite. The right panel of Figure 4 (b, d, f) shows the variability of ap(}), ad(}) and apn(r), calculated

for the micro, nano, ultraand pico-size classes. Variab of-two-orders—of magnitudewasrecordedfor-the-original-wate

sanples—Bold lines are average spectra ina given size class, thin dashed lines show the range of variability (min-max). The ia
the case—of the micro.—nano-and-ultra-size classes—this-variability was greater than two orders of megnitude, whereas for the
pico class itwas slightly more than one order of nmegnitude.

Figure 4g shows thespectra of the coefficients of light absorption by chromophoric dissolved organic metter (CDOM)
calculated for the analyzed dataset. The average slope of the spectra (Ssoo-600) determined for the 300-600 nm range was 0.022
+0.001 ni*. .In_GG and Sopot Pier S300-600 was 0.022+/-0.001, in OCW: 0.024+/-0.001. The light absorption coefficients:
aph(L), ad(A) and acpom()r), allowed oneto calculate the lightabsorption budget for the selected wavelength of 443 nm (Figure

4h). For the analyzed dataset, the average contribution of light absorption by phytoplankton was 29 % + 14 %, the average
contribution of light absorption by detritus was 19 % + 9 % (the average proportion of aph(443), ad(443) and acpom(443) is
marked witha red triangle). The greatest contribution to the total lightabsorption was mede by CDOM: 52 % + 20 %._If we

take into account the division into sanpling areas, in the GG the average contribution of light absorption by phytoplankton
was 27 % + 8 %, the average contribution of detritus: 22 % = 8 %, and CDOM: 52 % + 14 % . Similar proportions of light
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absorption by phytoplankton, detritus and CDOM were in Sopot Pier (respectively: 31 % +14 %, 19 %+ 6 % and 50 % + 15
%). Onthe other hand. in OCW the proportions of light absorption by individual sea water components were as follows: 19 %
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Figure 4: Spectra of light absorption coefficients by particles suspended in seawater (ap(d), detritus (ad(2)) and
phytoplankton (apnh(3)) for original, unfractionated water samples - left panel (a, c, €) and calculated for micro, nano,
ultra and pico-siz classes - right panel (b, d, f); spectra of CDOM light absorption coefficients (acoom(d)) (g) and
ternary plot showing the light absorption budget for the 443 nm wawelength in the analyzd dataset (h) (the red
triangle shows the average contribution of individual absorption coefficients to the total light absorption).

3.3 Variability of light absorption coefficients vs Chla and SPM

In this work, we focus on showing the variability of light absorption coefficients by size fractions of particles suspended in
water. Therefore, itis inmportant to show how these different size fractions depend on the concentration of Chla and SPM,
which are the basic characteristics of these suspensions.

Figure 5 presents the lightabsorption coefficients of all particles suspended in seawater for a wavelength of 443nm
depending on the concentration of Chla and SPM, for the original (unfractionated) seawater sanples and for the micro, nano,

ultra and pico-size classes_in log-log scale. The data was divided due to the season and place of sanpling. Approximations are

shown for all sanples in power form (y=Ax2). It can be seen that the better relationships ap,i(443) (where i means: all — all

particles, m — particles of the micro-size class: 20-200 um, n — particles of the nano class: 5-20 um, u — from the ultra class:
2-5 pm, and p - particles of the pico class: <2 um) were obtained fiom the SPM than Chla for all coefficients. The coeffici ent
of determination, R?, for the dependence of ap,an(443)vs Chla was 0.74 and for the dependence of ap,an(443)vs SPM — 0.85.
For the micro, nano and ultrassize classes, R? for both dependencies was 0.46 and 0.81, 0.73 and 0.88, 0.55 and 0.67,
respectively. Only the dependencies ap p(443)vs Chlaand vs SPM had conparable R?: 0.48and 0.45. The relationships ap(443)

vs Chla allow to distinquish the winter season from the summer season (blue and red points). In the winter season, the

absorption values increase much faster with the increase of Chla than in other seasons. Taking into account the relationships

between ap(443) and Chla in individual size classes, the values are slightly dispersed, but there is also a difference between

seasons. In the case of dependence on SPM, a division into seasons is also visible. For all particles in the winter and spring

season abs coefficients increase slightly faster with increasing SPM than in sunmmer and autunm. Individual size classes also

show seasonal trends, however, further research is necessary to draw clear conclusions. As for the sanpling area, as expected

OCW are characterized by lower concentrations of Chla and SPM than GG, and the related lower values of absorption

coeffici ents.

The Baltic Sea is characterized by a large influence of anthropogenic factors on the optical properties of its waters,

including the inflow of alarge ampunt of dissolved and suspended organic substances with river waters into its catchment area

especially the Gulf of Gdansk. which is strongly influenced by the waters of the Vistula). These are waters with complex

optical properties that do not depend solely on Chla, especially in the case of detritus. However, in order to conpare, we

showed how advs Chla dependencies look like. Figure 6 shows the light absorption coefficients by detritus for a wavelength

of 443 nm depending on the Chla and SPM concentrations for the original seawater sanples and for the micro, nano, ultraand
pico size classes. Asin the case of ap i(443),itcan also be seen that in most cases better relationships were obtained with the

SPM than with the Chla. In the case of size classes, the coefficients of determination R? for the dependence aq,i(443)vsChla
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and SPM were, respectively: micro - 0.58 and 0.79, nano - 0.54 and 0.87, ultra- 0.38 and 0.61, pico - 0.05 and 0.51. The
exception is the dependence of ag,an(443) vs Chla and SPM, where R? was 0.61 and 0.50, respectively. ia-thecase—ofthe
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Figure 7 shows the relationships for the light absorption coefficients by phytoplankton for the original water sanples
and for the size classes. It is somewhat surprising that for the analyzed dataset it was also observed that the coefficients
aph,i(443) correlate better with the SPM than with the Chla. An exception is the dependence for picoplankton, where the R?
coefficient for the dependence apn,p(443)vs Chla was 0.66 and for SPM only 0.15. In the remeining cases, R® for dependence
aph,i(443)vs SPM was higher than for apn,i(443)vs Chla and ranged from approximetely 0.02 to 0.29. As in the case of light
absorption by all particles, seasonal variation can be observed, both for Chla and SPM dependence. The winter season is
characterized by low Chla values and relatively low aph(443). The spring season is characterized by the greatest range of Chla

variability. Summer _and autunmn are characterized by Chla values >1 and aph(443) values highestin a year. Similar_trends are

visiblein the case of division into size classes, witha large sanple dispersion for micro particles. The dependence of apn(443)

on SPM is characterized by a high coefficient of determination R’ = 0.9. We can distinguish the winter and spring seasons
which in nost cases lie under the approximetion curve, while the data collected in the summer and autunm seasons lie above

this curve (see Figure 7).
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Figure 5: Relationships of the light absorption coefficients by all unfractionated particles (a, f) and in siz classes:
micro (b, g), nano (c, h), ultra (d, i) and pico (e, j) from the Chla (a-€) and SPM (f-j), for the selected wawelength of
443 nm. Note that graphs hawe different axis scales.
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